
 

 

 

 

ENHANCING THE DELIVERY OF ONCOLYTIC VACCINIA VIRUS TO THE 
TUMORS OF HOSTS WITH PRE-EXISTING IMMUNITY 

 

 

 

Laura Evgin 

 

 

Thesis submitted to the 

Faculty of Graduate and Postdoctoral Studies 

in partial fulfillment of the requirements  

for the Doctorate of Philosophy in Biochemistry 

 

 

Department of Biochemistry, Microbiology & Immunology 

Faculty of Medicine  

University of Ottawa  

 

 

 

 

© Laura Evgin, Ottawa, Canada 2015 



 ii 

Abstract 
 

Oncolytic viruses (OVs) have begun to show their promise in the clinical setting, 

however these results have been predominantly associated with loco-regional 

administration of virus. The treatment of metastatic disease necessitates a systemic 

approach to virus delivery. The circulatory system, though, is a hostile environment for 

viruses and the advantages associated with intravenous (IV) delivery come at a heavy 

cost that must be understood and brokered. Pre-existing immunity, specifically through 

the function of antibody and complement, poses a significant hurdle to the IV delivery of 

infectious virus to dispersed tumor beds. This is of particular importance for therapeutic 

vaccinia viruses as a majority of today’s cancer patients were vaccinated during the 

smallpox eradication campaign. In vitro neutralization assays of oncolytic vaccinia virus 

demonstrated that the antibodies elicited from smallpox vaccination, and also the 

anamnestic response in patients undergoing Pexa-Vec treatment, was minimally 

neutralizing in the absence of functional complement. Accordingly, in a Fischer rat 

model, complement depletion stabilized virus in the blood of pre-immunized hosts and 

correlated with improved delivery to mammary adenocarcinoma tumors. Complement 

depletion additionally enhanced infection of tumors following direct intratumoral 

injection of virus. The feasibility and safety of using a complement inhibitor, CP40, was 

tested in a cynomolgus macaque model. Immune animals saw an average 10-fold 

increase in infectious virus titer at an early point after the infusion, and a prolongation of 

the time during which infectious virus was still detectable in the blood. We have also 

demonstrated that vaccinia virus engages in promiscuous interactions with cells in the 

blood and that these interactions may be partially complement-dependent. Additionally, 
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we have translated this complement inhibition approach to other OV candidates and 

found that reovirus, measles virus and a virus pseudotyped with the LCMV glycoprotein 

all elicit antibodies, that to some degree, are dependent on complement activation to 

neutralize their target viruses. We show here that capitalizing on the complement 

dependence of anti-viral antibody with adjunct complement inhibitors may increase the 

effective dose to enable successful delivery of multiple rounds of OV in immune hosts. 
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1. Introduction 
 

Preface 
 

The clinical translation of oncolytic virotherapy has experienced success with 

intratumoral delivery, however the effective employment of systemically delivered 

oncolytic viruses (OVs) has been slower. A comprehensive understanding of the way in 

which OVs interact with blood components is necessary to develop strategies to 

efficiently deliver them to tumor beds. Therefore, the focus of this research project has 

been to develop the understanding of how OVs interact with blood components and the 

role of these interactions in viral neutralization. The sections that follow will describe 

how OVs are well-suited to take on the challenges of tumor debulking and the 

concomitant elicitation of an anti-tumoral immune response, and outline the current 

understanding of how these viruses interact with complement, antibodies, and circulating 

immune cells in the blood.  

 

1.1 The heterogeneity and complexity of cancer 
 

Carcinogenesis is a dynamic and multi-factorial process that is fundamentally a 

genetic disease, driven by mutation, epigenetic reprogramming, and supported by 

microenvironmental stromal remodeling. The collective impact of hereditary germ line 

defects and/or acquired somatic alterations to oncogenes, tumor-suppressor genes and 

stability genes all contribute to the growth of a cancer(1).  Hanahan and Weinberg have 

defined the properties conferred by these alterations as the hallmarks of cancer, which 
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include the ability to sustain chronic proliferation and enable replicative immortality, 

independently of growth suppressors and apoptotic cues. This umbrella term also defines 

that neoplastic cells acquire invasive and metastatic properties and the ability to induce 

angiogenesis. Recently, two emerging hallmarks have been defined: the reprogramming 

of cellular metabolism and the ability to evade immunologic destruction in part via a 

process termed immunoediting(2, 3).  

Genetic lesions can produce heterogeneity in both space and time to generate a 

dynamic and moving therapeutic target. In some disease states, for example colorectal 

cancer, the gene and growth pathway alterations that drive the transition from normal 

epithelium to invasive carcinoma follow a defined pattern and have been temporally 

mapped(4). Substantial genetic heterogeneity can also occur within the three-dimensional 

space of a single tumor, and can by phylogenetically mapped as in cases of renal 

carcinomas and associated metastatic sites(5). The resulting diverse genetic landscape 

maintains growth and drives the selective pressure that yields therapeutic resistance.  

Cancer is a disease of genomic disfunction, and genes can become dysregulated at 

many levels. Integrated responses to extra- and intra-cellular signals are mediated by 

transcription factors whose actions are dependent on the accessibility of their target gene 

sequences. The configuration of chromatin structure, at the level of both DNA and 

histones is governed by epigenetic modifications. Both the distribution of marks as well 

as the activity of histone-modifying enzymes play key roles in the etiology and 

maintenance of the cancer cell phenotype and provide therapeutic targets(6). For 

example, mutations of the histone methyltransferase MLL2 occurs in 32% of diffuse large 

B-cell lymphoma and close to 90% of cases of follicular lymphoma(7). Increasing 
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understanding of the epigenetic landscape of cancer has propelled the development of 

several classes of epigenetic cancer therapies including the approved DNA 

methyltransferase inhibitor, Azacitidine, and the histone deacetylase inhibitor, 

Vorinostat.(8).  

Multiple genetically stable stromal cells that make up the complex architecture of 

the tumor sustain and enable the hallmark capabilities of the evolving tumor 

compartment. The congregation of players engaging in heterotypic communication 

includes the broad categories of cancer-associated fibroblasts (CAFs), infiltrating 

immune cells and angiogenic vascular cells. Through the secretion of growth factors such 

as VEGF, TGF-β, FGFs, PDGF, as well as many others, CAFs are able to orchestrate 

angiogenesis, support tumor cell proliferation and via the pleotropic factor TGF-β, induce 

an epithelial-mesenchymal transition (EMT) to support an invasive phenotype, and 

promote an immune suppressive microenvironment(9).  

Infiltrating innate and adaptive immune cells have both pro-inflammatory and 

immune suppressive functions and the balance between these opposing functions 

determines the outcome of the tumor. Notably, myeloid derived suppressor cells and M2 

polarized macrophages suppress T cell activation and proliferation, antigen presentation 

and support the recruitment of T regulatory cells(10). Natural killer (NK) cells and 

cytotoxic T cells have the capacity to destroy malignant cells, however they can also 

drive selection for cells capable of immune escape. For example, cytotoxic T cell 

engagement with MHC class I presenting an altered protein peptide, with the appropriate 

co-stimulation, can lead to target cell killing. However, between 40-90% of human 

tumors have lost HLA class I protein expression(11). According to the missing self 
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hypothesis, this loss of expression should target MHC class I null cells for NK cell 

mediated destruction(12, 13). In turn tumor cells have been reported to shed expression 

of ligands of the NK activating receptor NKG2D via a micro-RNA dependent mechanism 

(3, 14). This interplay is thus a race between immune effector cells to detect and eradicate 

and the tumor that must effectively camouflage itself in order to persist. 

Immune cells, CAFs and tumor cells themselves contribute to the recruitment of 

endothelial cells and pericytes required to transport the blood supply of oxygen and 

nutrients and evacuate waste. This also becomes an important route for the dissemination 

of cancer cells and the subsequent establishment of metastatic foci(9). 

Tumors possess a plethora of diverse genetic lesions that can be additionally 

regulated by epigenetic mechanisms and stromal cell interactions. It is evident that cancer 

treatment necessitates comprehensive multi-modality approaches to reduce tumor bulk 

and elicit immune surveillance. 

 

1.2 Replicating oncolytic viruses 
 

1.2.1 Cancer cells are inherently sensitive to viral infection 

Oncolytic virotherapy is being developed using viruses from many families, nine 

of which are currently being tested clinically: Adenoviridae, Picornaviridae, 

Herpesviridae, Paramyxoviridae, Parvoviridae, Reoviridae, Poxviridae, Retroviridae and 

Rhabdoviridae(15). Some viruses have been found to have natural tropism for cancer 

cells, whereas others have been engineered to be tumor-tropic at the level of cellular 
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entry or intracellular replication, whereby the dysregulated signalling pathways in 

neoplastic cells complement the requirements for replication. 

Many of the characteristics of a favourable viral replication niche are in fact 

hallmarks of neoplastic development(16). The most fundamental hallmark of cancer is 

sustained proliferation. Aberrant signalling via the epidermal growth factor receptor 

(EGFR) and through the PI3K/AKT axis or Ras-MEK-MAPK pathway occurs with 

overwhelming frequency and promote cell proliferation, cell survival, and metastasis(17). 

Not only does vaccinia virus have natural tropism for cells with EGFR activation(18), it 

also encodes a viral protein, vaccinia growth factor (VGF) that binds EGFR to condition 

neighbouring cells to be primed for infection(18, 19). Disruption of this family of 

pathways also renders cells hypersensitive to OVs such as myxoma virus, reovirus and 

herpes simplex virus (HSV)(20–22). Checkpoint proteins that regulate cell cycle 

progression are commonly disrupted to maintain chronic proliferation. In a wild-type 

viral infection, the adenovirus E1A protein activates proliferation by binding to and 

abrogating the effect of the retinoblastoma protein family(23).  Similarly, the E1B viral 

protein interferes with p53-mediated cell cycle arrest. Both of these genes become 

dispensable in malignant cells with defects in these pathways. In contrast, the deletion of 

E1A and E1B restricts adenovirus replication in normal cells(24). The corollary to 

chronic proliferation is altered metabolism and elevated levels of cellular building blocks 

such as nucleotides. Both vaccinia virus and herpesvirus encode thymide kinase analogs, 

which render the virus selective for highly proliferative cells when deleted. Inactivation 

of this gene product has been used in the clinical candidate Pexa-Vec (pexastimogene 

devacirepvec)(25).  
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The anti-viral response is often dysregulated in cancer. In fact, over 80% of a 

panel of cells from the NCI60 cell bank were found to have a defect in type I interferon 

(IFN) signalling(26). The reason underlying this seemingly extensive incompatibility of 

neoplastic development and type I IFN signalling may be partially attributed to 

immunoediting, as well as the ability of IFNs to inhibit angiogenesis or induce cell cycle 

arrest(16, 27–29).  This vulnerability to viral infection of cancerous cells can be exploited 

by a number of OVs. Newcastle disease virus (NDV), an avian paramyxovirus, has 

evolved a STAT inhibitor, however the binding affinity of the protein is restricted to 

avian cells. As such, this virus is naturally tumor-tropic as it is only able to replicate in 

human cells in which type I IFN signalling is disrupted(30). Similarly, the rhabdoviruses 

such as vesicular stomatitis virus (VSV) and maraba virus have had mutations engineered 

into their matrix (M) proteins, which have rendered the virus defective for blocking the 

IFN response(26, 31). The predilection of VSV for cancer cells will be further explored 

in section 1.4. 

Lastly, the selectivity of OVs may be predicated on the overexpression of a viral 

receptor on transformed cells. Nectin-like molecule-5, the poliovirus receptor, is in fact a 

tumor antigen and its expression is restricted to malignant tissue such as gliomas as well 

as colorectal, breast, lung, and hepatocellular carcinomas(32). The increase in expression 

of the complement regulatory protein CD46 has been implicated as a mechanism of 

resistance against complement attack and has been associated with malignancy of many 

cell types(33). Accordingly, measles virus uses CD46 for attachment and entry and 

provides the basis for its oncolytic selectively(34). The selectivity of a number of other 

oncolytic viruses is also established by receptor expression(16).  
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1.2.2 Mechanisms of oncolytic virotherapy 

 The class of replicating OV therapeutics was originally chosen for their ability to 

selectively replicate in and kill neoplastic cells, yielding not only tumor destruction but 

also the amplification of the active “drug.” Beyond this initial premise, novel intrinsic 

mechanisms of action have been discovered and engineering has endowed OVs with a 

broad array of capabilities. In this respect, OVs with multiple mechanisms of action are 

well-suited to treat the heterogenous nature of tumors, as well as target other cellular 

compartments of the tumor microenvironment. 

The infection of tumor vasculature by oncolytic vaccinia virus and VSV is an 

intrinsic viral property that has been demonstrated in both pre-clinical and clinical 

settings. This has been shown to be associated with an activated endothelial cell state 

induced by treatment with VEGF or FGF-2(35). Infection leads to an inflammatory 

response whereby the neutrophil-dependent initiation of micro-clots within tumor blood 

vessels is observed. The concomitant vascular collapse that leads to decreased tumor 

proliferation and extensive apoptosis has been termed the “bystander killing of 

tumors”(36, 37). This phenomenon has been observed clinically, whereby patients with 

hepatocellular carcinoma exhibited intratumoral vascular disruption and decreased 

perfusion of tumors following Pexa-Vec treatment(35).  

Perhaps one of the most important mechanisms of OV therapy is the engagement 

of the immune system to recognize and target tumor antigens that were subject to 

immune tolerance and located in immune suppressive microenvironments. Ideally, this 

may aid in tumor clearance and protect from future recurrence(38). Oncolytic virus 
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infection of tumor cells with measles or HSV-1 induces immunogenic cell death 

characterized by the release of alarmins such as HMGB-1 and HSP-70 as well as pro-

inflammatory cytokines such as type I IFNs, IL-6 and RANTES(39, 40). Moreover, the 

importance of the detection of viral pathogen- associated molecular patterns by toll-like 

receptors (TLRs) was evidenced by a loss of therapeutic efficacy with oncolytic VSV in 

MyD88 null mice(41). Correspondingly, OV infection of tumor cells in vitro also 

increases phagocytosis by dendritic cells and stimulates maturation and cross presentation 

to T cells(42, 43). In pre-clinical models, OVs such as reovirus or HSV have been shown 

to generate T cell responses to tumor antigens(44, 45). Clinically, this has translated into 

the observation of increased lymphocytic infiltration to tumors from patients following 

treatment with Pexa-Vec and objective responses to both injected and non-injected 

lesions(46, 47). The generation of antibodies against tumor atigens additionally suggests 

that OVs can act as vectors inducing in situ tumor vaccination(48).  

 The capacity to engineer OVs to express therapeutic transgenes offers an 

opportunity to enhance their innate capabilities as well as provide novel effector 

mechanisms. In order to maximize their cytolytic effects in malignant cells, pro-drug 

converting enzymes have been encoded in OVs. Several examples include cytosine 

deaminase which converts the prodrug 5-fluorocytosine (5-FC) to 5-fluorouracil (5-FU), 

CYP2B1 which hydrolyzes cyclophosphamide to an active form, and carboxylesterase 

which converts irinotecan (CPT-11) to its active metabolite SN-38. Improved cell killing 

was reported with these engineered viruses in combination with their respective drug 

counterparts compared to parental virus alone in infected and surrounding non-infected 

cells(49, 50). Similarly, the sodium iodide symporter (NIS) has been used to increase 
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uptake of radioiodine by infected cells as an adjuvant treatment and also for non-invasive 

imaging by SPECT-CT(51, 52).  

Not only are OVs immune-stimulatory by nature, they can encode cytokines or 

tumor-associated antigens to elicit potent anti-tumor adaptive immune responses. In 

particular, both the vaccinia virus and herpesvirus respective lead clinical candidates, 

Pexa-Vec and T-Vec (Talimogene laherparepvec), in addition to numerous other OVs, 

encode the cytokine granulocyte-macrophage colony-stimulating factor (GM-CSF)(53). 

GM-CSF has been shown to exert pleiotropic effects on immune cell populations, 

including inducing the proliferation, differentiation, and activation of antigen presenting 

cells(54). A study comparing oncolytic measles virus expressing GM-CSF with its 

parental strain demonstrated an improved cell-mediated tumor-specific immune response, 

an increased number of tumor-infiltrating CD3+ lymphocytes, and corresponding delayed 

tumor progression and improved survival associated with the cytokine(55). Similarly, 

adenoviral vectors expressing mouse GM-CSF, compared to the species-restricted human 

homolog, showed better tumor control and increased numbers of CD11c+ cells in tumor-

draining lymph nodes(56). In this manner, GM-CSF expressed by infected tumor cells 

was able to stimulate the proliferation and maturation of host antigen-presenting cells 

such as dendritic cells and macrophages(56).  Several other cytokines and chemokines 

have also been expressed by OVs including IFN β, IFN γ, IL 12, and CCL 3 and CCL 

5(53). While encoding tumor antigens in rhabdoviruses has been met with limited 

success, their use in a heterologous prime-boost setting in combination with an 

adenoviral vector encoding the same antigen has demonstrated tremendous potential. 

This strategy has been exemplified with the human dopachrome tautomerase tumor-
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associated antigen expressed by an adenoviral vector in combination with either VSV or 

maraba virus vectors and was shown to induce strong anti-tumor T cell responses with a 

central memory phenotype and extend survival(57–59). 

Importantly, OVs have been shown to provide additive or synergistic effects when 

used in combination with approved forms of therapeutics such as chemotherapy and 

radiation therapy, or more recently, immune checkpoint blockade. Notably, external 

beam radiotherapy mediated an increase of cellular GADD34 tumor cell expression and 

was associated with increased viral titers of HSV and improved cytotoxicity. The viral 

γ34.5 gene, which has been deleted in many oncolytic HSV derivatives, can be 

functionally replaced with GADD34(60, 61). Similarly, increased tumor cell death was 

observed with oncolytic vaccinia virus in combination with radiation therapy specifically 

in BRAF mutant cells. This was associated with attenuation of JNK and p38 as well as 

phosphorylation of ERK MAPK(62). While reovirus has been shown to have limited lytic 

capacity, it maintains potent immune-stimulatory properties(44). In this respect, its 

immune effects are being tested clinically in combination with chemotherapeutics. In pre-

clinical testing reovirus was shown to induce synergistic cell killing with taxanes. As 

such, clinical trials have been designed to test Reolysin in combination with docetaxel, 

carboplatin and paclitaxel chemotherapy(63–65). Recently, oncolytic NDV and measles 

virus have been tested in pre-clinical models in combination with immune checkpoint 

blockade inhibitory antibodies against PD-L1 and CTLA-4. When NDV was 

administered directly to a subcutaneous tumor in combination with a systemic dose of 

anti-CTLA-4, an increase in CD8+ and CD4+, effector but not regulatory, tumor 

infiltrating T cells was observed and associated with tumor regression. Notably, pre-
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existing, non-virally injected tumors without distant virus spread also regressed and 

experienced an increased infiltration of tumor-specific lymphocytes(66). Likewise, both 

CTLA-4 and PD-L1 inhibitory antibodies have been cloned into oncolytic measles virus 

and have been shown to increase tumor infiltration of CD8+ cytolytic but not Foxp3+ 

regulatory T cells, and induce a high frequency of complete tumor remission(67).  

The list of combinations is extensive and provides an additional dimension to 

oncolytic virotherapy. While engineering a virus to express a transgene provides local 

elevated concentrations within the tumor microenvironment, adjunct regional or systemic 

administration of the same drug allows for specific control over the dosage and timing. 

Each approach has benefits and pitfalls and must be carefully understood and tailored to 

each combination to maximize therapeutic efficacy and maintain safety. 

 

1.3 Oncolytic Vaccinia virus 
 

Vaccinia virus is the prototypic member of the genus Orthopoxvirus and of the 

larger family Poxviridae. Other members of the genus include cowpox, mousepox 

(ectromelia), monkeypox and variola virus. Vaccinia virus’s immunologic cross-

reactivity enabled its use in the smallpox vaccination campaign. Vaccinia virus is 

morphologically characterized as a large brick-shaped membrane-bound particle ranging 

from 200-400 nm in length(68). The virus has a linear double stranded DNA genome of 

approximately 200 kb that encodes 118 early, 53 intermediate and 38 late genes(69). 

There are two distinct infectious virus particle types: the mature virion (intracellular 

mature virus; IMV) and the wrapped virion (extracellular enveloped virus or cell-

associated enveloped virus; EEV, CEV). The mature virion form is the most prevalent 
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form of viral progeny and remains in the cytoplasm until it is liberated by cell lysis. The 

wrapped virion, in contrast, acquires an additional two membranes from the trans-golgi or 

endosomal network and is able to exit the cell via membrane fusion. At least 20 proteins 

have been associated with the mature virion membrane and an additional six with the 

wrapped virion. Four viral proteins are responsible for cellular attachment, and three of 

these are known to bind to ubiquitously expressed glycosaminoglycans such as laminin, 

heparin and chondroitin. An additional 11-12 proteins comprise the entry-fusion 

complex. Entry of the viral core requires membrane fusion with either the plasma or 

endocytic membrane(70).  

Several characteristics make vaccinia virus particularly suitable as an OV. Due to 

its use as the smallpox vaccine, the safety profile of the virus has been extensively 

characterized. Severe complications are rare and prognostic factors for adverse events as 

well as clinical management have been thoroughly delineated(71). Since the virus 

promiscuously enters diverse cell types, oncolytic vaccinia virus may be used for the 

treatment of cancer from many origins. The virus replicates exclusively within the 

cytoplasm, thereby precluding any risk of integration of viral DNA into the host cell 

genome(72). Moreover, due to the large size of the genome, vaccinia virus can easily 

accommodate numerous transgenes (up to 25kb) without compromising viral 

replication(73). Lastly, the virus is known to be robustly immunogenic, as evidenced by 

its use as a vaccine platform for numerous purposes such as encoding tumor antigens 

such as NY-ESO-1 as well as HIV antigens(74–77). Together, vaccinia virus enables a 

targeted and robustly immune-stimulatory approach to treatment within the constraints of 

important safety parameters. 
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 Several strains of vaccinia virus have been developed through genetic engineering 

to have increased oncolytic tropism. Three strains have been tested clinically, with Pexa-

Vec, JX594 (Sillajen, formerly Jennerex Biotherapeutics; Transgene) emerging as the 

most clinically advanced candidate. Pexa-Vec is a Wyeth strain (Dryvax) derivative that 

has an engineered disruption in the thymidine kinase (TK) gene and encodes GM-CSF 

and the lac-Z marker transgene. The replication of this virus is restricted to cells with 

activated EGFR/Ras pathway signaling and elevated cellular TK levels(78). A closely 

related strain, Western Reserve (WR), which was produced through the passage of the 

Wyeth strain in mice, has also produced oncolytic derivatives(79). The double deleted 

Vaccinia virus (VVdd) carries mutations in both the TK and VGF genes and was 

demonstrated to be safe in mouse and non-human primate models(80, 81).  The wild type 

WR strain, relative to its parental strain Wyeth, has shown increased replicative capacity 

in tumor cells. VVdd armed with GM-CSF has demonstrated robust tumor control and 

the generation of tumor-specific cytotoxic T lymphocytes (CTL) in pre-clinical rabbit 

models(82, 83). A first-in-man study of VVdd (JX929) recently reported safety and 

replication in injected and some non-injected tumors, however induced only minimal 

clinical benefit(84). Finally, GL-ONC-1 (GLV-1h68) is a Lister strain derivative being 

developed by Genelux as a diagnostic and therapeutic agent. In this respect, the virus 

carries three imaging genes, Renilla luciferase–Aequorea green fluorescent protein 

fusion, β-galactosidase, and β-glucuronidase, that have been inserted into the F14.5L, 

J2R (encoding TK), and A56R (encoding hemagglutinin) loci, respectively(85, 86). The 

virus has oncolytic activity in a wide range of cancers and several phase I/II clinical trials 
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for numerous indications have been initiated, however the findings from these trials have 

not yet been reported(87, 88). 

 

1.4 Oncolytic rhabdoviruses 
 

The Rhabdoviridae family are enveloped viruses with a linear, negative-sense 

single-stranded RNA genome. Both the VSV and maraba viruses are members of the 

Vesiculovirus genus, while their close relative, rabies virus, is a member of the Lyssavirus 

genus. These viruses all share a characteristic bullet-shaped morphology (100-430 nm 

long and 45-100 nm in diameter) (89). Both the VSV and maraba viruses have small 

11kb genomes(31). The genome encodes five genes in the order 3′ N-P-M-G-L 5′: 

nucleoprotein (N), phosphoprotein (P), matrix (M), glycoprotein (G) and polymerase (L). 

The virus membrane is studded with trimers of the viral glycoprotein. Internally, the 

RNA is bound by the N protein, in complex with the L and P proteins. The M protein 

bridges the nucleocapsid and envelope bound G(89). The LDL receptor serves as the 

cellular receptor for VSV and its ubiquitous expression profile enables the virus’s broad 

tropism(90). VSV is an insect-borne virus that infects rodents as well as cattle, horses and 

swine, and humans in rare instances(91). In humans, the disease has been characterized as 

producing acute mild to severe flu-like symptoms that are often typical of a viral 

prodrome: fever, chills, myalgia, anorexia, headache, pharyngitis, and nausea or 

vomiting(92).  

The prototypical rhabdovirus, VSV, Indiana strain, was initially discovered to 

have oncolytic properties whereby IFN signaling established the basis of its restriction 
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from non-transformed cells(93). This specificity was further refined with the introduction 

of a deletion of the methionine in the position 51 of the matrix protein that restricted the 

virus to cells with defective IFN signaling. The matrix protein blocks the nuclear export 

of mRNA, and in this way prevents anti-viral mRNA translation, a function that is 

blocked upon deletion of the methionine at position 51. VSVΔ51 was shown to induce 

oncolysis in the majority of cell lines tested from the NCI60 cell panel and induce cures 

in mice with either subcutaneous or lung tumors(26). More recently, a screen of the 

rhabdovirus family identified new oncolytic candidates, including maraba virus. This 

virus was isolated from sandflies in Brazil(94). Additional mutations in the M protein 

L123W and the G protein Q242R defined the new front-runner virus as MG1. Notably, 

the in vitro therapeutic index and efficacy in mouse tumor models of MG1 was found to 

be significantly greater than VSVΔ51(31).  

 

1.5 Clinical experience with the administration of oncolytic viruses 
 

Primary tumors can be treated focally, however, disseminated, metastatic or 

hematologic disease requires systemic treatment. Depending on the organ(s) affected and 

staging of the disease, either intratumoral (IT) or intravenous (IV) administration have 

been chosen for clinical evaluation.  The Pexa-Vec candidate has undergone phase I and 

II testing, being administered both systemically and via direct intratumoral injection and 

will be further described in the following section. The clinical investigation of a VSV 

derivative expressing human IFN β administered intratumorally to hepatocellular 

carcinoma has begun, however results have not yet been reported(88). Oncolytic 
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rhabdoviruses have largely only been investigated in pre-clinical models to date but have 

explored both routes of administration. Other advanced OV clinical candidates have been 

tested in defined routes of administration. T-Vec (Amgen, previously OncoVEX) has 

recently been reported to have achieved its primary endpoint of improvement in durable 

response rate following intratumoral injection in advanced stage melanoma(95). In the 

setting of intravenous administration, MV-NIS is being evaluated in a dose escalation 

trial (1 x 106 to a maximum of 1 x 1011 TCID50). Interim results document the durable 

complete remission at all disease sites in one patient and a partial response in a second 

patient treated at the highest dose level(96). Reolysin (Oncolytics Biotech Inc.) is also 

being tested primarily in the setting of systemic delivery. Probing for the expression of 

reovirus proteins in post-treatment metastatic melanoma biopsies by 

immunohistochemistry has validated the successful delivery of virus(97).  

Pexa-Vec, has been administered intratumorally in several phase I and II trials for 

liver cancer as well as metastatic melanoma. Biopsy samples demonstrated increased 

necrosis, lymphocyte infiltration, and pockets of infection as determined by 

immunohistochemistry. Correspondingly, the re-emergence of genomes in the blood and 

expression of the transgene GM-CSF were observed several days after injection. 

Antibodies against the virus and the transgene β-galactosidase were also noted(46, 98). 

Objective responses were observed in both injected and non-injected tumors(98). 

Notably, when patients were randomized to compare outcomes with low-dose (1 x 108 

plaque forming units; pfu) and high-dose (1 x 109 pfu) virus treatment, survival was 

significantly correlated with dose (14.1 months compared to 6.7 months on the high and 

low dose treatments, respectively) (99).  
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Pexa-Vec, was also tested in a phase I trial in which the virus was administered 

intravenously to 23 patients with advanced treatment- refractory solid tumors(100). A 

dose escalation ladder (1 x 105 pfu/kg to 3 x 107 pfu/kg) was followed in order to 

establish the safety and pharmacokinetics of the virus. The virus was well tolerated; 

patients exhibited flu-like symptoms, however no dose-limiting toxicities were observed. 

Delivery of the virus to the tumor was established by qPCR and IHC of biopsies obtained 

eight to 10 days following the infusion of virus. With the exception of one patient treated 

at a dose of approximately 2 x 108 pfu, delivery was confirmed by qPCR or IHC at doses 

at or above 1 x 109 pfu. Replication of the virus in the tumor was established from 

granular cytoplasmic staining indicative of viral factories observed by IHC. Additionally, 

the expression of the transgenes β-galactosidase and GM-CSF was observed, thereby 

confirming replication. Dose-dependent anti-tumoral effects were observed as measured 

by Choi and RECIST disease control criteria(100).  

 

1.6 Barriers to the systemic administration of oncolytic viruses in the blood 
 

The potential therapeutic efficacy induced by OVs is only as good as our ability to 

deliver them to tumors. Successful delivery first necessitates viral stability in the face of 

antibodies, natural or IgG, and complement. These opsonins that decorate the surface of 

the virus also play an important role in sequestration by the liver and spleen, through the 

use of Fc receptors, complement receptors and scavenger receptors(88). The virus must 

also evade neutralization or clearance by blood cells as well as non-specific uptake by 

non-neoplastic tissue. Importantly, these barriers are a dynamic and interconnected 

system whose humoral and cellular arms dramatically change over the course of multiple 
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treatment cycles. Encouragingly, however, the clinical results with IV administered Pexa-

Vec suggests that one or a number of these barriers can be saturated in order to allow for 

the delivery of infectious virus particles to tumors.  

1.6.1 Complement activation and neutralization  

The complement system acts as a powerful first line of defense against invading 

pathogens through its ability to induce neutralization, target pathogens to antigen 

presenting cells, and initiate and facilitate adaptive immunity(101). There are three 

recognized activating enzyme cascades that converge on the cleavage of C3 and lead to 

the terminal pathway: the classical pathway, the mannose-binding lectin pathway (MBL) 

and the alternative pathway; however novel activation pathways have also been 

identified(102). The complement cascade is schematized in Figure 1.1. The classical 

pathway is initiated by antibody, specifically IgM or certain IgG isotypes, binding to 

target antigen. This interaction recruits C1q and its associated partners C1s and C1r, 

which leads to the cleavage of C4 and C2 to form the classical pathway convertase 

C4bC2a. Alternatively, MBL and ficolins can bind to carbohydrate moieties on the 

surface of microorganisms and recruit MBL-associated serine proteases (MASPs), which 

cleave C4 and C2 to generate the C4bC2a convertase. The alternative pathway is 

constitutively active as C3 spontaneously hydrolyzes to produce C3a and C3b. The 

deposition of C3b on the surface of a target triggers interaction with factor B and 

subsequently factor D, resulting in the formation of C3bBb, the alternative pathway 

convertase. The alternative pathway also acts as an important feedback loop to amplify 

complement activation by the other two pathways. The binding of C3b to a C3 convertase 

results in the formation of the C5 convertase, which recruits components C6-C9 to 
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produce the membrane attack complex (MAC)(102). Through the cleavage of C3 and C5, 

two important anaphylatoxins are produced: C3a and C5a. These peptide fragments act as 

chemoattractants for phagocytic cells including monocytes and neutrophils, and induce 

vasodilation and histamine release(103). In this manner, the complement system acts as 

an important link between the innate and adaptive immune systems. Complement is 

understood to act as a natural adjuvant for B cells since ligation of CR2 with the 

associated B cell receptor (BCR) and CD19 lowers the activation threshold, enabling 

opsonized antigen at either low concentration or with low avidity for the BCR  to induce 

activation(104). The T cell compartment is also regulated by complement, both through 

the interaction of antigen presenting cells with complement-coated targets to regulate 

antigen uptake and co-stimulatory molecule expression, as well as through direct 

interaction with CR1, CD46 and the C5aR(102, 105, 106). Innate anti-viral mechanisms 

can also be activated in infected cells where complement components have been 

internalized. It has been shown that complement-coated intracellular pathogens, such as 

adenovirus, induce NFκB activation via mitochondrial antiviral signaling (MAVS) and 

target the pathogen to proteasomal degradation. Correspondingly, infected cells up-

regulate activating NKG2D ligands and MHC class I and release pro-inflammatory 

cytokines(107). Notably, this study demonstrated that enveloped viruses did not induce a 

similar mechanism, and complement induced cellular immunity may therefore only be 

pertinent to some OVs. The complement system provides several layers of mechanisms 

to neutralize and clear viruses while stimulating anti-viral immunity.  
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Figure 1.1. Simplified complement cascade schematic 

Complement is activated by one of three activations pathways (Classical, Lectin or 
Alternative) and is mediated by the binding of pattern recognition molecules (ie C1q or 
MBL) to their cognate motifs (ie IgG-antigen complex or mannose). The three pathways 
converge on the formation of a C3 convertase, which cleaves C3 to C3a and C3b. The 
C3b and C3 convertase molecules combine to produce a C5 convertase complex and lead 
to the Terminal pathway and the ultimate formation of the membrane attack complex 
(MAC). The molecules outlined in red are important targets to inhibit to determine the 
relative importance of each pathway.  
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1.6.3 Complement and oncolytic viruses 

The best indication that complement plays an important role in the vaccinia virus 

life cycle is that it has naturally evolved two mechanisms by which it can avoid 

complement-mediated neutralization. The mature virion is exquisitely sensitive to 

neutralization by complement, however the wrapped virion is conferred protection by the 

host complement regulatory proteins embedded in its additional membrane(108). While 

some vaccinia virus strains such as International Health Department-J (IHD-J) have 

specific mutations that increase the production of the wrapped virion, such as the K151E 

mutation in the A34R protein, the Wyeth strain does not carry any wrapped virion 

enhancing mutations and therefore primarily produces mature virion progeny(109, 110). 

Although the wrapped virion is less sensitive to complement, the combination of 

complement and neutralizing antibodies can significantly reduce infectivity(111–113). 

Vaccinia virus also encodes a complement decoy receptor, vaccinia complement control 

protein (VCP). This protein has been shown to protect viral particles from neutralization 

in vitro via the inhibition of both C3 and C4 and consequently, in vivo, dampens the 

resulting antibody and T cell responses(108, 114, 115).  

Several studies have reported conflicting information regarding which 

complement pathways are important for orthopoxvirus neutralization by complement. 

Murine models using ectromelia virus have shown that the classical and the alternative 

pathways of complement activation play important roles in viral neutralization in vitro 

and in survival upon viral challenge in mice(116). Using human sera genetically deficient 

in selective complement components, it has been shown that vaccinia is sensitive to 

inactivation by the early components of the pathway. Specifically, plaque reduction 
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assays demonstrated that serum deficient of C5 and C6 neutralized the virus to a similar 

degree to complement-competent serum, indicating that the terminal pathway was not 

required for vaccinia neutralization(117). More recently, however, it was demonstrated 

that C5 inhibition with eculizumab could prevent complement-mediated viral 

neutralization(118). 

It has been demonstrated that VSV is also very sensitive to complement-mediated 

neutralization. Classical pathway activation initiated by the binding of natural antibody, 

IgM, to the virion leads to viral lysis(119, 120). Notably, although the G protein of the 

maraba virus is approximately 80% homologous to the VSV G protein, maraba virus is 

less sensitive to neutralization by non-immune serum. Correspondingly, pseudotyping of 

VSV with maraba G protein confers some protection against complement-mediated 

neutralization(121). These results suggest that a high affinity epitope on the VSV G 

protein for IgM is not present on the maraba G protein. 

 

1.6.4 Therapeutic targeting of complement 

Complement-associated pathophysiology has been implicated in autoimmune, 

inflammatory, hematological and neurodegenerative diseases, as well as 

ischemia/reperfusion injury, sepsis and transplantation(122). This range of associated 

diseases and conditions requires that diverse and tailored therapeutic strategies must be 

employed for each indication. Several classes of therapeutics are currently in various 

stages of development, however few have been approved for clinical use. The two 

clinically approved complement inhibitors are the C1 esterase inhibitor,  (trade names 

Cinryze, Berinert, Ruconest) and the monoclonal antibody targeting C5, eculizumab 
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(trade name Soliris; Alexion Pharmaceuticals, Inc.). The C1 esterase inhibitor is primarily 

used for the treatment of hereditary angioedema, a genetic disease characterized by the 

swelling of subcutaneous tissue caused by the deficiency of this protein. Beyond this 

primary indication, the C1 esterase inhibitor has demonstrated efficacy in other disease 

models and clinical trials have been initiated for its use in attenuating thrombo-

inflammatory responses in trauma and kidney transplantation(122, 123). Eculizumab 

binds to C5 to prevent its activation by the C5 convertase and the subsequent production 

of the anaphylatoxin C5a and the MAC. It is currently used to treat paroxysmal nocturnal 

hemoglobinuria (PNH) and atypical hemolytic uremic syndrome (aHUS), where it has 

been shown to prevent erythrocyte lysis and improve renal function, respectively(123).  

 Cobra venom factor (CVF), isolated from the cobra species Naja naja, can be 

safely administered to laboratory animals to deplete complement. The crystal structure 

has been elucidated and demonstrates extensive structural homology between CVF and 

C3. It is able to form a fluid phase CVF,Bb convertase, which utilizes factor B and factor 

D and rapidly activates and consumes C3 and C5. CVF administration, depending on 

dosing, can deplete C3 to low or undetectable levels of hemolytic activity for 2-3 days. 

The protein, however, is extremely immunogenic and limits repeat administration(124). 

The only known side effect from the exhaustive activation of complement by CVF is 

transient neutrophil-mediated inflammatory lung injury induced by C5a(125). 

The serine protease inhibitor nafamostat mesilate (Futhan, FUT-175) was shown 

to possess activity against the C1r and C1s subunits of the classical pathway, as well as 

factor B and D of the alternative pathway(126). This compound has been used both in 

vitro and in pre-clinical models to inhibit complement(126–128). It is currently being 
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developed by Torii Pharmaceuticals for acute pancreatitis for its ability to reduce 

complement-mediated systemic inflammation as well as its non-specific protease 

inhibitory capacity(123, 129).  

Compstatin was identified from a phage display library for its ability to bind to 

human and non-human primate C3 and C3b(130). The crystal structure of C3 in complex 

with Compstatin has demonstrated that it sterically hinders the interaction of C3 with its 

convertase(131). Through targeting the hub protein C3, Compstatin quenches all three 

activation pathways and further downstream the formation of the anaphylatoxins C3a and 

C5a and the membrane attack complex. Novel analogs have been generated with 

improved pharmacokinetic and pharmacodynamic properties, with CP40 emerging as the 

lead clinical candidate(132, 133). Compstatin analogs are being developed in preclinical 

models for a variety of indications including, hemodialysis, sepsis, transplantation and 

PNH, and have undergone phase II clinical testing for age-related macular 

degeneration(123, 133). 

 

1.6.4 The antibody response 

Antibody can be pre-existing as a result of the virus in question being a natural 

contagion (HSV and reovirus) or as a result of a vaccination campaign (vaccinia virus 

and measles virus). Humoral immunity will either develop or be boosted throughout the 

course of treatment and mount an increasing barrier in multi-dosing treatment scenarios. 

The neutralization capacity of antiviral antibodies is not limited to the inhibition of viral 

attachment and entry to target cells. Antibody-bound virus can be targeted for clearance 

via opsonophagocytosis by antigen presenting cells(134). Perhaps as a last resort 
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mechanism, the intracellular sensing of antibody-coated viruses via TRIM21 targets the 

virus to proteolysis and activates anti-viral signaling cascades(135).   

The smallpox vaccination campaign utilizing vaccinia virus ended in Canada in 

1972 and naturally occurring smallpox disease was eradicated worldwide by 1977(136). 

It was previously generally accepted that vaccination would not be protective long term, 

and it is currently reported by the Center for Disease Control (CDC) that protection from 

smallpox persists for 3 to 5 years(137, 138).  However, several groups have reported very 

long lasting cellular and humoral immunity to the smallpox vaccination. Several studies 

have demonstrated long-lived antibody with weak neutralizing or no neutralizing 

capacity. Notably, it was shown that greater than 90% of donors that were vaccinated 25-

75 years prior to the study had maintained humoral and/or cellular immunity or 

both(139). Specifically, antibodies to the wrapped virion proteins B5 or A33, the mature 

virion proteins A27 and L1, or the secreted protein VCP have been demonstrated by 

ELISA or immunoblot(140, 141). Antibodies elicited by smallpox vaccination against the 

mature virion proteins H3, D8, L1, D13 and A14 have been shown to possess moderate 

neutralizing capacity under conditions designed to maximize neutralization(142). Long-

lived B cells have also been reported by ELISPOT, however only have weak neutralizing 

ability(143, 144). Several reports published during the time when smallpox vaccination 

was ongoing suggested that the neutralizing effects of antibodies induced by the smallpox 

vaccine were considerably enhanced by complement(145–147). There have been no 

recent reports, however, of long-lasting, robustly neutralizing, complement-dependent 

human anti-vaccinia antibodies. Therefore, the degree of protective immunity that is 
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directed against vaccinia virus and how this may impact the systemic delivery of virus 

remains unclear.  

Epidemiologic studies document pockets in Central and South America where 

VSV is endemic in livestock and wildlife and that human populations living in close 

proximity have variable degrees of seropositivity(148, 149). Sporadic outbreaks in 

livestock have also occurred in the United States(150). Correlated human disease has 

only rarely been reported and was associated with some degree of contact with infected 

animals(92). The seroprevalence of VSV antibodies in the general population is thought 

to be very low(151). Despite the sparse reports of VSV antibodies in humans, a much 

better understanding comes from mouse models. VSV infection stimulates a robust 

neutralizing response against the G protein with very rapid kinetics in mice(152). As an 

OV, VSV can be administered systemically to subcutaneous tumors in naïve mice, such 

that a sufficient dose to effectuate therapeutic advantage is delivered. In immunized mice, 

however, circulating antibodies completely abrogated the delivery of infectious 

particles(153, 154). The robust antibody response to VSV therefore precludes multiple 

systemic dosing regimens and necessitates additional adjunct therapy to prevent 

neutralization. The infection of humans or animals with the maraba virus has not been 

reported(155).  

1.6.5 Cellular interactions of oncolytic viruses 

The interaction of viruses with blood cells is likely context- and concentration- 

dependent. In the context of an infusion of oncolytic vaccinia virus, the effect of cellular 

interaction on neutralization and clearance is unknown. The in vitro studies of vaccinia 

virus interaction with immune cells that transit in the blood are numerous, however do 
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not mimic the dose, the role of the presence of complement and antibodies, or the strain 

and engineered mutations or transgenes of OVs. Vaccinia was found to preferentially 

bind to and infect human antigen-presenting cells, specifically monocytes and B cells to a 

greater degree than other peripheral blood mononuclear cells (PBMCs), however the 

replication in these cell types was abortive(156–158). Interestingly, vaccinia was found to 

productively infect activated human T cells, but not unstimulated T cells, as measured by 

viral genome quantification and late gene expression(157). These interactions were also 

investigated in murine cells, where the vaccinia strain modified vaccinia Ankara (MVA) 

was found to preferentially, yet abortively, infect dendritic cells (DCs), macrophages and 

B cells. The infected DCs were found to mature, produce IFN α, and then undergo 

apoptosis(159). In fact, various strains of vaccinia have been shown to abortively infect 

human dendritic cells and induce apoptosis(160–163). Vaccinia interferes with DC 

maturation, as shown by reduced expression of DC maturation markers and ability to 

activate and induce T cell proliferation(162, 163). Other groups have also shown that 

human macrophages, B and T cells may undergo apoptosis following infection with 

vaccinia(164, 165). The importance of context is underscored by the demonstration that 

human neutrophils take up vaccinia in a serum-dependent manner. Using electron 

micrographs, it has been shown that both intact and partially degraded particles exist in 

phagolysosomes in neutrophils, from which infectious virus could be recovered(166). 

While some previous interactions with complement and cells have been documented, 

none have reported generating their results under conditions that mimic systemic delivery 

with Pexa-Vec: low multiplicity of infection (MOI), Wyeth strain virus with appropriate 

genetic modifications, in the presence of complement and antibodies. 



 29 

 Several reports have demonstrated that OVs engage in interactions with cells in 

the blood that are both beneficial and detrimental to the delivery of virus. Notably, 

protective blood cell carriage has been shown in pre-clinical models and clinical 

correlative assays with reovirus. This hitchhiking phenomenon was observed in the 

mononuclear and granulocyte fractions as well as the platelet cell compartment and is 

thought to protect the virus against neutralizing antibodies(167–169). Conversely, 

adenovirus has been found to associate with human erythrocytes via the coxsackie 

adenovirus receptor (CAR) and complement receptor 1 (CR1). In vitro, this interaction 

precluded infectivity of target tumor cells and studies with NOD-SCID mice 

demonstrated that these interactions sequester the virus in the bloodstream and prevent 

extravasation(170).  

 

1.7 Barriers in the tumor microenvironment 
 

Oncolytic viruses arriving at the site of a tumor still face additional barriers to 

infectivity. Extravasation is facilitated by “leaky” neoplastic vasculature, but the passive 

diffusion of virions is limited by elevated interstitial fluid pressure. The increased 

interstitial fluid pressure is the result of extracellular matrix deposits, heterogeneous 

blood supply, lack of lymphatic flow, and dense tumoral and stromal cellularity(171, 

172). Several approaches including the administration of permeability factors such as 

VEGF or TNF-α, as well as the engineering of viruses to express matrix-degrading 

proteins have been met with only moderate success(172, 173). Additionally, serous fluid 

and resident immune cells present the same barriers that were encountered in the blood. 

In fact, complement plays an important role in the neoplastic process. Perhaps the role of 
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complement in cancer is best interpreted through the theory of cancer immunoediting. 

Although there is no direct evidence that nascent tumors can be eliminated by 

complement, there is considerable support that there is selective pressure to develop 

mechanisms to evade complement-mediated destruction(174). Membrane complement 

regulatory proteins such as CD55, CD46, and CD59 have been reported at elevated levels 

on a diverse array of cancer cell types relative to the normal tissue from which they 

evolve(33). In addition, clinical studies have reported elevated levels of complement 

activation products such as C3a in the serum of breast(175) and colorectal(176) cancer 

patients. A result of such studies has been to suggest the use of C3a in a panel of 

biomarkers that will influence prognosis(177). One interesting study of the ascitic fluid of 

ovarian cancer patients documented elevated levels of C3a relative to normal sera, and 

isolated malignant cells with C1q and C3 activation product deposits but not C5b-9, 

suggesting control of complement activation at the cell surface(178).  

Once cells have developed a reduced sensitivity to complement, chronic 

inflammation, in contrast to acute inflammation, has many tumor-promoting effects. 

Notably, subcutaneous tumor growth of a syngeneic cell line was impaired in C3 null 

mice, and moreover, wild type animals have elevated levels of C3 degradation products 

have been observed near the vasculature of tumors(179). Complement has been 

implicated in the shaping of the tumor microenvironment through immunoregulation, the 

promotion of angiogenesis and the promotion of mitogenic signaling. Specifically, 

complement activation and the generation of C5a led to the recruitment of myeloid 

derived suppressor cells (MDSCs) which in turn impaired the cytotoxic T cell response 

through the production of reactive oxygen and nitrogen species(179). The role of 
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complement has been well established as an angiogenic driver in disease states other than 

cancer, including the pathologic neovascularization in age-related macular 

degeneration(180). Consistent with this, when TgMISIIR-TAg transgenic mice that 

develop epithelial ovarian cancer with 100% penetrance were crossed with either C3 or 

C5aR knock out mice, tumor growth was dramatically impaired; the tumors that did 

develop were small and poorly vascularized. This was attributed to functional impairment 

of endothelial cells, whereby tube formation was shown to be C5a dependent(181). 

Additionally, deposition of sublytic concentrations of terminal complement complexes 

was found to stimulate proliferation through both the Ras and MAPK signaling 

pathways(182). Similarly, a wide variety of cancer cells express C3, and this has been 

found to activate an autocrine loop whereby engagement of the C3a and C5a receptors 

activated the PI3K/Akt pathway and stimulated cell proliferation(183). 

 

1.8 Strategies to evade neutralization and improve delivery 
 

Numerous strategies have been investigated to evade the barriers presented to 

systemic delivery. The use of hydrophilic polymers like polyethylene glycol (PEG) were 

pioneered with adenovirus initially with the aim of de-targeting the virus from 

hepatocytes(184, 185). It has since been demonstrated to prevent the CR1 and CAR- 

mediated interactions of adenovirus with erythrocytes(170). More recently, this approach 

has been adapted to VSV, where in a pre-immune murine model it provided protection in 

the blood from antibodies, increased accumulation of viral genomes in tumors, and 

reduced hepatotoxicity as measured by serum concentration of liver enzymes, suggesting 

viral de-targeting from the liver(154). This strategy however requires extensive post-
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production modification and additional engineering to retarget the virus. This approach 

has not yet been taken into clinical trials. 

Similarly, several groups have generated pseudotyped viruses to avoid 

neutralizing antibodies. Vaccination against Edmonston vaccine strain measles in the 

general population poses a considerable challenge to the systemic administration of this 

virus. Pseudotyping measles with the canine distemper virus envelope glycoproteins 

fusion (F) and hemagglutinin (H) produced a new virus that was not neutralized by anti-

measles antibodies. However, in order to retain neoplastic cellular tropism, a single chain 

antibody to carcinoembryonic antigen was engineered on the extracellular terminus of the 

attachment glycoprotein hemagglutinin(186). Pseudotyped VSVs have also been 

generated to avoid IgM-induced neutralization by complement and neutralizing IgG. The 

closely related maraba virus’s G protein was also exchanged for the VSV G protein, 

which conferred significant protection against complement(121). The lymphocytic 

choriomeningitis virus (LCMV) G protein was also swapped with VSV G protein to 

produce an interesting phenotype in mice. The non-cytopathic LCMV is well known to 

generate neutralizing antibody responses that are extremely late, being observed 50–80 

days after infection in the mouse model(187). A study in which the glycoproteins of VSV 

and LCMV were swapped determined that the kinetics of protective antibodies were 

determined exclusively by the viral surface glycoprotein, and not by the virus 

backbone(152). Building on this, the model antigen OVA was introduced into VSV 

expressing parental G protein or the LCMV G protein. In contrast to the parental strain 

that was hampered by neutralizing antibodies, the pseudotyped virus could repeatedly 

boost the CTL response against ovalbumin(188). With the exception of the LCMV G 
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protein being a unique case, pseudotyping is not a method to prevent the generation of an 

antibody response, but rather to bypass a pre-existing one. This advantage, however, is 

offset by potential changes in virus attachment and tropism and must be brokered with 

additional engineering strategies.  

The loading of carrier cells with OVs has been a very popular strategy to prevent 

neutralization and the platform has been developed with an extensive list of viruses, 

including adenovirus, VSV, measles virus, HSV, vaccinia virus, reovirus and NDV(189). 

The ability of some cell types in the blood to act as natural carrier cells for reovirus has 

been observed in patients treated with Reolysin, however the ex vivo loading of cells for 

use as delivery vehicles has been limited to pre-clinical models(169). The ideal cell 

protects the viral cargo from neutralization and directs the virus to the tumor, in addition 

to having a favorable safety profile, and as a bonus has its own anti-tumor activity. Three 

classes of cells have primarily been investigated: transformed cells, immune cells and 

progenitor cells. In contrast to the scenario where the virus is administered into the blood 

and only a minority remains infectious as it reaches the tumor, carrier cells ideally can 

dose-amplify in permissive transformed cells en route to the tumor. To this end MM1 

cells, a myeloma cell line, were loaded with MV-NIS and were shown to home to the 

bone marrow and infect the pre-established disease in passively immunized mice(190). 

Similarly, the leukemic cell line L1210 loaded with VSV was shown to deliver virus to 

subcutaneous tumors in pre-immune animals(153). Safeguards must be put in place to 

mitigate the risk of tumorigenesis by cells that escape virus-mediated cell death such as 

irradiation or the inclusion of suicide genes(189). Several immune cell types have been 

used whereby virus is either internalized or remains surface adsorbed. Antigen-specific T 



 34 

cells loaded with VSV as well as cytokine induced killer cells (CIK) loaded with vaccinia 

virus deliver virus in addition to having cell-mediated cytotoxic activity(191, 192). 

Mesenchymal stem cells (MSCs) naturally home to inflammation, stress, and tissue 

injury, often characteristics of the tumor microenvironment. MSCs loaded with measles 

virus were able to transfer virus to ovarian tumor xenografts via cell-to-cell heterofusion 

in both measles naïve and passively immunized mice, which led to enhanced 

survival(193). 

The pharmacologic immune suppression of neutralizing factors has been used to 

increase delivery of OVs to tumors and to aid in their replication and spread. 

Cyclophosphamide (CPA) is used commonly as a chemotherapeutic and 

immunosuppressive agent due to its ability to kill proliferating lymphocytes, including 

NK, T and B cells. As such, high doses of CPA have been used in combination with 

numerous viruses to reduce titers of both natural antibodies and neutralizing 

antibodies(194). CVF and CPA were used to deplete complement and IgM, respectively, 

in HSV-1 naïve rats and their use increased infection of orthotopic brain tumors 

following a systemic administration of HSV and provided survival advantage(195). High 

dose CPA in combination with systemic reovirus also substantially increased anti-tumor 

effects, but induced severe toxicity. In contrast, low dose metronomic CPA induced an 

incomplete depression of neutralizing antibodies, but improved efficacy compared to 

virus alone with the added benefit of reduced toxicity(196). Another report suggested that 

metronomic CPA has been associated with the depletion of regulatory T cells and the 

restoration of NK and T cell effector functions; a mechanism that may have supported the 

anti-neoplastic effects observed(197).   
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In the context of the vaccinia derivative VVdd, several immune suppressive drugs 

frequently used in the setting of transplantation (CellCept, Solu-Medrol and FK-506) 

were tested alongside CPA and CVF for their ability to increase delivery to MC38 tumors 

in pre-immune mice. The cocktail was only able to increase delivery of virus via a local 

intra-peritoneal administration, and not via the IV route. Notably, a marked increase in 

the infiltration of M2-polarized macrophages and MDSCs into the tumor 

microenvironment was observed(198). While this immune suppressive microenvironment 

was credited for the increase in viral replication and survival duration, all the animals still 

succumbed to their disease. Immune suppression comes at a heavy cost of perhaps 

preventing the recruitment of infiltrating lymphocytes and the production of pro-

inflammatory cytokines that would lead to the generation of an adaptive anti-tumor 

immune response.  

The immune system presents two faces to oncolytic virotherapy. First, in its 

capacity to protect against invading pathogens, it serves to limit the replication and 

spread of the OV and stem its ‘oncolytic’ potential. Conversely, the immune stimulatory 

response in the tumor microenvironment may provide enough danger signals to generate 

a CD4+ or CD8+ T cell response against tumor antigens to advance the ultimate goal of 

eradicating the tumor. Any intervention seeking to inhibit the factors leading to viral 

neutralization must be carefully designed in terms of its safety, specificity, dosage and 

duration in order to maximize both the oncolytic effect and its immune-stimulatory 

corollary effects.  
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1.9 Rationale, Hypothesis and Objectives 
 

1.9.1 Rationale 

Clinical experience with the local administration of Pexa-Vec has demonstrated 

that favourable patient outcomes are associated with elevated doses of virus. The phase I 

IV dose escalation trial with Pexa-Vec showed that virus can be safely delivered 

systemically to tumor tissue, even in the face of pre-existing immunity from smallpox 

vaccination. However, delivery was only observed if a critical threshold dose of virus 

was administered. The relatively short-term responses that were reported do not come 

close to demonstrating this to be efficacious at treating either the primary tumor or 

metastatic disease. Moving forward, it will be necessary to provide adjunct therapy to 

increase the effective dose that is delivered to tumors. Against this background, we 

sought to characterize the nature of the barriers to systemic delivery of oncolytic vaccinia 

virus in the blood with respect to their mechanism and magnitude of neutralization.  

 

1.9.2 Objectives 

A. Develop an in vitro system that reconstitutes all the components of human blood in 

their active states to determine their impact on virus infectivity.  

B. Determine the relative impacts of complement, antibodies and cellular interactions on 

the infectivity of vaccinia virus in human blood in vitro. 

C. Find an in vivo model that recapitulates the neutralization effects observed in human 

blood in vitro. 
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These first objectives enabled us to identify which factors were most important and to 

formulate a testable hypothesis as to how to increase the effective dose of administered 

virus. The overarching hypothesis was that complement played a key role in the 

antibody-mediated neutralization of oncolytic vaccinia virus in the blood stream and that 

its inhibition would improve viral stability and increase delivery. This was further 

explored in the subsequent objectives: 

 

D. Model the delivery of virus to a tumor in an in vivo model and test the validity of 

complement inhibition to increase delivery. 

E. Test the feasibility and safety of transient complement inhibition with a clinical 

candidate complement inhibitor. 

F. Investigate the role that complement plays in shaping the cellular associations with 

which vaccinia virus engages. 

G. Determine the translational ability of complement inhibition to other clinical 

candidate OVs. 

 

 
  



 38 

2. Materials and Methods 
 

Cell culture and virus. The U2OS, Vero, L929, CT26 LacZ and HeLa cell lines were 

purchased from the American Type Culture Collection (Manassas, VA) and maintained 

in complete Dulbecco's Modified Eagle's medium (HyClone, Logan, UT) supplemented 

with 10% fetal bovine serum (HyClone, Logan, UT). The 13762 MAT B III rat 

mammary adenocarcinoma cell line was purchased from the American Type Culture 

Collection and maintained in McCoy’s 5A medium modified (ATCC, Manassas, VA) 

supplemented with 10% fetal bovine serum (HyClone, Logan, UT). The oncolytic 

vaccinia virus Wyeth strain TK- gfp was previously described(18, 25). The oncolytic 

vaccinia virus WR VVdd firefly luciferase was previously described(199).  HSV-1 (ICP0 

null mutant n212)(200, 201) was a gift from Dr. Karen Mossman, McMaster University. 

Reolysin was a gift from Dr. Patrick Lee (Dalhousie University). Measles Edmonston 

was purchased from American Type Culture Collection (Manassas, VA). The oncolytic 

version of maraba virus, named MG1, was previously described(31). The maraba virus 

pseudotyped with the LCMV glycoprotein was cloned by the lab of Dr. David Stojdl. 

 

Human blood neutralization experiments This study protocol was approved by the 

Ottawa Hospital Research Ethics Board and all volunteers gave informed consent. 

Human blood was collected from healthy donors by venipuncture into glass serum 

collection vacutainer tubes (BD Bioscience) and treated immediately with Refludan at a 

final concentration of 50 µg/mL. Blood was centrifuged at 800 x g for 10 minutes to 

obtain plasma. Plasma aliquots were incubated for 30 minutes at 56oC to inactivate 

complement. Blood or fractions thereof were incubated for one hour at 37oC with 
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vaccinia virus at range of doses between 2 x 104 - 2 x 107 pfu/mL. The infectious virus 

remaining was quantified by plaque assay on U2OS cells. To investigate the complement 

pathway, the Compstatin analog CP40(132)  or the inactive control peptide (D-Tyr-Ile-

Cys-Sar-Val-Asp-Trp-Ala-His-Trp(1-Me)-Gln-Arg-Cys-N-Me-Ile-NH2) (kindly 

provided by Dr. John Lambris, University of Pennsylvania) was pre-incubated for 15 

minutes at 37oC at a final concentration of 25µM prior to virus inoculation. The serine 

protease inhibitor FUT-175 (Futhan, nafamostat mesilate) (BD Biosciences, Mississauga, 

ON) was used at a final concentration of 50 µg/mL. Alternatively, the neutralizing 

monoclonal antibodies 3F8(202) mouse anti-human MBL, P1H10 mouse anti-human C1q 

(kindly provided by Dr. Greg Stahl, Harvard) or 1379 mouse-anti human Factor B(203) 

(kindly provided by Dr. Joshua Thurman, University of Colorado) or Eculizumab were 

pre-incubated for 15 minutes at 37oC with plasma at concentrations of 60 µg/mL, 100 

µg/mL or 500 µg/mL 50 µg/mL, respectively.  

In order to assess anti-vaccinia antibodies from hyper-immune individuals, 

remaining serum was collected from patients enrolled in JX594-CRC019 (Clinical trial 

registration IDNCT01394939). This study protocol was approved by the Ottawa Hospital 

Research Ethics Board and all patients gave informed consent. The serum was heat 

inactivated and combined with serum free DMEM or plasma collected from a naïve 

donor as a source of complement and incubated with vaccinia at a ratio of 2 x 105 

pfu/mL. The infectious virus remaining was quantified by plaque assay on U2OS cells.  

Neutralization of MG1, HSV-1, reovirus and measles Edmonston were performed 

at concentrations ranging from of 2 x 104 - 2 x 107 pfu/mL. Plasma samples were 

incubated with CP40 (25 µM) or DMEM for 15 minutes at 37oC prior to a one hour 
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incubation at 37oC in the presence of virus. MG1, HSV-1 and measles were titered on 

Vero cells and reovirus was titered on L929 cells. Anti-herpes simplex virus type 1 

(HSV1) IgG and IgM human ELISA kits (Abcam, Cambridge MA) were used to validate 

serologic status.  

 

Fluorochrome linked immunoassay (FLISA) Activation of the MBL-dependent lectin 

pathway was assessed in human serum incubated with mAb 3F8 at 10 µg/mL as 

previously described(204). This assay was performed by Margaret Morrissey and Dr. 

Greg Stahl (Center for Experimental Therapeutics and Reperfusion Injury, Harvard 

Institutes of Medicine, Boston, MA, USA) on our behalf. 

 

Sucrose gradient separation of viral proteins Vaccinia virus was incubated with PBS, 

detergent (1% Triton X-100) or plasma from an immune donor at a concentration of 2 x 

107 pfu/mL for one hour at 37oC.  Samples were overlaid on continuous 5-75% sucrose 

gradients and centrifuged at 25000 rpm in an SW41Ti rotor for 35 minutes at 4oC. The 

gradient was collected in 16 fractions.  

 

Immunoblotting Plasma or viral proteins were resolved on 4-12% SDS PAGE 

polyacrylamide gels (BioRad, Hercules, CA) and transferred to nitrocellulose membranes 

(Amersham GE Healthcare Lifesciences, Baie d’Urfe QC). Membranes were incubated 

for one hour at room temperature or at 4oC overnight with the following antibodies and 

dilutions: 1:100 rabbit anti-rat C3 (Cedarlane, Burlington, ON; CL7334AP); rabbit 

polyclonal antibody to Vaccinia (Quartett, Berlin, Germany; 1220100715).  Membranes 
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were incubated with goat anti-rabbit horseradish peroxidase-conjugated IgG (Jackson 

ImmunoResearch Laboratories, Inc.) for one hour at room temperature. The peroxidase-

conjugated goat anti-mouse complement C3 antibody (MP Biomedicals, Cappel, Solon, 

OH) was used at 1:10 000.  Proteins were detected using Supersignal West Pico 

chemiluminescent substrate (Pierce Biotechnology, Rockford, IL) followed by exposure 

to X-ray film (Fuji Photo Film Co, LTD, Tokyo, Japan). 

 

Human cell association studies  

In vitro cell association 

Blood was collected from a healthy naïve human donor and incubated with 

vaccinia virus at a concentration of 1 x 108 pfu/mL for one hour at 37oC. Blood was 

diluted and incubated with PE conjugated antibodies (anti-CD19 clone LT19, CD15 

clone VIMC6, CD14 clone TUK4, CD3 clone BW264/56 from Miltenyi Biotec or anti 

CD45-PE-Cy5, clone HI30 eBioscience). Approximately 5 x 106 cells were sorted on a 

Beckman-Coulter MoFlo cytometer (DakoCytomation) by the OHRI Stem Core 

laboratory. Sorted populations were subjected to plaque assay on U2OS cells as well as 

DNA extraction (DNeasy kit, Qiagen) and qPCR using primers against the viral E3L 

gene.  

Futhan pre-treated human blood was incubated with 2 x 105 pfu/mL of vaccinia 

virus for 1h at 37oC. Alternatively, blood was pre-treated with CP40 and incubated with 2 

x 105 pfu/mL of vaccinia virus for 1h at 37oC. Blood was centrifuged at 600-800 g to 

separate plasma from compacted cells. Plasma and whole blood were titered.  For the 

Futhan experiment, the hematocrit was not measured and estimated to be 0.45. For CP40 
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experiment, microhematocrit capillary tubes (Fisher Scientific) were centrifuged for 10 

minutes and hematocrit measured for each donor. The whole blood and plasma titers and 

genomic content were determined by plaque assay and qPCR, respectively. The 

proportion of virus in the plasma was used to calculate the remaining virus associated 

with the cellular fraction.  

 

In vivo cell association 

Two patients were treated as part of a phase 2a trial in which they received 1 x 

109 pfu of Pexa- Vec over a one hour IV infusion (Clinical trial registration number 

NCT01329809). Blood samples were collected at various time points after the infusion 

and overlaid on a Lympholyte Poly cell separation media (Cedarlane), to isolate plasma, 

polymorphonuclear cells (PMNCs), periphereal blood mononuclear cells (PBMCs) and 

red blood cells (RBCs). The total genomes in each respective component was also 

quantified by qPCR using primers for the vaccinia virus E3L gene and for isolated cells, 

normalized to the β actin gene.  

 

Animal Studies 

 

Ex vivo neutralization experiments 

Serum from guinea pig, hamster (Syrian Gold), rat (Sprague Dawley) and rabbit 

(New Zealand White) were purchased from Innovative Research Biologicals (MI, USA). 

Serum samples were left untouched or heat inactivated (56oC for 30 minutes) and 
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incubated with vaccinia virus at a ratio of 2 x 105 pfu/mL for one hour at 37oC. 

Remaining infectious virus was quantified by plaque assay. 

Blood was collected from healthy cynomolgus macaques using the anticoagulant 

Refludan (50 µg/mL). Blood or plasma was incubated with vaccinia virus at 2 x 105 

pfu/mL. Immune serum from rhesus macaques infected with 1x 109 pfu VVdd was 

collected between day 80 and 90 post infection and used as a source of antibody and was 

combined at a ratio of 4:1 plasma to heat inactivated immune serum. Futhan was added to 

a final concentration of 50 or 250 µg/mL. For the validation of animals treated in the 

study, plasma was heat inactivated and combined with plasma from a naïve animal as a 

source of complement (ratio 5:1 naïve plasma to heat inactivated plasma). Samples were 

incubated for one hour at 37oC and infectious virus remaining was quantified by plaque 

assay.  

 

Balb/c mouse model 

Female Balb/c mice weighing (6-8 weeks of age) were obtained from Charles 

River (Wilmington, MA). All animals were housed in pathogen-free conditions and all 

studies conducted were in accordance with the guidelines of the Animal Care Veterinary 

Service facility of the University of Ottawa. Mouse plasma was collected from animals 

vaccinated with 1 x 107 pfu of vaccinia virus. Blood was collected by cardiac puncture 

and used immediately for in vitro neutralization assays. Blood was treated with Refludan 

(50 µg/mL). Blood was centrifuged at 800 x g and plasma was heat inactivated (56oC for 

30 minutes) or treated with Futhan (50 µg/mL). Tumors were established by injecting 1 x 

106 CT26 Lac Z cells subcutaneously. Animals were depleted of complement using 4.5 U 
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of cobra venom factor (CVF) (Quidel, San Diego, CA).  Animals were vaccinated (days 

0,8) and treated (day 35) with 1 x 107 pfu of vaccinia (Western reserve, VVdd, expressing 

Firefly Luciferase) administered intravenously. Luminescence imaging was performed 48 

hours post IV virus administration using the IVIS imaging System Series 200 (Xenogen 

Corporation). Data acquisition and analysis was performed using Living Image v2.5 

software. Tumours were homogenized and infectious virus was quantified by plaque 

assay.  

 

Rat model 

Female F344 Fischer rats weighing 100-150g were purchased from Charles River 

(Wilmington, MA). All animals were housed in pathogen-free conditions and all studies 

conducted were in accordance with the guidelines of the Animal Care Veterinary Service 

facility of the University of Ottawa. Animals were vaccinated with 1 x 107 pfu of 

vaccinia virus or MG1 or MRB LCMV G. Tumors were established by injecting 5 x 105- 

1 x 106 13762 MATBIII cells subcutaneously bilaterally in the left and right flanks or 3 x 

105 cells IV by tail vein injection. Tumors were treated IV with 1 x 108 pfu of vaccinia 

virus and 10 minutes or 24 hours post infection, the animals were sacrificed and the 

tumors resected. Alternatively, tumors were also treated with an intratumoral injection of 

1 x 107 pfu of vaccinia virus and animals were sacrificed either 24 or 48 hours after 

administration. Following the same schedule, animals were also treated with 1 x 108 pfu 

of MG1 or MRB LCMV G intravenously or 1 x 107 pfu intratumorally. Blood was 

collected by cardiac puncture into EDTA vacutainer tubes for analysis of in vivo 

neutralization. Alternatively, blood was collected with serum tubes and treated with 
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Refludan to assess in vitro neutralization. For the depletion of complement, 35U of CVF 

(Quidel, San Diego, CA) was administered intraperitoneally 24 hours prior to virus 

delivery. A second dose of 35 U was administered intraperitoneally 24 hours after virus if 

animals were to be sacrificed 48 hours after virus administration. Tumors and livers were 

collected and immediately frozen. Tissues were homogenized in PBS and titered on 

U2OS cells. Tumor length and width was measured by calipers and tumor volume 

calculated using the formula V=(L x W2)/2, where L is the long side. 

 

Cynomolgus macaque model 

Healthy male and female cynomolgus macaques weighing 3 to 6 kg were obtained 

from Primus BioResources (Vaudreuil-Dorion QC) and Charles River (Montreal, QC). 

All NHP studies were performed under a protocol approved by the Animal Resource 

Centre, University Health Network, Toronto, ON, Canada.  

To facilitate intravenous injection and blood sampling, a vascular access port was 

surgically implanted into the right flank with the venous line inserted into the right 

femoral/iliac vein. Animals were allowed to recover from surgery for several weeks prior 

to the initiation of the study. Macaques were randomized across schedule groups such 

that a male and female were assigned to each group. Animals received two doses of 

vaccinia virus (1 x 108 pfu infused over 30 minutes) in the naïve setting (day 0 and day 

2), a booster dose (1 x 108 pfu infused over 30 minutes) two months after their first two 

doses, and two doses in the immune setting (day 0, day 2), four months after their initial 

doses. According to their group schedule, animals received a bolus dose of CP40 

(2mg/kg) immediately prior to their virus infusion either on day 0 or day 2. One female 
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animal was used to validate the initial dose, but not did receive CP40 in the naïve setting. 

She was boosted and subsequently received virus alone and in combination with CP40 in 

the immune setting.  

Blood samples were collected immediately before and at various time points after 

the infusion of virus (end of infusion, + 5 min, + 10 min, + 30 min, + 2h, + 5h). EDTA 

treated whole blood samples were frozen for subsequent analysis by qPCR and titration 

of infectious virus on U2OS cells. EDTA and Refludan treated blood samples were 

centrifuged at 800 g for 5 minutes to obtain plasma, and immediately frozen until further 

analysis. PBMCs were isolated by overlaying blood diluted 1:1 with HBSS on Ficoll 

Paque and centrifuged for 400 g for 35 min.  The granulocyte fraction was isolated from 

the bottom fraction of the Ficoll separation by overlaying it on 6% Dextran. The 

leukocyte rich supernatant was subjected to ACK lysis to remove any RBCs. The 

population of cells in each isolation was analyzed using the Drew Hemavet 950FS 

Multispecies Hematology Analyser (Drew Scientific Inc, Waterbury, CT, USA). Frozen 

cell samples were analyzed by plaque assay on U2OS cells and qPCR against the E3L 

gene. 

Temperature was measured rectally immediately before and at various time points 

after the infusion of virus (end of infusion, + 5 min, + 10 min, + 30 min, + 2h, + 5h). 

Fever was designated as a temperature of 39.8°C and above. CBC profiles were 

determined using a Drew Hemavet 950FS on samples collected immediately before the 

infusion of virus, at the end of the infusion, + 2h and + 5h after the infusion. Blood 

biochemistry was analyzed using a Vetscan VS2 Chemistry Analyzer (Abaxis, Union 

City, CA, USA) on samples collected immediately before the infusion of virus, at the end 
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of the infusion, + 2h and + 5h after the infusion. Measurements were obtained for alanine 

aminotransferase (ALT), alkaline phosphatase (ALP), amylase, blood urea nitrogen, 

creatinine, total bilirubin, albumin, total protein, globulin, glucose, sodium, potassium, 

phosphate, and calcium. 

 

Alternative pathway hemolytic assay Blood was collected and treated with Refludan 

(50 ug/mL), centrifuged to collect plasma (800g) and frozen immediately. To assess 

hemolytic activity, rabbit erythrocytes (Complement Technology, TX USA) were 

incubated with plasma at a concentration corresponding to 70% lysis (7 µL of 1:1 diluted 

plasma) in GVB++ (Complement Technology, Texas, USA) and optical absorbance 

measured at 410 nm using a Multiskan Ascent (Thermo Labsystems, Mississauga, ON). 

The percent inhibition of complement activity was calculated relative to the 

corresponding sample collected prior to CP40 administration.  

 

Cytokine array A MILLIPLEX MAP non-human primate magnetic bead cytokine array 

(Millipore, Bedford MA) was performed according to the manufacturer’s instructions by 

the Princess Margaret Genomics Centre, Toronto ON. Samples were quantified with a 

Luminex 100 and data was analyzed using Bio-plex Manager 6.0. OBS concentrations 

were measured in pg/mL.  

 

qPCR DNA was isolated from whole blood collected in EDTA tubes, liver, or tumor 

samples using the DNeasy kit (Qiagen, Germantown, MD) according to the 

manufacture’s protocol. Quantitative PCR was performed on viral DNA extracted from 
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whole blood or tissues using the SYBR Green PCR Master Mix (Qiagen, Germantown 

MD) on a RotorGene RG3000A (Corbett Research). Primers targeting the E3L gene were 

used to quantify viral genomes (TCCGTCGATGTCTACACAGG; 

ATGTATCCCGCGAAAAATCA). DNA isolated from purified viral stock was used as a 

standard where molecular weight was used to give an estimate of the number of copies 

per µg of DNA. Primers targeting the human β actin gene were used to normalize E3L 

signals when a given number of cells was used (AGGTATCCTGACCCTGAAGT, 

AGGTCTCAAACATGATCTGG).  

 

Statistics Where possible, statistical analyses were performed on log transformed values. 

When data points fell below the limit of detection, the value of half the limit of detection 

was used for statistical comparisons, however was reported as ND (not detected) for 

graphical purposes. Statistical analyses were performed using GraphPad Prism and the R 

statistical software. Two-tailed unpaired student’s t tests were performed for the 

comparison of two groups and one-way ANOVAs employed for the comparison of 

multiple independent groups. Linear mixed effects models were fitted for experiments 

with repeated measures data using treatment condition, vaccination status or time point as 

fixed effects, and donor as the random effect. Model fit was compared for models 

generated using pooled or unpooled levels of fixed effects to determine statistical 

significance. p-values of < 0.05 were considered significant *p ≤ 0.05, **p ≤ 0.01, ***p 

< 0.001, ****p < 0.0001.  
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3. Results 
 

3.1 Human complement, antibodies and vaccinia virus 

As part of the phase I dose escalation clinical trial where patients were treated 

with IV Pexa-Vec (clinical trials registration number NCT00625456), we received and 

quantified the infectious virus in the blood of three patients treated at the dose of 1 x 109 

pfu (Figure 3.1). At the end of the one hour infusion, we recovered a mean of 6 x 102 

pfu/mL or approximately 3 x 106 pfu in an estimated blood volume of 5L.  This 

corresponds to nearly 0.3% of the total dose of virus. Infectious virus was cleared quickly 

from the circulation, and 30 minutes post infusion, virus was only detectable in the blood 

of one of the three patients. Although viral delivery was confirmed by 

immunohistochemistry or qPCR in tumor biopsies taken 8-10 days post infusion, the 

therapeutic response rate was moderate(100).  

3.1.1 Human complement and antibodies lead to profound neutralization of vaccinia 
virus in vitro 

As a first step to understanding the relative impact of the factors leading to a loss 

of infectious virus in the blood, we assessed in vitro the neutralization of a prototype of 

the clinical Pexa-Vec virus in blood or fractions thereof that was collected from healthy 

human donors. Donors were stratified into naïve and vaccinated categories based on age 

(date of birth relative to 1972), the presence of a vaccination scar, and self-reported 

immunization history. Both genders were sampled equally (48% female, 52% male). A 

concentration of 2 x 105 pfu/mL was used to mimic the clinical dose of 1 x 109 pfu in an 

estimated blood volume of approximately 5L that was required to achieve delivery(100). 
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Figure 3.1. Infectious virus in the blood after an intravenous dose of Pexa-Vec 

Blood samples were collected from three patients that were treated at the dose of 1 x 109 
pfu as part of a phase one clinical trial (clinical trials registration number NCT00625456). 
Infectious virus was quantified by plaque assay. Data is represented as group means ±SD. 
Each dot represents a patient. ND, not detected; NC, not collected. The number of 
patients from which virus was not detected or for which blood was not collected is 
indicated in parentheses.  
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The anti-coagulant Refludan was used as it does not interfere with the complement 

cascade as do EDTA, citrate and heparin(205). As shown in Figure 3.2A, we observed 

similar levels of recovery in whole blood and plasma samples from both naïve and 

vaccinated donors. This suggested to us that the factors leading to the greatest loss of 

infectivity were plasma components. As was consistent with previous findings(108), 

vaccinia virus was shown to be sensitive to complement in naïve plasma samples, leading 

to the loss of up to approximately 90% of infectivity. This viral neutralization could be 

prevented using heat treatment as a method to inactivate complement. We observed 

robust neutralization of vaccinia virus in blood and plasma samples from vaccinated 

individuals with up to 99% of infectivity lost. Interestingly, we saw that the effect of the 

long-lived antibodies was almost completely abrogated when complement was 

inactivated, whereby heat inactivation of plasma from immunized individuals restored 

infectivity to 20% of maximum. We confirmed our findings with respect to complement 

with two complement inhibitors: CP40 and Futhan. Using the C3 – specific peptide, 

CP40, and an inactive peptide as a control, we demonstrated that vaccinia virus 

neutralization by antibodies was entirely dependent on complement activation (Figure 

3.2B). Indeed, CP40 pre-treatment of plasma led to virus recovery from samples from 

immune individuals that was not statistically different from naïve donors. Using the 

serine protease inhibitor Futhan, we also demonstrated that complement inhibition could 

prevent viral neutralization in naïve and immune plasma (Figure 3.2C). These findings 

led us to ask whether this complement dependence of antibody was unique to individuals 

that had been vaccinated several decades ago or if it would hold true in the anamnestic 

antibody response. To this end, we collected serum samples from patients involved in a 
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Pexa-Vec clinical trial (clinical trials registration number IDNCT01394939), both prior to 

their first treatment with virus, and two weeks after their first treatment. This serum was 

heat inactivated to specifically assess the antibodies and was combined with plasma from 

a naïve donor as a replenished source of complement. The serum collected prior to Pexa-

Vec treatment contained pre-existing antibodies that were exclusively complement-

dependent. The anamnestic antibodies that were produced two weeks after treatment 

possessed a moderately increased capacity to neutralize vaccinia virus in the absence of 

complement, however, was profoundly neutralizing in the presence of replenished 

complement. Importantly, complement-enhanced neutralization could be prevented if 

plasma samples were pre-treated with the complement inhibitor CP40 (Figure 3.2D).  

Clinically, dose escalation identified a breakthrough dose where intravenously 

delivered virus was detected in biopsied tumor samples(100). We sought to characterize 

vaccinia virus neutralization at doses above and below this concentration (2 x 104 pfu/ml 

– 2 x 107 pfu/mL). In plasma from naïve donors (Figure 3.3A), the effect of complement 

could be saturated at doses of 2 x 106 pfu/mL or higher. If plasma samples were pre-

treated with CP40, however, nearly all the virus could be recovered at all dose levels. In 

vaccinated plasma samples (Figure 3.3B), a threshold effect was observed whereby 

between 0.1 and 1% of virus was recovered at dose levels between 2 x 104 and 2 x 106 

pfu/mL. However, at the dose of 2 x 107 pfu/mL, a significant increase in recovery was 

observed. Consistent with our previous results, significantly elevated levels of infectious 

virus could be recovered at all doses if complement was inhibited with CP40.  
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Figure 3.2. Human complement and antibody lead to the neutralization of vaccinia 
virus 

(A) Assessment of vaccinia virus neutralization in vitro in human blood samples from 
vaccinia naïve or immunized healthy donors. Infectious virus was quantified by plaque 
assay following a one hour incubation at 37oC at the concentration of 2 x 105 pfu/mL in 
whole blood, plasma or heat inactivated plasma. (n=4-5 donors per immune status) This 
panel represents pooled data from several experiments. (B) Plasma samples were heat 
inactivated or treated with CP40 (25µM) or the inactive peptide control prior to 
incubation with vaccinia virus (2 x 105 pfu/mL). (n=3 donors per immune status) (C) 
Plasma samples were heat inactivated or treated with Futhan (50 µg/mL) prior to 
incubation with vaccinia virus. (2 x 105 pfu/mL). (n=3 donors per immune status) (D) 
Heat inactivated serum samples from four patients enrolled in a Pexa-Vec clinical trial 
(clinical trials registration number IDNCT01394939) was combined with plasma from a 
naïve donor as a source of complement. Naïve plasma was pre-treated with CP40 (as 
described in B) when noted. Virus was incubated with complement and antibody at a 
concentration of 2 x 105 pfu/mL. Data are represented as group means ±SD. Each dot 
represents a donor.  (*** p<0.001, ** p < 0.01, * p < 0.05, ns p > 0.05).  
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Figure 3.3. Virus neutralization by antibody and complement can be overcome at 
elevated concentrations of virus 

Vaccinia virus neutralization in naïve (A) or vaccinated (B) plasma at virus 
concentrations ranging from 2 x 104 pfu/mL to 2 x 107 pfu/mL after a one hour 
incubation at 37oC. Plasma was pre-treated with CP40 (25µM) when noted. (n=3 donors 
per immune status). Data are represented as group means ±SD. Each dot represents a 
donor. The number of donors from which virus was not detected (ND) is indicated in 
parentheses. The comparisons between plasma and plasma pre-treated with CP40 at each 
dose are indicated by (‡ p<0.001, † p < 0.01, § p < 0.05, ns p > 0.05). All other statistical 
comparisons are indicated by (*** p<0.001, ** p < 0.01, * p < 0.05, ns p > 0.05). 
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 To assess the relative importance of particular pathways of the complement 

cascade on viral neutralization, we employed antibodies to selectively block the function 

of key complement components (illustrated in Figure 3.4A). In naïve plasma samples, we 

observed complete viral recovery when either the classical or alternative pathways were 

inhibited, thereby underscoring their importance (Figure 3.4B). Although the MBL 

antibody produced a statistically significant increase in recovery, the effect size was very 

small relative to the increase in virus recovery observed when the classical or alternative 

pathways were inhibited. In plasma samples from vaccinated donors, we observed 

incomplete but statistically significant increases in recovery with classical and alterative 

pathway inhibition (Figure 3.4C). Specifically, we observed a 3-fold and 13-fold increase 

with the anti-C1q and anti-Factor B antibodies, respectively. Recovery of infectious virus 

was maximized when these pathways were inhibited in combination (38 fold increase in 

titer), thereby highlighting the role of the alternative pathway as a positive amplification 

loop for the other two pathways. In samples from vaccinated donors, inhibition of the 

MBL pathway did not increase viral recovery. The efficacy of the MBL antibody was 

validated in an MBL binding assay whereby anti-MBL treated serum was assessed for its 

ability to activate complement by mannan (Figure 3.4D).  

The clinically approved monoclonal antibody, eculizumab, directed against C5, 

was used to inhibit the terminal pathway. In both naïve and immune plasma, inhibition of 

the terminal pathway abrogated virtually all the viral neutralization, leading to a mean 7- 

fold and 52-fold increase in titer, respectively (Figure 3.4E). In an alternative method to 

assess the involvement of the terminal pathway and the MAC, we carried out sucrose 

density centrifugation of virus incubated with detergent, plasma or saline. While native, 
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intact, particles subjected to centrifugation were observed by immunoblot to be present in 

fractions 12 and 13, detergent or plasma treated virus was detected in fractions 1-4 in 

addition to fractions 12 and 13 (Figure 3.4F). These observations were consistent with 

complement and antibody-mediated virolysis by the MAC. 
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Figure 3.4. Mechanistic characterization of complement and antibody mediated 
neutralization of Vaccinia virus. 

(A) Complement pathway schematic with targets of inhibitory antibodies. Complement 
activation pathway dissection is shown in naïve (B) or immune (C) plasma. Selective 
inhibition of the various pathways of the complement cascade demonstrates their 
contribution to viral neutralization. Plasma from naïve and immune donors was pre-
treated with 500 µg/mL anti-Factor B or 100 µg/mL anti-C1q or 60 µg/mL anti-MBL 
antibodies to allow for binding. Vaccinia virus neutralization over the course of a one 
hour incubation at 37oC (2 x 105 pfu/mL) was subsequently assessed by plaque assay. 
(n=3 per immune status with the exception of naïve eculizumab samples (n=2). Data are 
represented as group means ±SD, Each dot represents a donor. (*** p<0.001, ** p < 0.01, 
* p < 0.05, ns p > 0.05). (D) Validation of functionality of the anti-MBL antibody. MBL 
dependent C3 deposition was measured in the presence or absence of the anti-MBL 
antibody(10ug/ml) by absorbance at 405 nm.  (n=2 donors). (E) Plasma from naïve and 
immune donors was pre-treated with 50 µg/mL of eculizumab (anti-C5) and 
neutralization over the course of a one hour incubation at 37oC (2 x 105 pfu/mL) was 
subsequently assessed by plaque assay. (F) Loss of virus particle density is observed by 
sucrose gradient separation of vaccinia antigens.  Continuous sucrose gradients (5%-
75%) were overlaid with vaccinia virus treated with PBS, Triton or immune plasma at a 
concentration of 2 x 107 pfu/mL. Fractions were collected and assayed by immunblot blot 
for vaccinia proteins using the polyclonal Quartett antibody.  
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3.2 Discerning appropriate models for the in vivo study of vaccinia virus neutralization 
by complement and antibodies 

3.2.1 The mouse model is not a suitable surrogate to represent human antibody and 
complement-mediated neutralization of vaccinia virus 

We explored the validity of the mouse model to replicate the findings observed 

with human complement and anti-vaccinia virus antibodies. An ex vivo neutralization 

assay was performed with fresh mouse plasma from a naïve animal or an animal 

vaccinated one month prior to the terminal bleed (Figure 3.5A). In naïve plasma, 

complement inhibition had no effect on the virus recovered. While reduced viral recovery 

was observed from vaccinated plasma, antibody-mediated neutralization was not 

enhanced by complement. To assess virus delivery to tumors in the presence or absence 

of complement and antibody, we pursued a model whereby virus was administered 

intravenously to tumor bearing mice (Figure 3.5B). Only tumors from naïve animals 

contained infectious virus 48 hours post-administration, as was also observed by imaging 

of the Firefly luciferase transgene (Figures 3.5C, D). The dose of cobra venom factor 

used to deplete complement was validated by immunoblot against the mouse C3 protein 

(Figure 3.5E). While C3 degradation products could be detected in plasma (lower band) 

from all mice, full length C3 could not be detected in CVF treated mice (upper band).  

 The inability of mouse plasma to fully recapitulate the neutralizing effects seen in 

human plasma led us to explore other small animal models.  To this end, we obtained 

serum from guinea pig, hamster, rat and rabbit and assessed the sensitivity of vaccinia 

virus to complement of these species relative to human complement. We observed similar 

degrees of complement dependent neutralization (input dose 2 x 105 pfu/mL) in both rat 

and rabbit serum, but not guinea pig  
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Figure 3.5. Mouse complement and antibody do not work together to neutralize 
vaccinia virus  

(A) Ex vivo neutralization of vaccinia virus by plasma from naïve or vaccinated Balb/c 
mice (1x 107 pfu virus one month prior). Refludan was used to anti-coagulate blood (50 
ug/mL). Plasma was heat inactivated or pre-treated with Futhan (50 ug/mL). Virus was 
incubated with plasma for one hour at 37oC at a ratio of approximately 2 x 105 pfu/mL 
and quantified by plaque assay. (n=1 mouse/immune status). Data is represented as 
technical replicates ±SD. According to the schedule in (B), animals were vaccinated and 
treated with 1 x 107 pfu of vaccinia (Western reserve, VVdd, expressing Firefly 
Luciferase). Animals were depleted of complement with 4.5 U of CVF. Viral delivery to 
subcutaneous tumors following an intravenous bolus dose of vaccinia virus (1 x 107 pfu) 
was measured by plaque assay (C) as well as by luminescence measured by an IVIS 
imaging system following an intraperitoneal injection of luciferin (D). (n=5 mice per 
group). The number of mice from which virus was not detected (ND) is indicated in 
parentheses. (E) Plasma from mice that were treated with 4.5 U CVF as well as untreated 
control animals was collected and immunoblot analysis using a polyclonal antibody to 
mouse complement C3 specific was performed. (n=2 mice per group) 
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or hamster (Figure 3.6A). We went on to explore the antibody profile generated in 

Fischer F344 rats to which the 13762 MAT B III mammary adenocarcinoma cell line is 

syngeneic. Rats were left naïve or vaccinated with 1 x 107 pfu of vaccinia virus 

intravenously and/or depleted of complement with 35U CVF. Since the inhibitor CP40 is 

specific to human and non-human primate C3(132), we resorted to using CVF in our rat 

model to manipulate complement. Animals were terminally bled and virus neutralization 

was assessed ex vivo in untouched or heat-inactivated plasma (Figure 3.6B). Again, 

similarly to the neutralization seen in human plasma, complement mediated 

neutralization of vaccinia virus was observed in naïve plasma. Importantly, the antibodies 

generated against the virus were only modestly neutralizing when complement was 

inhibited. The viral recovery was very similar between heat inactivated plasma and 

plasma from complement depleted animals, thereby functionally validating the 

complement depletion. Complement depletion at the dose of 35 U was also assessed by 

immunoblot using an antibody against rat C3 (Figure 3.6C). C3 degradation products 

could be detected in plasma (lower band) from all rats, full length C3 could not be 

detected in CVF treated rat (upper band).  

 

3.2.2 Complement depletion in immune Fischer rats enhances delivery and infection of 
tumors  

We assessed the impact of complement depletion in immune rats on the stability 

of infectious virus in the blood and delivery to tumors, as outlined in (Figure 3.7A). At a 

very early time point after intravenous virus administration (10 minutes), we recovered  
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Figure 3.6. The rat is an appropriate model for the study of complement and 
antibody mediated neutralization of vaccinia virus 

(A) The ability of serum from guinea pig, hamster (Syrian Gold), rat (Sprague Dawley) 
and rabbit (New Zealand White) to neutralize vaccinia virus was tested alongside naïve 
human plasma. Vaccinia virus was incubated with untouched or heat-inactivated serum at 
a concentration of 2 x 105 pfu/mL for one hour at 37oC and subsequently quantified by 
plaque assay. Data is represented as technical replicate means ±SD. (B) In vitro 
neutralization of vaccinia virus with Fischer rat plasma. Animals were vaccinated with 1 
x 107 pfu intravenously and or depleted of complement with 35U CVF. Blood was 
collected 24 hours after complement depletion. Vaccinia virus was incubated with 
untouched or heat inactivated plasma (2 x 105 pfu/mL) and quantified by plaque assay. 
(n=2 rats/treatment group) Data are represented as group means ±SD. Each dot represents 
a rat. (*** p<0.001, ns p > 0.05). (C) Plasma samples collected 24 hours post CVF 
treatment (35U) was analyzed by immunoblot using an antibody against C3. (n=4 rats per 
group). 
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approximately 100-fold more infectious virus from the blood of complement-depleted 

animals relative to their complement-replete counterparts (Figure 3.7B). At the same time 

point, a concomitant increase was observed in infectious virus in the subcutaneous 

tumors of complement-depleted animals (Figure 3.7C). To better understand the increase 

in titer that was observed, vaccinia virus genomes were quantified in blood, tumor, and 

liver samples by quantitative real-time PCR (qPCR) using primers against the viral E3L 

gene. Although a substantial increase was observed in the number of infectious particles 

in each organ when complement was depleted, the number of total genomes experienced 

minor changes. This pattern suggested that complement depletion reduced viral 

neutralization, but did not change the distribution of the virus (Figure 3.7D). Indeed, 

complement depletion did not appear to alter the rapid non-specific clearance to a great 

degree, however it increased the proportion of the dose that accumulates in the tumor that 

remains infectious. Viral recovery from tumors implanted both subcutaneously and in the 

lungs was assessed at a longer time point: 24 hours post intravenous virus administration. 

Notably, infectious virus was only recovered from subcutaneous tumors or lung tumors if 

the animal was depleted of complement at the time of virus administration (Figure 3.7E). 

Similarly to the increase in titer observed in the blood and tumors, a corresponding 

increase in viral titer was observed in the liver 10 minutes post tail vein injection of virus 

(Figure 3.7F). However, infectious virus could not be recovered from the liver 24 hours 

after injection whether the animal was depleted of complement or not, suggesting that 

complement depletion did not increase the infection of normal tissue.  
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Figure 3.7. Complement depletion in vaccinia virus immune Fischer rats leads to 
improved delivery and infection of tumors 

Vaccinia virus (1 x 108 pfu) was delivered intravenously to Fischer rats bearing bilateral 
13762 MATBIII tumors, according the schedule in (A). As per the treatment groups, rats 
were vaccinated intravenously with 1 x 107 pfu or depleted of complement with 35 U of 
CVF. Infectious virus in the blood (B) and in subcutaneous tumors (C) ten minutes post 
virus administration was quantified by plaque assay. (n=3-4 rats per group) (D) The fold 
change in titer and total genome content of blood, subcutaneous tumors and liver is 
expressed as the ratio of complement depleted relative to complement-replete samples. 
(E) Subcutaneous and lung tumor titers 24 hours after an intravenous dose of oncolytic 
vaccinia virus at 1 x 108 pfu. (n=7-8 per group). (F) Ten minutes or 24h after intravenous 
virus delivery, animals were sacrificed and livers were analyzed for virus content by 
plaque assay. (n=3-4 per group). Data are represented as group means ±SD, Each dot 
represents a rat. The number of rats from which virus was not detected (ND) is indicated 
in parentheses. (*** p<0.001, ** p < 0.01, * p < 0.05, ns p > 0.05).  
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Naïve animals were treated according to the schedules outlined in Figure 3.8 A 

and D. Unlike in the vaccinated animals, changes in viral stability in the blood of 

complement replete or depleted naïve animals at an early time point (5 min post 

injection) were not observed (Figure 3.8B). Genome quantification in the blood of these 

animals did not reveal a significant change due to complement depletion (Figure 3.8C). 

Similarly, when virus was administered to virus-naïve tumor bearing rats, infectious virus 

was equally recovered from the tumors of complement-depleted or complement-replete 

animals 48 hours post injection (Figure 3.8E).  

 The increased delivery of infectious virus to subcutaneous tumors in immune 

animals led us to investigate whether this would have therapeutic benefit and slow tumor 

growth. Animals were treated according to the schedule in Figure 3.9A, where they were 

received vaccinia virus or PBS with or without complement depletion.  Tumor volume 

was followed for two weeks after implantation. Comparison of the treatment groups 

suggested no significant difference between any of the groups (Figure 3.9B).  

 In light of the clinical preference for regional over systemic administration of 

virus, we sought to determine if the infection following direct intratumoral injection of 

virus into subcutaneous tumors would also benefit from complement depletion. Animals 

were treated according to the schedule in Figure 3.10A and sacrificed either 24 or 48 

hours after virus injection. Tumors from immunized and complement depleted animals 

were found to contain an average of 20 and 117 fold more infectious virus 24 and 48 

hours post-injection, respectively (Figure 3.10B).  In keeping with the previous results in 

naïve rats, complement depletion did not increase the infection of tumors in naïve rats 

following intratumoral administration of virus.  
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Figure 3.8. Complement depletion in vaccinia virus naïve Fischer rats does not 
change virus stability in the blood nor infection of tumors 

Vaccinia virus (1 x 108 pfu) was delivered intravenously to Fischer rats bearing bilateral 
13762 MATBIII tumors, according the schedule in (A). As per the treatment groups, rats 
were depleted of complement with 35 U of CVF. Infectious virus in the blood five 
minutes after intravenous virus administration as measured by plaque assay (B) and 
qPCR quantification of viral genomes using primers against the E3L gene (C) (n=3-4 rats 
per group) . Naïve rats bearing bilateral tumors were treated according to the schedule in 
(D). Delivery of virus to subcutaneous tumors as measured by plaque assay 48 hours after 
virus administration (E). (n=3-4 per group). Data are represented as group means ±SD, 
Each dot represents a rat. (ns p > 0.05). 
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Figure 3.9. Intravenous virus treatment does not impact the growth rate of 
subcutaneous  mammary adenocarcinoma tumors in Fischer rats.  

1 x 106 13762 MAT B III cells were implanted subcutaneously bilaterally and treated 
according to the schedule in (A) with 1 x 108 pfu intravenously with or without CVF 
treatment (35 U). Tumor burden was determined by caliper measurement and was 
determined to be not significantly different between groups by one-way ANOVA (ns p > 
0.05). Volume was calculated using the formula V= (L x W2)/2, where L is the larger 
value. (n=3 rats per group). 
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Figure 3.10. Complement depletion improved infection of tumors following local 
administration in immune rats 

Vaccinia virus (1 x 107 pfu) was delivered intratumorally to Fischer rats bearing bilateral 
13762 MAT B III tumors, according to the schedule in (A). As per the treatment groups, 
rats were vaccinated intravenously with 1 x 107 pfu and or depleted of complement with 
35 U of CVF. (B) Subcutaneous tumor titers are shown for animals sacrificed 24 and 48 
hours post virus administration. (n=4 per group) Data are represented as group means 
±SD, Each dot represents a rat. (** p < 0.01, * p < 0.05, ns p > 0.05).  
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3.2.3 Testing the feasibility and safety of the clinical candidate inhibitor CP40 in 
conjunction with an infusion of vaccinia virus in a NHP model 

After the success of complement inhibition in vitro and complement depletion in 

the immune rat model, we wanted to investigate whether this phenomenon could be 

replicated with the clinical candidate complement inhibitor CP40 in vivo. Due to the 

primate specific binding of CP40, we investigated the potential of employing a 

cynomolgus macaque model. Two preliminary in vitro neutralization experiments were 

performed to assess the sensitivity of vaccinia virus to cynomolgus macaque complement 

and the dependence of anti-vaccinia antibodies on complement activation. A first 

experiment investigated neutralization of vaccinia virus in blood, plasma or heat 

inactivated plasma collected from a virus naïve macaque in vitro. We observed similar 

levels of neutralization between whole blood and plasma fractions and viral 

neutralization that was abrogated upon complement inactivation by heat treatment 

(Figure 3.11A). We then went on to look at neutralization in vitro in blood or plasma in 

the context of an exogenous source of anti-vaccinia antibody and a complement inhibitor. 

Heat inactivated serum from a previous experiment from a rhesus macaque treated with 1 

x 109 pfu of VVdd via an intraperitoneal catheter approximately 3 months prior to blood 

collection was used as a source of antibody. Blood, plasma or heat-inactivated plasma 

was combined with the complement inhibitor Futhan (250 µg/mL for all samples with the 

exception of plasma where it was used at 50 µg/mL) or heat inactivated serum (final 

dilution 1:4). The addition of Futhan to blood or plasma substantially increased viral 

recovery, underscoring the importance of complement-mediated neutralization of 

vaccinia virus (Figure 3.11B). The addition of anti-viral antibodies in the presence of 

functional complement was able to completely prevent the recovery of infectious virus. 
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Importantly, in the absence of functional complement (ie Futhan treated plasma/blood or 

heat inactivated plasma), these antibodies induced only moderate viral neutralization.  

These initial experiments verified that the model was appropriate and led us to 

design an experiment to test the feasibility and safety of transient complement inhibition 

with CP40 and its impact on the half-life of infectious virus in the blood after an infusion 

of vaccinia virus. Four animals were used in the main study and one animal used to test 

that the dose was sufficient to detect infectious virus in the blood after the infusion. We 

designed the experiment to maximize the number of treatment conditions that we could 

assess while minimizing the number of animals. As outlined in Figure 3.12A all the 

animals in the main study received 5 doses of virus as an intravenous infusion (1 x 108 

pfu vaccinia virus over 30 minutes). The first two doses were administered within the 

same week to assess the naïve animals: one dose was given as single agent virus, and the 

other with a bolus dose of CP40 (2mg/kg) immediately prior to virus. The doses of virus 

were given in this short interval so that both doses would be given prior to the generation 

of antibody(206). The animals received a boost of virus close to three months later. 

Approximately four months after their first virus treatments, all the animals, with the test 

dose animal included, received two doses of vaccinia in the same week, with one dose 

given as single agent virus, and the other with a bolus dose of CP40 to test the feasibility 

of complement inhibition in the virus immune state. Again, the two doses were  
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Figure 3.11. The cynomolgus macaque model recapitulates the sensitivity of vaccinia 
virus that was observed to human antibody and complement.  

Two independent validation experiments were performed to test the appropriateness of 
the cynomolgus macaque model. Blood was collected from a healthy cynomolgus 
macaque and anticoagulated with Refludan (50 µg/mL). The neutralization of vaccinia 
virus was evaluated in blood, plasma or heat inactivated plasma after a one hour 
incubation at 37oC (A). The effect of complement and antibody were further explored in 
(B) with the use of Futhan (250 µg/mL for all samples with the exception of plasma 
where it was used at 50 µg/mL) and exogenous antibody (heat inactivated serum, final 
dilution 1:4) from previously treated macaques. Data is represented as technical replicate 
means ±SD. ND, not detected. 
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given two days apart to ensure that they would be administered in the context of the same 

amount of anti-viral antibodies. The animals were divided into two treatment schedules 

such that half of them would receive virus as a single agent as the first treatment, and the 

other group would receive a CP40 bolus prior to virus as their first treatment. We did not 

observe any differences that would suggest that the order of treatment produces artifacts 

that impacted our assessment of viral stability in the blood.  

 As previously done with human plasma (Figure 3.2), we validated that all the 

animals used in our study generated anti-viral antibodies that were almost exclusively 

neutralizing in the presence of complement in an in vitro neutralization assay (Figure 

3.12B).  

 As the primary objective of the study was to assess the impact of complement 

inhibition on viral stability in the blood, we collected blood samples at the end of the 

infusion (EOI) and various time points after to assess infectious virus and total virus by 

plaque assay and qPCR, respectively. The average viral titers for all the animals is 

represented in Figure 3.13A and data for each individual animal is depicted in Figure 

3.13B. While we did not observe a significant difference in the viral titer when the 

animals were pre-treated with CP40 in the naïve state, profound changes were observed 

with CP40 pre-treatment when the animals were immune to the virus. Relative to when 

they were naïve, peak blood titers in immune animals at the end of the infusion were 

reduced (mean titer 9.82 x 102 pfu/mL) and infectious virus fell below the limit of 

detection quickly. With CP40 pre-treatment, however, the peak titer at the end of the 

infusion was significantly elevated (mean titer 9.23 x 103pfu/mL; mean increase 9.93-

fold) and approached the titer that was detected when the animal was naïve. At the end of  
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Figure 3.12. Experimental outline for the cynomolgus macaque model 

(A) Animals were treated according to the treatment schedule. Vaccinia virus (1 x 108 
pfu) was infused using a venous line over the course of 30 minutes. As per the treatment 
schedules, animals received a bolus intravenous dose of CP40 (2mg/kg) immediately 
prior to virus treatment. (B) Heat inactivated plasma collected from animals when they 
were naïve or immune to the virus was combined with an exogenous source of 
complement (plasma from a naïve animal) and neutralization of vaccinia virus was 
assessed in vitro at 2 x 105 pfu/mL after a one hour incubation at 37oC. (n=4) Data are 
represented as group means ±SD. Each dot represents a macaque. (*** p<0.001) 
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the infusion, in naïve animals, approximately 8% of the input virus was recovered by 

plaque assay, while in immune animals 0.2% was recovered. If CP40 was used, the 

average proportion of the input that remained in circulation was approximately 1.9%. 

Moreover, the time after the infusion during which infectious virus was detectable was 

prolonged with CP40 pre-treatment in all immune animals. These trends, albeit slightly 

different in each outbred animal, are consistent across all tested animals. In contrast to the 

robust changes observed in viral titer, the concentration of genomes was not significantly 

affected in CP40 pre-treated animals, irrespective of immune status (Figure 3.14 A, B). 

This observation was consistent with the rat model and indicated that complement did not 

have a substantial role in directing the clearance of viral particles from the circulation. 

The quantification of infectious virus and total virus in the blood of the test dose animal 

are shown in Appendix Figure 1 and are consistent with the trends observed in the other 

animals.  

 Although the dose of CP40 has been extensively tested in numerous non-human 

primate models, we verified that complement was inhibited by means of an alternative 

pathway hemolysis assay. We observed close to complete complement inhibition in all 

animals treated with CP40. The average data is shown in Figure 3.15 and individual 

animals shown in Appendix Figure 2. Since complement activation does not follow a 

linear relationship between the amount of complement protein present and the amount of 

lysis that is observed, an initial experiment was performed to determine the volume of 

plasma to use to give optimal sensitivity of the assay. A specified volume of plasma from 

each animal and time point was incubated with rabbit erythrocytes, and using a standard 

curve, the volume equivalents of complement activity were calculated. These values were 
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Figure 3.13. Complement inhibition in a cynomolgus macaque model stabilizes 
vaccinia virus in the blood of immune animals 

Infectious virus in the blood was measured by plaque assay on samples collected at 
various time points after the end of the infusion (EOI). (A) Mean blood titers for all naïve 
and immune are represented as group means ±SD. (n=4) (B) Titers for individual animals 
are represented as technical replicate means ±SD. ND, not detected, LOD, limit of 
detection (*** p<0.001, ns p > 0.05). 
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Figure 3.14. Complement inhibition does not change the rate of clearance of viral 
genomes from the circulation. 

Genome content of blood collected at various time points after the end of the infusion 
(EOI), as measured by qPCR using primers against the viral gene E3L. (A) Mean genome 
concentrations in the blood for all naïve and immune animals are represented as group 
means ±SD. (n=4) The blood genome concentrations for individual animals are shown in 
(B) and are represented as technical replicate means ±SD. (ns p > 0.05). 
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Figure 3.15. CP40 inhibited complement activation  

To assess hemolytic activity, rabbit erythrocytes were incubated for 30 minutes at 37oC 
with plasma collected at various time points on the day of infusion prior to and after the 
the end of the infusion (EOI) at a concentration corresponding to 70% lysis. The percent 
inhibition of complement activity was calculated relative to a sample collected from the 
same animal prior to CP40 administration. The group mean inhibition is shown ±SD. 
(n=4) (*** p<0.001). 
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used to calculate the percent inhibition of complement observed in samples collected 

after the blood draw prior to any treatment. This optimization is illustrated in Appendix 

Figure 2. 

Animals were monitored daily throughout the experiment to assess their activity 

level and food consumption. We evaluated blood chemistry at several time points before 

and after infusion, and did not observe any indication of renal, hepatic or pancreatic 

dysfunction. We also performed a hematologic analysis on the days of infusion, and 

while we observed transient changes in lymphocyte, neutrophil and monocyte counts, 

they were drug independent (Figure 3.16). Rectal temperature was measured at several 

time points and was deemed to be a fever if it reached the threshold of 39.8oC. We 

observed mild fevers in some naïve animals, however the incidence of fever on the day of 

infusion was not increased by complement inhibition. Fevers were treated with 

acetaminophen as soon as the temperature threshold was reached. Fevers were not 

observed in immune animals on the day of infusion (Table 3.1). Pock lesions were 

observed in naïve animals but not immune animals and resolved without complication. 

We performed a cytokine array on plasma collected prior to the infusion as well 

as two and five hours post infusion. The concentration of 23 cytokines was assessed in 

samples from three animals (two animals from schedule 2, and one animal from schedule 

1). The analysis was complicated by the time frame of repeat dosing with or without 

CP40 and some cytokines did not return to baseline prior to the second infusion. 

However, there is not sufficient evidence to suggest that complement inhibition 

definitively modified pro or anti-inflammatory cytokine profiles. Three important pro-

inflammatory cytokines, IFN γ, TNF α and IL 1β are shown in Figure 3.17 and do  
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Figure 3.16. Complete blood cell counts for animals on the day of infusion  

CBC profiles were determined for blood samples taken prior to treatment and various 
time points after the end of the infusion (EOI). Absolute counts (K/µL) and percent of 
leukocytes (%) are reported as means ±SD. K, one thousand cells (n=4 animals). 
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Table 3.1. Fever incidence on the day of infusion 

Rectal temperature was measured prior to infusion and up to five hours after virus 
treatment. The temperature threshold for a fever was designated as 39.8oC. Y, yes, N, no. 
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  Naive Immune 

Animal ID Schedule Virus alone Virus + CP40 Virus alone Virus + CP40 

0600039 1 N N N N 

1007043 1 Y Y N N 

1007027 2 Y N N N 

0100238 2 Y N N N 

  



 97 

not appear to be exacerbated or diminished specifically by virus alone or in combination 

with CP40. Cytokine expression cascades are tightly regulated, and mechanisms of 

negative regulation that curb the magnitude and duration of responses have been well 

characterized(207). In this respect, Figure 3.18 depicts two cytokines, IL 6 and MCP-1, 

which appear to be elevated on the first day (day 0) of virus administration and 

unresponsive on the second day (day 2), regardless of which treatment is first. This effect 

also seems to be independent of immune status or complement. Nonetheless, all the 

animals seem to behave slightly differently and there are exceptions to these trends. The 

profile of the additional cytokines assayed is shown in Appendix Figure 3.  
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Figure 3.17. Pro-inflammatory cytokine production is not exacerbated with CP40 
treatment 

Blood samples were collected prior to treatment, and 2 and 5 hours after the end of the 
infusion. The plasma from these samples was analyzed for a panel of cytokines. Here 
shown are three pro-inflammatory cytokines: IFNγ, TNFα and IL-1β. Each connected set 
of data points represents an animal. Each grey dotted box represents an infusion day. 
(n=3 animals)  
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Figure 3.18. Negative regulation of cytokines on day 2 

Blood samples were collected prior to treatment, and 2 and 5 hours after the end of the 
infusion. The plasma from these samples was analyzed for a panel of cytokines. Here 
shown is the expression of two cytokines, IL 6 and MCP-1, that were elevated upon first 
treatment  (day 0) but that may be under the regulation of a negative feedback mechanism 
for the second treatment (day 2). Each connected set of data points represents an animal. 
Each grey dotted box represents an infusion day. (n=3 animals) 
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3.3 The cellular interactions of vaccinia virus 
 

In the following sections, we sought to characterize the localization of vaccinia 

virus in the blood amongst either the cellular or plasma compartments, and in some 

instances, to characterize the interaction with particular cell types. We pursued some of 

this characterization in the presence or absence of active complement. 

3.3.1 Vaccinia virus engages in numerous cellular interactions in the blood 

Our first set of experiments investigated the preferential cellular associations of 

vaccinia virus in the presence of complement. Blood from a naïve donor was collected 

using the anticoagulant Refludan (50 µg/mL) and incubated with virus at a concentration 

of 1 x 108 pfu/mL of blood for an hour at 37oC. Specific cell types were stained with 

antibodies and separated by fluorescence activated cell sorting (FACS). This high 

concentration of virus was used to ensure that we could recover a sufficient amount of 

cell-associated virus without sorting a prohibitively high number of cells. The infectious 

virus and total virus associated with each cell type was quantified by plaque assay and by 

qPCR using primers against the viral E3L gene, respectively. We observed a clear 

affinity for leukocytes over erythrocytes (Figure 3.19A). Per cell, there was an 

approximate 1000 fold increased association of both infectious virus and total virus with 

CD45+ cells over CD45- cells. Looking more closely at the white blood cell 

compartment, we were able to recover infectious virus from T cells, monocytes, B cells 

and granulocyte populations. Per cell, a preferential association was observed with 

monocytes, granulocytes and B cells over T cells, as measured by qPCR. More infectious 
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virus was also recovered from these cell types relative to T cells (Figure 3.19B). The ratio 

of total virus to infectious virus was similar for all cell types.  

We obtained blood from two patients from a clinical trial where 1 x 109 pfu of 

Pexa-Vec was administered intravenously (Clinical trial registration number 

NCT01329809). We quantified genomes in the blood and plasma from these samples 

using primers against the E3L gene. We also separated polymorphonuclear cells 

(PMNCs), peripheral blood mononuclear cells (PBMCs) and erythrocytes using density 

centrifugation and determined viral association by qPCR using the E3L primers and 

normalized to β actin. We observed a slow clearance rate of genomes from the blood that 

was still relatively elevated eight hours post infusion (Figure 3.20A). The majority of 

virus was cell associated, as measured by the genomes in the plasma per milliliter of 

whole blood (panel B). Additionally, the clearance rate of genomes from the plasma was 

much more rapid than was observed in the blood, suggesting that virus that persisted in 

the blood remained cell associated and not in the plasma compartment. We observed viral 

association with both PMNCs and PBMCs that persisted throughout the day of infusion 

(panels C and D). Moreover, virus that was detected in the blood on days subsequent to 

the infusion was cell associated, and not in the plasma. It was unclear whether there was a 

preference for PBMCs or PMNCs for natural cell carriage on day of infusion or days 

following the infusion. We also observed an affinity for leukocytes over erythrocytes as 

was consistent with our in vitro spike experiment (panel E). Similar trends were observed 

between both patients.  

 We next evaluated how the compartmentalization of vaccinia virus between the 

plasma and cellular fractions is impacted by complement. This was first performed in 
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vitro in blood collected from healthy naïve and vaccinated donors. Both CP40 and Futhan 

were used to inhibit complement (Figures 3.21 A and B, respectively) and very similar 

effects were observed with both inhibitors. In both naïve and vaccinated donors, we 

observed a predominance of cell associated infectious virus in the presence of active 

complement. When complement was inhibited with either compound, we observed an 

increase in the recovery of infectious virus from the plasma. Total genome quantification 

was performed by qPCR on the whole blood and the plasma fraction and the proportion 

of genomes in the plasma and cellular fractions calculated (panel A, bottom). By qPCR, 

we observed a re-localization of virus particles away from the cells and toward the 

plasma when complement was inhibited. Altogether this suggests that complement 

inhibition not only reduces the number of cell associated virus particles, and also reduces 

neutralization in the plasma. 

 We performed the same analysis on blood from the cynomolgus macaques 

infused with virus either with or without CP40 at the end of the infusion time point. 

Similarly to the observations made in human samples, infectious virus was preferentially 

associated with the cellular fraction in naïve animals (approximately 93-97%) and in 

immune animals, infectious virus was exclusively recovered from the cellular fraction 

(Figure 3.22). When complement was inhibited with CP40, we observed an increase in 

the infectious virus in the plasma of naïve animals, and were also able to recover 

infectious virus from the plasma of immune animals. These trends were mirrored by the 

observations made with regard to genome localization as measured by qPCR (Figure 

3.23). Again, these results reflect reduced complement mediated cellular associations  
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Figure 3.19. Assessment of the preferential interactions of vaccinia virus in blood 

Vaccinia virus was incubated with blood from a single healthy naïve donor at a 
concentration of 1 x 108 pfu/mL for one hour at 37oC. Cells were isolated by FACS and 
titered and assessed by qPCR to determine the number of infectious particles and 
genomes per 1 x 106 cells. (A) Virus association with erythrocytes and leukocytes as 
measured by the expression of CD45. (B) Virus associations with T cells, monocytes, 
granulocytes, and B cells as separated by FACS using the CD3, CD14, CD15 and CD19 
markers, respectively.  
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Figure 3.20. Viral genomes in the blood of two patients treated intravenously with 
Pexa-Vec 

Blood was collected on the day of infusion and subsequently up to day 14 or 15 after 
infusion for two patients treated with 1 x 109 pfu intravenously as a part of a Pexa Vec 
clinical trial (Clinical trial registration number NCT01329809). Virus content in blood, 
plasma or associated with particular cell types isolated by density centrifugation was 
assessed by qPCR using primers against the viral gene E3L. D, day post infusion. 
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 (likely through complement receptors) and a reduction of neutralization in the plasma. 

The specific cell types that are affected are however unknown. 

Complement inhibition also changed the nature of the association of vaccinia 

virus with PBMCs and PMNCs. We isolated these cell types from blood collected at the 

end of the infusion though density centrifugation and dextrose sedimentation of 

erythrocytes and assessed infectious virus and total virus association by plaque assay and 

qPCR, respectively. We observed a significant increase in the total number of particles 

(mean 10 fold increase) as well as in the number of infectious particles associated with 

PBMCs (mean 15 fold increase) isolated from macaques pre-treated with CP40 relative to 

when they were administered virus as a single agent (Figure 3.24 A, C). Although there 

was a trend for some animals to see a decrease in total and infectious virus association 

with the PMNC population, this was not consistent for all animals and was not 

statistically significant (Figure 3.24 B, D). The average purity of the isolation of the 

PBMCs and PMNCs pool is shown in panels E and F, respectively. The purity of the 

PBMC isolation was higher than the PMNCs and may partially account for the 

inconsistent results observed within the PMNC fraction.   
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Figure 3.21. Virus compartmentalization in the absence and presence of active 
complement 

Vaccinia virus was incubated with blood from naïve or vaccinated donors for one hour at 
37oC. Blood and plasma were titered to quantify infectious virus (panels with blue bars). 
Virus in the plasma is plotted as a proportion of the whole blood titer. Complement was 
manipulated with CP40 (A) or Futhan (B). Samples were additionally subjected to qPCR 
to quantify genomes associated with the plasma compartment and plotted as a proportion 
of the whole blood genome content (panels with red bars). While hematocrit was 
measured for samples in the CP40 experiment, hematocrit was estimated to be 0.45 (208) 
in the Futhan experiment. Each blood donor is plotted individually. 
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Figure 3.22. Compartmentalization of infectious virus in the blood at the end of the 
infusion 

Infectious virus in the blood and plasma at the end of the infusion was quantified by 
plaque assay. The proportion of infectious virus associated with the plasma compartment 
calculated from the plasma and whole blood titers using the hematocrit values for each 
animal. The individual animals are plotted separately. (n=5 animals) 
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Figure 3.23. Compartmentalization of total genomes in the blood at the end of the 
infusion 

Genomes in the blood and plasma at the end of the infusion was quantified by qPCR 
using primers specific to the viral E3L gene. The proportion of genomes associated with 
the plasma compartment calculated using the plasma and whole blood concentration and 
the hematocrit values for each animal. The individual animals are plotted separately. (n=5 
animals) 
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Figure 3.24. Infectious and total virus associated with PBMCs and PMNCs of NHPs 
at the end of the infusion 

Blood collected at the end of the infusion was subjected to density centrifugation and 
dextrose sedimentation of erythrocytes to isolate PBMCs and PMNCs for the immune 
time point only. These cell isolations were assessed for infectious virus and total virus 
content by plaque assay (A, B) and qPCR (C,D), respectively. Each animal is represented 
by a set of connected dots. (*** p<0.001, ** p < 0.01, * p < 0.05, ns p > 0.05). Cell 
isolates were analyzed using the Drew Hemavet 950FS to validate the purity of the 
cellular isolations (E,F). 
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3.4 Complement, antibodies and other oncolytic virus candidates 
 

3.4.1 Complement inhibition reduces in vitro neutralization of clinical candidate OVs 

We sought to determine the impact of complement inhibition on other clinical 

candidate oncolytic viruses. In the same manner as performed with vaccinia virus, the in 

vitro neutralization of MG1, reovirus, HSV-1 and measles Edmonston was assessed 

across a range of input doses in the presence or absence of the complement inhibitor 

CP40 (Figure 3.25) As was consistent with previously published results(121), MG1 was 

shown to be sensitive to complement, and neutralization was reversed upon complement 

inhibition (panel A). Reovirus was moderately neutralized by complement and this could 

be reversed with CP40 (panel B). Due to the elevated level of seropositivty in the 

population(209), the three donors have likely been previously exposed to reovirus. 

However, this remains unconfirmed. The saturation effect observed with vaccinia virus 

was not seen across the range of doses analyzed with MG1 or reovirus. Donors were 

stratified into HSV-1 seropositive or negative groups based on an ELISA for IgG specific 

to HSV-1 (panel F). In seronegative plasma, there was a significant increase in viral 

recovery with complement inhibition, as has been previously documented (panel C)(195). 

In contrast to vaccinia virus, the antibodies specific to HSV-1 were neutralizing 

independently of complement. There was, however, a significant increase in the 

proportion of infectious virus recovered above doses of 2 x 104 pfu/mL, independent of 

complement (panel D). Lastly, all donors analyzed were vaccinated against measles and 

were considered to be seropositive. Measles Edmonston was shown to be very sensitive 

to complement and antibody (panel E). A clear biologic trend was associated with 
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complement inhibition, in particular at the highest dose level tested, however due to the 

variability within the donors, it was not statistically significant. This effect was dose 

dependent as elevated doses of virus were required to observe the effect induced by 

complement inhibition.   

 

3.4.2 Complement inhibition with oncolytic rhabdoviruses in the Fischer rat model 

Since there is no human reservoir of pre-existing immunity to maraba virus, we 

investigated the sensitivity of the maraba vector MG1 and also the maraba (MRB) vector 

that had been pseudotyped LCMV glycoprotein to the rat model. Naïve rats, or 

vaccinated animals (1 x 107 pfu IV) were treated or not with CVF and terminally bled. 

Blood was anti-coagulated with Refludan and viral neutralization assessed in vitro in 

blood, plasma or heat-inactivated plasma.  In blood or plasma from complement-replete 

naïve rats, we observed complement dependent neutralization of MG1 that was prevented 

if the rats were depleted of complement with CVF (Figure 3.26A).  MG1 was robustly 

neutralized in samples from animals vaccinated against the virus and only a moderate 

increase in viral recovery was observed if complement was inactivated by heat or 

depleted in vivo.  In contrast to the delayed neutralizing antibody response that has been 

reported in response to the LCMV glycoprotein in mice(188, 210), an early robust 

antibody response was observed in blood and plasma from the vaccinated rat (Figure 

3.26B). Notably, this neutralization was only observed if complement was intact. 

Neutralization was observed in blood and plasma from the complement-replete rat and 

abrogated if plasma was heat inactivated or if samples were sourced from animals treated 

with CVF.  
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Figure 3.25. Neutralization of MG1, reovirus, HSV-1 and measles Edmonston by 
complement and antibody 

MG1 (A), reovirus (B) HSV-1 (C,D) and measles Edmonston (E) were incubated with 
plasma from healthy human donors at virus concentrations ranging from 2 x 104 pfu/mL 
to 2 x 107 pfu/mL. Plasma was pre-treated with CP40 (25µM) when noted. (n=3 donors 
per immune status). The number of donors from which virus was not detected (ND) is 
indicated in parentheses. The comparisons between plasma and plasma + CP40 at each 
dose are indicated by (‡ p<0.001, † p < 0.01, § p < 0.05, ns p > 0.05). All other statistical 
comparisons are indicated by (*** p<0.001, ** p < 0.01, * p < 0.05, ns p > 0.05). (F) 
Serologic status of blood donors was determined using an ELISA measuring IgG specific 
to HSV-1.  
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Figure 3.26. MG1 and MRB LCMV G neutralization by antibody and complement 

Ex vivo neutralization of MG1(A) or MRB LCMV G (B) with rat blood, plasma or heat 
inactivated plasma. Rats were vaccinated with 1 x 107 pfu intravenously two weeks prior 
to the terminal blood, and or depleted of complement with 35 U CVF the day prior to the 
bleed. One rat per immune/complement status was used and data is expressed as the 
technical replicates ±SD. Left panels demonstrate titer values, and the right panels show 
the fold change in titer (complement depleted: complement replete). 
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The LCMV G pseudotyped maraba virus behaved similarly to vaccinia virus in 

response to complement and generated a similar profile of anti-viral antibody. We 

therefore sought to test whether complement inhibition would ameliorate viral stability in 

the blood of vaccinated animals and if it would increase the effective dose that infects a 

tumor. Animals were vaccinated and treated with MG1 or MRB LCMV G according to 

the schedule in Figure 3.27A. Rats were treated intravenously with virus and infectious 

virus in the blood and tumors 10 minutes post-tail vein injection was quantified by plaque 

assay. We observed a significant increase in infectious virus recovery from the blood of 

MRB LCMV G immune animals if they were complement depleted (Figure 3.27B). We 

also observed a significant increase in viral recovery from the blood of MRB LCMV G 

naïve complement depleted rats relative to their complement-replete counterparts. These 

findings translated to a significant increase in infectious virus recovered from 

subcutaneous tumors in MRB LCMV G immune animals and a trend toward increased 

recovery in tumors of naïve animals that was associated with complement depletion 

(Figure 3.27C). In contrast to maraba virus pseudotyped with the LCMV G, neither in 

immune or naïve animals did we observe any benefit from complement depletion on 

stability of MG1 in the blood or delivery to tumors (Figure 3.27D, E).  

The effect of complement depletion was also assessed in the context of a local 

administration of virus. Rats were vaccinated and treated according to the schedule in 

Figure 3.28A. Complement depletion increased MRB LCMV G recovery from tumors 

from immune rats, but not naïve rats following an intratumoral injection of virus (Figure 

3.28B). Consistent with the study on viral stability in the blood, the antibodies against 

MG1 neutralized the virus independently of complement to prevent infection of tumors. 
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Complement depletion also did not aid in the infection of MG1 of subcutaneous tumors 

in naïve animals (Figure 3.28C). 
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Figure 3.27. Complement depletion improves the stability and delivery of MRB 
LCMV G but not MG1 in immunized animals 

MG1 (4 x 107 pfu) or MRB LCMV G (4 x 108 pfu) was delivered intravenously to 
Fischer rats bearing bilateral 13762 MATBIII tumors, according the schedule in (A). As 
per the treatment groups, rats were vaccinated intravenously with 1 x 107 pfu and or 
depleted of complement with 35 U of CVF. Infectious virus in the blood (B, D) and in 
subcutaneous tumors (C,E) ten minutes post virus administration was quantified by 
plaque assay. (n=3-4 rats per group). Data are represented as group means ±SD. Each dot 
represents a rat. The number of rats from which virus was not detected (ND) is indicated 
in parentheses. (*** p<0.001, ** p < 0.01, * p < 0.05, ns p > 0.05). 
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Figure 3.28. Complement depletion improved infection of tumors following local 
administration of MRB LCMV G but not MG1 in immune rats 

(A) As per the treatment groups, rats were vaccinated intravenously with 1 x 107 pfu and 
or depleted of complement with 35 U CVF. The dose of 1 x 107 pfu MRB LCMV G (B) 
or MG1 (C) was delivered intratumorally to Fischer rats bearing bilateral 13762 
MATBIII tumors. Subcutaneous tumor titers are shown for animals sacrificed 24 hours 
post virus administration. (n=4 per group) Data are represented as group means ±SD, 
Each dot represents a rat. The number of rats from which virus was not detected (ND) is 
indicated in parentheses. (* p < 0.05, ns p > 0.05).  
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4. Discussion 
 

The ability of oncolytic vaccinia virus to induce tumor regression has been shown 

in clinical trials where the virus was administered locally by intratumoral injection. 

Correspondingly, survival duration in response to Pexa-Vec was related to dose: the 

median survival associated with a dose of 1 x 109 pfu was 14.1 months compared 6.7 

months for the patient group treated with 1 x 108 pfu(99). In the Pexa-Vec phase I IV 

trial, virus delivery to tumors by systemic administration was observed above a critical 

threshold dose and was associated with moderate anti-tumor effects as measured by 

RECIST or modified Choi criteria(100). The clinical evidence demonstrates that the best 

tumor responses are associated with higher doses of virus. Importantly, the threshold for 

delivery does not equate to the dose required to induce a substantial therapeutic benefit. It 

is therefore imperative to increase the effective dose of virus that is administered 

systemically. This prompted the question as to which factors in the blood were 

responsible for neutralization, and how we could manipulate them to mitigate their 

neutralizing effects. Throughout the work presented in this dissertation, we have sought 

to understand the mechanisms involved in viral neutralization and clearance. With a 

better understanding of this phenomenon, we have developed a strategy to increase the 

infectious half-life of vaccinia virus in the blood that we have proven in two pre-clinical 

animal models. 
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4.1 The complement dependence of human anti-vaccinia antibodies to neutralize the 
virus provides a window of opportunity to bypass pre-existing immunity 

 

It has previously been shown that vaccinia virus, and in particular the mature 

virion, is sensitive to complement(108). It has also been shown as long as 60 years ago 

that a heat-labile serum factor potentiated the effect of antibody against variola 

virus(146). Nonetheless, post-vaccination era assessment of anti-vaccinia neutralizing 

antibodies has largely ignored the effect of complement. We show here that the long-

lived antibody response that is residual from smallpox vaccination retains a robust ability 

to induce neutralization that is dependent on complement activation. Moreover, the 

anamnestic antibody response induced following treatment with Pexa-Vec also exhibits 

this dependence on complement. We have revealed this phenomenon using three methods 

to inhibit complement: heat inactivation, a non-specific serine protease inhibitor, Futhan, 

and a highly specific C3 inhibitory binding peptide, CP40 (Figure 3.2).  

Through the adaptations that it has acquired, the virus provides insight into its 

intrinsic vulnerability to complement.  Firstly, the virus encodes a secreted protein, VCP, 

that prevents the formation of the C3 convertase (211), suggesting that complement plays 

an important role in the microenvironment of the infection. Secondly, vaccinia virus has 

evolved the ability to produce two distinct virions, of which the wrapped virion is 

uniquely suited to travel in the blood due to its resistance to complement conferred by the 

incorporation of host cell surface complement regulatory proteins in its outer 

membrane(108). Although both these adaptations may improve the chances of virus 

spread once a primary infection has been established, they do not aid the stability of an 

infusion of virus comprised of mature virions.   
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Analogous to the pharmacokinetic barrier to infection of tumor sites observed 

clinically(100), we also observed a saturation effect on viral neutralization in plasma in 

vitro.  We saw that the effect of complement could be overcome in naïve plasma with 

increasing concentrations of virus (Figure 3.3A). In immune plasma, we observed a 

threshold of neutralization whereby at a dose of 2 x 107pfu/mL, a significantly greater 

proportion of infectious virus could be recovered (Figure 3.3B). This is consistent with 

what is known about IgM and IgG binding to antigen. IgM exists in a polymeric state 

(either pentameric or hexameric) and the binding site for C1q only becomes accessible 

once IgM is complexed to an antigen(212, 213). Monomeric IgG, on the other hand, has 

an exposed C1q binding site on its Fc tail, but the binding affinity is too low to allow for 

adequate binding. Hexameric IgG aggregates however bind C1q with high avidity to 

activate complement(214). In naïve plasma, we could dilute the number of pattern 

recognition molecules among virions to reduce virus neutralization. In immune plasma, 

the stoichiometry of one C1q molecule binding to the interface of six interacting Fc 

tails(214) is met with decreasing frequency at higher concentrations of virus. Within this 

model, it should be hypothesized that a point would be reached where the anti-viral IgG 

is distributed amongst too many virus particles and does not meet the stoichiometric 

requirement to bind C1q. This concentration was found to be 2 x 107 pfu/mL. Although 

this provides interesting biological information about vaccinia virus and its neutralization 

by complement and antibodies, this threshold dose is relevant only to human plasma in 

vitro. In fact, the threshold dose was clinically reached at 1 x 109 pfu, which can be 

scaled down to 2 x 105 pfu/mL based on an estimated blood volume of 5L. It would be 

interesting to repeat this experimental setup with whole blood, in addition to plasma, to 
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compare both thresholds. Due to the accessibility of antibody to the virus or perhaps 

protective interactions with cells, this threshold may be substantially different in whole 

blood. This particular threshold effect would also have been very interesting to explore in 

vivo in the rat model.  

We observed considerable virus neutralization in naïve human plasma in vitro. 

This was in contrast to both our rat model and non-human primate model where we did 

not observe a change in viral stability in vivo when complement was depleted or 

inhibited, respectively. In vitro complement activation occurs spontaneously(215) and 

produces the artifact of overestimating the effect of the alternative pathway. It is best to 

describe the in vitro neutralization as a measure of the sensitivity of the virus to these 

factors, but does not reflect the levels of activation in vivo. This likely inflated the 

threshold effect and contributed to the difference in neutralization thresholds 

demonstrated clinically and in our in vitro experiments.  

 

4.2 Choosing appropriate targets for complement modulation and suitable inhibitors 
with desirable characteristics 

 

Based on previous work with vaccinia virus and complement, it was unclear 

which specific players were involved in viral neutralization, and as a result, which 

therapeutic tools may be of use. We have identified that the classical and alternative 

pathways play important roles in viral neutralization in both naïve and immune human 

plasma (Figure 3.4). Moreover, the alternative pathway acts as a positive amplification 

loop to the activation initiated by the classical pathway. Inhibition of the MBL pathway 

did not have an important impact on virus recovery. While early literature shows that C5 
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and C6 deficient serum can neutralize vaccinia virus(117), recent evidence with 

eculizumab now shows that the terminal pathway is important(118). Our neutralization 

assay with eculizumab and our sucrose gradient density experiment both support vaccinia 

virus virolysis by the MAC (Figure 3.4).  

The inhibition of complement for the purpose of increasing the delivery of virus 

does not come without risk. Using the surrogate poxvirus ectromelia, C3 null mice were 

found to be more susceptible to morbidity and mortality at lower doses of virus than their 

congenic counterparts. Moreover, elevated titers of virus were recovered from all major 

organs and was associated with extensive liver necrosis(116). We feel that it is important 

that we exert strict functional and temporal control over the method of complement 

inhibition. For this reason, a pharmacological approach that can induce transient 

complement inhibition is much preferred to the genetic manipulation of the virus to 

confer complement resistance. 

The Compstatin family of analogs, represented by CP40, which we used 

extensively in this study, may be an ideal pharmacophore to use in combination with 

oncolytic vaccinia virus. Since CP40 binds to the C3 molecule, it is able to quench 

initiation of the complement cascade by all three pathways and prevent the formation of 

the MAC(132). We have shown that classical and alternative pathways lead to the 

terminal pathway activation and in this respect, this inhibitor satisfies the requirement for 

preventing neutralization. Considerable effort has been put into the generation of analogs 

of the original Compstatin molecule that now have subnanomolar binding affinity and 

enhanced pharmacokinetic properties(216). CP40 has a half-life of 11.8 hours when 

administered as a bolus intravenous dose to cynomolgus macaques at 2mg/kg(132). The 
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small peptide is eliminated by proteolytic cleavage in the blood and liver, as well as 

filtration from the kidney(217). Pharmacokinetic assessment of CP40, as well as other 

Compstatin analogs, defines a biphasic elimination profile characterized by rapid initial 

elimination, followed by a slow log linear terminal phase that is highly dependent on the 

binding affinity for C3(132). This profile ensures that complement can be inhibited on the 

day of virus administration but that complement activity will rebound by the time that the 

first waves of virus replication begin to emerge 12-24 hours after infection(68).  

Aside from preventing neutralization, blocking C3 cleavage also precludes the 

formation of the anaphylatoxins C3a and C5a. These molecules act as powerful pro-

inflammatory mediators that have pleotropic functions including the stimulation of 

vasodilation, chemotaxis, and activation and stimulation of leukocyte effector functions 

(for example neutrophil phagocytosis)(218, 219). While vasodilation would be predicted 

to enhance viral delivery, pro-inflammatory cytokine production may help to promote 

early clearance of the virus, and more acutely, induce pyrexia and therefore may be 

involved in some of the side effects seen in patients. This angle has not been explored 

throughout the work presented here, however it is relevant and would be interesting to 

explore as more complement inhibitors become clinically available.  

Looking at the two complement inhibitors that are currently on the market, the C1 

esterase inhibitor would likely not be a good candidate since inhibition of the classical 

pathway in our in vitro assay only demonstrated partial reduction of neutralization in 

immune plasma. Eculizumab has the ability to prevent vaccinia virus neutralization 

through the inhibition of the terminal pathway, however this humanized monoclonal 

antibody has a very long half-life(220). The extended half-life does not meet our need to 
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transiently inhibit complement and poses an important safety risk. A single-chain variable 

fragment form of eculizumab, pexelizumab (Alexion Pharmaceuticals), has a half-life of 

4.5h that may be more appropriate, however is no longer in development(123, 221). 

Neither of these two inhibitors is as suitable as CP40. 

 

4.3 The mouse provides an inadequate model to investigate the systemic delivery of 
oncolytic vaccinia virus 
 

It has been shown that the complement system of all inbred mouse strains 

possesses low hemolytic activity relative to that of rats or humans(222). This may be at 

least partially attributed to a C4 polymorphism that precludes the formation of a 

functional C5 convertase(223). It has also recently been reported that mouse serum, but 

not human or rat serum, contains an unspecified classical pathway inhibitor that is able to 

inhibit IgG-dependent complement-mediated cytotoxicity(224). These differences 

between human and mouse serum render mouse complement unable to accurately reflect 

antibody-mediated activation of the classical pathway and the subsequent virolysis 

induced by the terminal pathway that was observed in human blood samples. The results 

from our experiment where we assessed vaccinia virus neutralization in naïve or immune 

mouse plasma are therefore consistent with previously published knowledge regarding 

mouse complement (Figure 3.5A). We also showed that complement depletion with CVF 

does not aid in the delivery of vaccinia virus to tumors, or their infection, in the murine 

model (Figure 3.5C,D). Our experiment is also consistent with previously published 

results that showed that CVF did not increase the amount of virus recovered from tumors 

of animals that were immune to vaccinia virus(198). Due to the limitations of the mouse 

model with regard to complement, as well as the greater resemblance of the profile of rat 
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antibody and complement mediated neutralization of vaccinia (Figure 3.6), we believe 

that the rat model has greater predictive value for the preclinical development of 

oncolytic vaccinia virus.  

 

4.4 Antibodies targeting vaccinia virus mature virion epitopes  
 

A very recently published study looked at the ability of mouse monoclonal 

antibodies targeting the L1, D8, H3, and A27 mature virion membrane proteins to 

neutralize vaccinia virus(225). It was shown that the majority of the L1 antibody clones 

were neutralizing independently of complement. In contrast, the antibodies targeting the 

D8, H3 and A27 surface proteins were virtually non-neutralizing in the absence of rabbit 

complement, but induced a strong neutralizing effect in the presence of supplemented 

complement. This is particularly interesting in the context of a study published by the 

same group a couple years prior that showed that the H3 viral protein is the 

immunodominant epitope in humans, and the L1, which is co-immunodominant in mice, 

is a less common target(142). The predominance of human anti-vaccinia antibodies to 

target non-neutralizing epitopes supports the profile of complement fixing antibodies that 

we observed in human plasma (Figure 3.2). This finding also helps to explain why mouse 

immune plasma is neutralizing in the absence of complement. The requirement of 

complement to aid the D8, H3, and A27 targeting antibodies is partially explained by 

their function. These proteins play a redundant role in mediating cellular attachment. As a 

result, high concentrations of antibody are necessary to saturate these sites.  In contrast, 

the L1 is an important part of the entry-fusion complex and its blockade may prevent 

cellular entry(225). 



 138 

4.5 Thoughts on choosing appropriate animals models 
 

Choosing appropriate animal models is critical to the ability to test hypotheses 

generated from human samples in vitro and to produce results that will be clinically 

relevant. Ultimately no pre-clinical animal model is a human and while some aspects may 

be the best approximation, cognizance of the differences can help us to interpret the 

results generated from these models.  

As a precursor to therapeutic efficacy, the virus must remain non-neutralized in 

the bloodstream long enough to reach and infect its site of action, tumor beds. This means 

that the virus must evade numerous immune mechanisms that tag invading microbes for 

phagocytic uptake and destruction. This begins with opsonization: the binding of 

antibodies and subsequently complement components to the surface of the antigen with 

the purpose of increasing visibility to phagocytic cells(226). Complement receptors bind 

to C3 fragments and have unique expression profiles and functions: CR1 is expressed on 

eyrthrocytes, monocytes, neutrophils and macrophages, and acts as an important immune 

adherence receptor, CR2 is expressed on B cells and lowers the activation threshold for 

the B cell receptor, and CR3 and CR4 have broad expression patterns and a variety of 

functions(227). 

Notably, the capture of immune complexes by CR1 on erythrocytes is thought to 

be of primary importance in the filtration of pathogens by liver macrophages(228). 

Opsonized virus travels to the spleen and liver, either bound by cells or free in 

suspension, where it is taken up by resident macrophages. Blood is circulated to the 

spleen via the splenic artery, and branches into venous sinuses where macrophages and B 

cells of the marginal zone that express a variety of complement receptors and Fc 
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receptors filter antigens(229, 230). In the liver, virus in the blood flows though the 

sinusoidal circulation and interacts with liver sinusoidal endothelial cells (LSECs) and 

Kupffer cells (KCs) located in the vasculature which serve as immune sentinels to detect 

and capture blood pathogens(231). While LSECs express a limited repertoire of 

scavenger and Fc receptors, KCs express several classes of Fc receptors, complement 

receptors, and importantly CrIg, a new class of complement receptor that binds C3b and 

iC3b and is required for efficient phagocytosis of complement C3-opsonized 

particles(231, 232).  

Our rat studies have underscored the importance of liver mediated removal of 

virus, as noted by quantification of virus in the liver. Close to two orders of magnitude of 

additional infectious virus was found in the liver relative to the tumor on a per gram basis 

10 minutes post injection. However, none of this virus remained infectious 24 hours post 

administration (Figure 3.7F). Although we have not explored the aspect of viral 

administration that deals with removal from the blood in this study, we wish to highlight 

some of the previously reported differences between the species used in our experiments 

and humans.  

Notable differences exist between the functionality of the human and mouse 

complement systems and this was discussed in the previous section. While this may 

impact the load of infectious virus in the blood, presumably the viral particles are still 

opsonized. In the blood, the array of leukocytes with which the virus can interact is 

dramatically different in rodents and primates. While the majority of blood leukocytes in 

rodents are represented by lymphocytes (close to 80%), this is reversed in primates where 

neutrophils represent an equal or greater proportion as lymphocytes (Table 4.1). These 
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cells types express a different selection of complement and Fc receptors and their relative 

abundance likely influences the interaction patterns of the virus in the blood.  

In addition, genetic divergence has occurred between complement receptors of 

rodents and primates. CR1 expressed on erythrocytes in primates serves as the primary 

immune adherence receptor to deliver pathogens to the liver and spleen.  In contrast, in 

rodents, CR1 and CR2 are splice variants of the same gene and CR1 expression is 

restricted to B cells and follicular dendritic cells(233). To compensate, rodents utilize 

platelet-associated Factor H to remove opsonized particles(234). Along these same lines, 

rodent KCs express CRIg and CR3 while primate KCs additionally express CR1 and 

CR4(227). This differential expression likely impacts how virus is taken up by the liver, 

but has not been characterized. 

From the perspective of the whole organism, the physiology of rodents, non-

human primates, and humans is quite different in terms of size, blood volume, and 

cardiac output. These differences are outlined in Table 4.1. A comparison of the cardiac 

output to blood volume ratio suggests that five blood volumes are circulated in the rat 

during the time required for the circulation of one human blood volume. Blood pathogens 

with more exposure to the liver, as well as every other organ, will likely be cleared more 

rapidly from the circulation. Extrapolation from rats to humans may cause us to 

overestimate the rate at which virus is cleared from the blood of an organism.   

 

 
 
 
 
 
 



 141 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4.1. Physiological and hematologic comparison of humans with animal models  

Values for various physiological parameters and hematologic parameters are indicated 
with source references are indicated in shaded rows. 
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 Human 
(adult) 

Rat Mouse Macaque 

Physiologic parameters 

Estimated average 
weight (kg) 

60 0.15 0.02 3 

(235) 
 

(235) 
 

(235) 
 

(235) 
 

Body surface area 
(m2 ) 

1.6 0.025 0.007 0.24 

(235) 
 

(235) 
 

(235) 
 

(235) 
 

Cardiac output 
(CO)(mL/min) 

5000 51 11 340 

(236) (237) (238) (239) 

Total blood volume 
(TBV) (mL) 

5000 10 
(64 ml/kg) 

1.6  
(80 mL/kg) 

200 
(65.5ml/kg) 

(236) (240) (236) (241) 

Estimated blood 
volume circulations 
per minute  
(CO/TBV) 
 

1 5 7 1.7 

Hematologic composition (%) 
Neutrophils 40-70 14 14.8 46.6 
Lymphocytes 22-44 83 80.6 46.0 
Monocytes 4-11 3 0.8 6.4 
Eosinophils 0-8 1 3.0 0.8 
Basophils 0-3 0 0.2 0.2 
 (242) (243) (244) (245) 
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Body surface area (BSA) relationships between species reflect to a sufficient 

degree oxygen utilization, caloric expenditure, metabolic activity, blood volume, and 

renal function, and was adequate to translate dosing with chemotherapeutics(235, 246). 

However, it does not provide an accurate reflection of the complexity of differences 

previously outlined and their interaction with actively replicating viruses. To illustrate 

this point, we can consider the dose of 2 x109 pfu of vaccinia virus which is the 

maximum feasible dose given intravenously in humans(100), and 1 x 109 pfu  of vaccinia 

virus to be the maximum tolerated dose (MTD) given intratumorally (98), and scale down 

to the rat or mouse using the BSA ratio. The equivalent dose would be 1 x 107 pfu in rats 

or 4 x 106 pfu in mice. By comparison, mice treated intraperitoneally with VVdd all 

survived a dose of 1 x 109 pfu(81). The MTD across species is quite disparate given their 

size, and as a result, important physiological differences will likely make the in vivo 

comparative study of neutralizing factors and their potential thresholds of activity 

difficult. 

To add to this complicated picture, technical restrictions limit the procedures that 

can be feasibly performed. Although it is easy to perform a slow infusion of virus in 

humans, and albeit with a shorter duration in NHP models, this is considerably more 

difficult in rodent models. In rodents, bolus injections are favored since slow infusions 

necessitate anesthesia. Clinically however, slow infusion has been the preferred method 

of administration since bolus dosing can produce numerous acute adverse events(247–

249). How the rate of infusion impacts complement activation and liver clearance is of 

particular relevance, but a largely unexplored phenomenon with oncolytic viruses in pre-

clinical animal models. 
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4.6 Complement manipulation in the rat model underscores the dependence of anti-
vaccinia antibodies on complement activation 

 

Contrary to our findings with the mouse model, the neutralization of vaccinia 

virus by complement and antibodies in rats closely mirrored our observations with human 

complement and antibodies (Figures 3.2, 3.5 and 3.6). This similarity enabled us to 

investigate how complement depletion impacted viral stability in blood and delivery to 

tumors in immunized animals. Complement inhibition in immune rats substantially 

increased the stability of the virus in the presence of anti-viral antibodies and increased 

the proportion of virus that remained infectious when delivered to tumors (Figure 3.7). 

The in vitro neutralization assays demonstrated that complement inhibition could render 

anti-vaccinia antibodies nearly non-neutralizing. Despite the robust enhancement of virus 

stability and infectivity of tumors associated with complement depletion in the rat, we 

still observed a difference between the naïve and immune complement depleted rats in 

blood and tumor titers (Figures 3.7 B,C compared to Figure 3.8 B,E and Figure 3.10).  

There are a couple of hypotheses that may help to explain these differences. 

Despite seeing an almost complete reduction in C3 levels in the plasma (Figure 3.6C), it 

is possible that there remains a basal amount of C3 that is below the detection limit of the 

Western blot and that is still able to enhance the effect of anti-viral antibodies. In line 

with this idea is the fact that transgenic mice that constitutively express CVF, despite 

having very low C3 levels, do not have a tendency to develop infections, and have a 

normal lifespan, in contrast with C3 null mice, suggesting that there is some remaining 

C3(124). Nonetheless, the Fc portion of the antibody may help to induce receptor 

mediated phagocytosis of the virus, and cellular immunity remains intact such that that 
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antibodies bound to infected cells can still activate antibody-dependent cell-mediated 

cytotoxicity (ADCC), and T cells directed against the virus help to quell virus infection.  

We did not observe overt signs of pathology in either naïve or immune 

complement-depleted rats treated with virus. This can be interpreted as a sign that we 

have not substantially impaired the ability of the animal to deal with the infection. We 

could not recover infectious virus from the liver 24h post-infection, a disease site where 

inflammation and necrosis were observed with ectromelia(116), and also a site from 

which oncolytic vaccinia has been recovered in a rabbit model(83). As a next step, a 

more rigorous analysis of infectious virus biodistribution and pathogenesis by 

histological examination would help to substantiate this claim.  

We chose intravenous vaccination to mimic the scenario of multiple therapeutic 

intravenous doses of virus. However, this route of administration does not correlate with 

the first exposure for patients that were previously vaccinated against smallpox. The 

route of vaccination has been shown to be quite important in humans: scarification 

yielded a significantly higher neutralizing antibody titer than intramuscular 

inoculation(250). In mice, however, IV vaccination has been reported to elicit a similar if 

not moderately higher antibody titer than tail scarification(251). In our hands, we saw 

that the rat antibodies elicited against vaccinia virus by IV inoculation exhibited very 

similar functional characteristics to human antibodies generated from scarification 

(Figure 3.2 and 3.6B). It may yet be worthwhile to explore different routes of vaccination 

in the rat. Nonetheless, while the magnitude of response may differ between routes, based 

on our results, perhaps the dependence on complement does not. 
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Unexpectedly, complement depletion had a large magnitude of effect when virus 

was delivered directly into the tumor. By 24 hours post-virus infection, a time point that 

investigates only the first round of replication, we showed that we could substantially 

increase the initial infection of the tumor (Figure 3.10A). By 48 hours post-virus 

injection, we recovered close to 120 fold more infectious virus from the tumors of 

immune complement-depleted animals relative to their complement-replete counterparts 

(Figure 3.10B). The 48 hour time points suggests that complement depletion may have 

aided in the spread of the virus within the tumor. Clinically, direct intratumoral injection 

has been the preferred route of administration of virus since it was thought to circumvent 

the neutralizing factors in the blood. However, the tumor microenvironment can be a 

highly perfused region, and complement and antibodies clearly serve to limit the 

infection of the tumor. There is a wealth of evidence to support the important role of 

complement in the tumor microenvironment, and the neutralization of oncolytic viruses is 

a novel function to add to the compendium.  

 

4.7 The cynomolgus macaque model offers an opportunity to assess the feasibility of 
using CP40 in combination with an infusion of oncolytic vaccinia virus 
  

The study of CP40-mediated complement inhibition in a NHP model allowed us 

to determine whether complement inhibition could stabilize infectious virus in the blood 

of a pre-clinical model that is most analogous to humans. Our schedule with doses two 

days apart enabled us to make comparisons within the same immunologic time frame not 

only between animals, but also within the same animal. Although these animals were not 

tumor bearing, we believe that the greater bioavailability of infectious virus in the blood 
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would improve tumor infection. While we observed an increase in the infectious virus 

concentration the blood of all the immune animals, we acknowledge that the animals used 

in the study are outbred animals and we do not expect them to all behave identically. 

Interestingly, the level of antibody produced and the magnitude of cellular IFN γ, TNFα 

and IL 6 responses induced in humans receiving the smallpox vaccine have been 

associated with particular HLA genotypes(252). We believe that despite the differences 

seen between animals, the consistency of the trend adds strength to the rationale for using 

complement inhibitors during intravenous dosing of oncolytic viruses. 

 Complement has been described as a natural adjuvant to vaccination, working to 

lower the activation threshold of B cells through CR2 ligation(253). Correspondingly, 

HSV and influenza virus fail to mount antibody responses in C3, C4 and CR2 null 

mice(254, 255). With this in mind when designing our experiment, we wanted to ensure 

that all the animals would be exposed to complement-opsonized virus, mount a robust 

neutralizing antibody response, and could be used later as immune animals. This 

provided additional rationale to give the two doses of virus within a short time frame. 

This objective was satisfied since the macaques developed similar levels of antibody 

(Figure 3.12B). Additionally, we have no reason to believe based on these results, and the 

blood titers in Figure 3.13, that the scheduled order of treatments had any impact on the 

measure of the efficacy of this combinatorial approach.  

We used a body surface area ratio to scale down the human dose of 1 x 109 pfu to 

a NHP equivalent dose(235). The proportion of infectious virus remaining in the blood at 

the end of the infusion is remarkably similar between the macaque model (Figure 3.13) 

and humans treated in the IV clinical trial (Figure 3.1). In the blood collected from the 
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Pexa-Vec clinical trial approximately 0.3% of the initial dose was detected at the end of 

the infusion. In the macaques, approximately 0.2% of the input dose remained in 

circulation in immune animals at the end of the infusion. If CP40 was administered prior 

to virus infusion, 1.9% of the input dose could be recovered. While these are 

approximations that do not account for the duration of infusion (humans were infused for 

one hour and not 30 minutes), among other factors, it does suggest that an increase in 

infectious virus of close to 10 fold could be achieved in humans. 

 

4.8 The cynomolgus macaque model offers an opportunity to assess the safety of 
complement inhibition combination with an infusion of oncolytic vaccinia virus 

 

It is particularly relevant to note that historically individuals with severe T cell 

abnormalities, but not those with agammaglobulinemia, developed generalized vaccinia 

virus infection following primary smallpox vaccination(256). This underscores the 

importance of cell-mediated immunity in the control of vaccinia virus. While anti-viral 

antibodies may prevent viral delivery, they may not be integral to controlling infection. 

Nonetheless, we believe that the safety of the approach lies in the transient nature of 

complement disruption with CP40. 

 Given the important role of complement and antibodies in the opsonization 

process and in the removal of blood-borne pathogens by the liver and spleen, it is 

surprising to see that the clearance rate of virus from the circulation, as measured by 

qPCR on blood samples (Figure 3.14), is the same for naïve and vaccinated animals with 

or without CP40 treatment. While on the one hand, this may be interpreted to serve as 
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another marker of safety since virus clearance from the blood was not impeded by 

complement inhibition. On the other hand, clearance from the blood may not be a 

relevant metric of uptake by the liver or spleen. Similar clearance kinetics could be a 

reflection of the virus’s non-specific determinants for binding and cellular entry and 

suggests that the virus is taken up by all tissues that it encounters. In the immune setting, 

it is possible that Fc receptor expressing tissue resident macrophages could compensate 

for the lack of complement receptor mediated uptake. In the naïve setting however, virus 

could be freer to infect susceptible organs such as the skin. All the animals received virus 

both with and without CP40 treatment in a very short time frame, and all the animals 

developed pock lesions when they were naïve. Given the schedule, it is difficult to tease 

out if CP40 exacerbated the skin infection. We did not observe any lesions in immune 

animals. Protective resident memory CD8+T cell immunity in the skin may also prevent 

the development of skin infection in immunized animals(257). 

 We hypothesized that since the anaphylatoxins C3a and C5a play an important 

role in the generation of inflammatory reactions(218), the abrogation of their production 

with CP40 would alter pro-inflammatory cytokine production. This suggestion is 

substantiated by a previously published in vitro experiment with human whole blood 

investigating the effect of Compstatin on the production of cytokines in response to 

baculoviruses. While substantial variability existed between blood donors, IL 6, IL 8 and 

TNF α were induced in response to virus, however were blunted if the samples were 

pretreated with Compstatin. Of the cytokines, IL 8 experienced the most robust inhibition 

with complement inhibition(258).  
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We did not observe a specific reduction or increase in the production of pro-

inflammatory cytokines with complement inhibition (Figure 3.17). Unfortunately, we 

were limited to analyze samples from only three animals, we saw substantial differences 

between the outbred animals, and the levels of some cytokines had not returned to 

baseline by the time of the second infusion. These factors limit the conclusions that we 

can draw to broad strokes that are primarily hypothesis-generating. While we saw the 

predicted effects on live virus in the blood of immune animals with complement 

inhibition, we did not observe adverse signs of increased pro-inflammatory cytokine 

expression. 

The intravenous Pexa-Vec clinical trial documented elevated levels of IFN γ, TNF 

α and IL 6 that increased acutely and peaked at 8 hours post-treatment. In addition, IL 10 

increased between days 4-8(100). These results were reported in the text but not 

graphically, and there was no indication given of the magnitude of the response. Looking 

at mouse models, MCP-1, IFN γ, TNF α and IL 6 were all observed to increase and peak 

between 6 to 12 hours post intravenous injection of VVdd(199). An independent study 

showed IL 6 upregulation in the serum of mice treated intravenously with vaccinia in a 

manner that was dependent on the signaling of TLR 2 through MyD88. Concomitantly, it 

was also shown that ex vivo stimulation of dendritic cells with infectious or UV-

inactivated vaccinia virus yielded very similar profiles of expression of IL 6, IL 1β, IL 12 

and IFN β(259). This is interesting because it indicates that it is the total number of 

particles and not the infectious fraction that is of particular importance for acute phase 

cytokine production. This finding is consistent with our results, especially in the immune 
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condition where pro-inflammatory cytokine expression does not appear to be exacerbated 

with CP40(Figure 3.17).  

A study of serum cytokines in primary or repeat vaccination with Dryvax (Wyeth 

strain vaccinia virus) demonstrated an interesting parallel(260). There are many 

differences between an intravenous dose of virus and virus administered percutaneously 

including the array of immune cells and organs that are exposed to the virus, and the time 

that it takes for replication to occur and produce a sufficient load of viral particles. 

Nonetheless, this study showed that IFN γ was substantially elevated in primary vaccine 

recipients and peaked between days 8 and 9, but was unresponsive in revaccinated 

individuals. Similarly, the magnitude of response of IFN γ in the NHP experiment in 

immune animals was also substantially lower than when the animals were naive (Figure 

3.17). The mechanism underlying this difference is unknown. 

The expression profile of some cytokines elicited by the second infusion of virus 

(day 2) appears to exhibit an altered hypo-responsive state, relative to the first infusion 

(day 0). This effect seems to be independent of CP40 and is particularly notable with 

MCP-1 (CCL2) and IL 6 (Figure 3.18). There may indeed be other cytokines that behave 

in this manner, including IL 10 (Appendix 3), however the trend is less clear and not 

observed in all the animals. There are three primary classes of inhibitors that negatively 

regulate cytokine expression following stimulation: tyrosine phosphatases (ie SHP-1), 

protein inhibitors of activated STATS (PIAS), and the suppressor of cytokine signaling 

(SOCS) which all serve to prevent cytokine receptor signal transduction through 

inhibition of the JAK/STAT axis(207). Specifically, the negative feedback loop mediated 

by the SOCS proteins is stimulated by a number of cytokines, including IL-2, IL-3, IL-4, 
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IL-6, IFN γ, G-CSF, and GM-CSF(261) and SOCS-3 has been documented to limit the 

expression of IL 6(262). MCP-1 has been reported to be regulated by SOCS-1(263, 264), 

and the MCP-1 promoter contains STAT binding sites(265). If it is indeed possible to 

induce a refractory state following a first infusion of virus, there are important 

consequences for OV treatment. Of particular interest is the resistance of SOCS-1 

deficient mice to infection which was shown to be mediated by the inability of these mice 

to attenuate type I interferon signaling(266). This study showed that lower viral loads 

were detected in all the organs assayed of SOCS-1 deficient mice relative to their wild-

type counterparts. If a second dose of oncolytic virus is administered during a refractory 

period while SOCS has extinguished JAK STAT signaling, it may be possible to increase 

virus infection. While this may increase the infection of some tumors, SOCS proteins 

have been reported to be silenced by hypermethylation in a number of cancers(267). 

Therefore, dosing during an altered responsiveness state may be an important safety 

concern as it could increase the infection of normal tissue. Lastly, the way in which this 

effect may sculpt anti-viral and anti-tumoral cellular immunity remains to be seen. The 

mechanism by which cytokines are negatively regulated after OV treatment has yet to be 

elucidated, however the SOCS proteins may be likely candidates. Based on our findings, 

we do not believe this phenomenon to be complement related.  

 

4.9 Vaccinia engages in promiscuous cellular interactions  
 

The experiments describing the way in which vaccinia virus interacts with cells in 

the blood are mostly hypothesis-generating, but suggest that vaccinia virus is 

predominantly cell-associated in the blood, and that some of the cellular interactions are 
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complement-mediated. Figure 3.19 presents a preliminary look at the association of 

vaccinia virus with specific cell types in the context of whole blood. We performed both 

qPCR and plaque assays on sorted cells to quantify the number of total particles, and the 

proportion of infectious particles associated with each cell type. This approach does not 

allow us to distinguish between virus that has entered a blood cell, produced progeny, and 

subsequently infected the monolayer to produce a plaque, and virus that has hitchhiked 

on the exterior of a blood cell and produced a plaque. In light of the dose escalation 

experiment in Figure 3.3, the virus concentration in the blood from a naïve donor used in 

this experiment would suggest that we would not observe virus neutralization. It is 

therefore not surprising that the ratio of infectious to total particles remains constant 

across cell types. So while this experiment provides information regarding the 

preferential interactions of the virus in the presence of complement, it does not inform us 

about which interactions may be protective against the effect of complement and that 

would lead to the recovery of infectious virus. It can be suggested that on a per cell basis, 

vaccinia virus was found to be more associated with phagocytic cell types that express 

high levels of complement receptors, compared to T cells. The association with 

neutrophils may be important given the large proportion of the leukocyte compartment 

that they represent (Table 4.1). To further explore this, it would be informative to 

perform the experiment in the opposite order, where the cells would be isolated first and 

incubated with virus (ideally in the presence of plasma with or without CP40).  This 

would provide insight into which cells may act as productive cell carriers that can deliver 

infectious virus to target tumor tissue. The analysis of blood from patients treated 

intravenously with Pexa-Vec confirms preferential association with leukocytes over 
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erythrocytes on a per cell basis, and ubiquitous interactions with leukocytes (Figure 

3.20).  

Reovirus has been found to engage in protective interactions with blood cells in 

the presence of neutralizing antibodies. Specifically, T cells and dendritic cells have been 

shown to act as cell carriers in a murine model of melanoma(168) and lymphokine-

activated killer cells and dendritic cells can protect the virus against human antibodies in 

ascites(268). Correlative assays from a Reolysin clinical trial demonstrated natural cell 

carriage whereby replication competent virus was recovered from PBMCs, granulocytes 

and platelets, but not from the plasma(169). The use of ex vivo loaded carrier cells poses 

several technical challenges in the clinic, so to improve upon natural cell carriage, a 

cytokine-conditioning regimen was subsequently developed to mobilize a population of 

tumor homing cells and enhance in vivo cell loading of reovirus. To this end, it was 

demonstrated that GMCSF mobilized CD11b+ cells into tumors and as a result enhanced 

cell-associated virus delivery to tumors(269). One could envision a similar cytokine 

conditioning strategy for vaccinia virus, to increase the probability of virus interacting 

with a particular cell type that could home to tumors.  

We also showed that complement inhibition seems to change the nature of the 

interaction with at least some cell types. In vitro, vaccinia virus preferentially associated 

with the cellular compartment in the presence of active complement, and when 

complement was inhibited, a shift in recovery was observed toward the plasma fraction 

(Figure 3.21). Importantly, this relocalization was observed with total virus, as measured 

by qPCR, and not just infectious virus. Given the importance of CR1 on erythrocytes to 

act as a mediator of immune adherence, it is tempting to think that this may be the 
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population responsible for the changes in compartmentalization seen in Figures 3.21, 3.22 

and 3.23. Importantly, this same shift toward the plasma compartment was observed in 

macaque blood when the animals were pre-treated with CP40. Although we attempted to 

investigate vaccinia virus- erythrocyte association in the NHP experiment, the isolations 

were always considerably contaminated with leukocytes. There may have been a trend 

toward increased recovery from the erythrocyte compartment of animals treated with 

virus as a single agent (data not shown) although this remains very speculative and 

warrants a more direct investigation. We did not conclusively explore whether 

complement depletion altered the compartmentalization in the blood of rats. However, if 

this phenomenon is in fact related to CR1 binding on erythrocytes, due to the expression 

of the splice variant of CR1 described in section 4.5, we would not observe re-

compartmentalization in the rats. Although the rat model provides a more accurate 

recapitulation of the effect of human complement and antibody, this may be an important 

difference. 

 

4.10 Complement and antibody engage in the neutralization of other clinical candidate 
oncolytic viruses 

 

Given our understanding of the phenotype of the antibody profile that vaccinia 

virus induced, we looked at whether neutralization by antibodies elicited by other 

oncolytic virus candidates is dependent on complement activation. We looked at the 

neutralization of HSV-1, reovirus, measles Edmonston, and MG1 in vitro in human 

plasma collected from healthy volunteers (Figure 3.25).  
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The glycoprotein C encoded by HSV has been shown to confer some protection to 

the virus by binding C3b and preventing its interaction with C5. However, this 

functionality has been demonstrated primarily in vitro at low concentrations of non-

immune serum, and considerable virus neutralization could still occur at elevated 

concentrations of serum(270). In line with this demonstration of the sensitivity of HSV to 

complement, CVF pre-treatment has been shown to improve the systemic delivery of 

oncolytic HSV-1 to brain tumors in naïve rats(195). Here we also saw that HSV-1 is 

moderately neutralized by non-immune plasma. In contrast, plasma from immune 

individuals was strongly neutralizing, independent of complement activity. While 

complement modulation may aid the delivery of HSV-1 in naïve individuals, it will likely 

not improve delivery in immune individuals.  

An age-dependent increase in reovirus-specific antibodies has been reported by 

two studies, where in a cohort of volunteers aged 20-29, upwards of 75% of individuals 

possessed reovirus specific IgG(271, 272). Although we did not validate the presence of 

anti-reovirus antibody, based on historical data it is likely that all three donors tested in 

our study were seropositive. We suggest that the anti-viral antibodies exhibit some degree 

of complement dependence. To substantiate our claims, a next step is nonetheless to 

validate that the donors did in fact possess anti-reovirus antibodies by ELISA or Western 

blot. An alternative explanation comes from a recent publication documenting that non-

enveloped viruses carry complement proteins into the cytosol where C3 acts as both as a 

sensor to mediate an innate anti-viral response in the cell, and to target the virus to 

proteasome-mediated viral degradation(273). While this phenomenon has never been 

demonstrated to occur with reovirus, and it is uncertain that a broad array of cancer cell 
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types maintain functionality of this pathway, we suggest that complement inhibition may 

be of great clinical importance for oncolytic reovirus. 

Measles vaccination has yielded very high seropositivity coverage in the general 

population and poses a significant barrier to the delivery of this virus. The neutralization 

of measles virus appears to be subject to a threshold effect, similarly to vaccinia. At the 

concentration of 2 x 106 pfu/mL and in the presence of the complement inhibitor CP40, 

elevated concentrations of virus could be recovered. There is a clear biological trend 

toward increased recovery of infectious virus. A more thorough examination of this effect 

is warranted, specifically through validation with more donors, higher concentrations of 

virus, and animal modeling. These findings are of particular interest in light of the 

recently reported interim clinical results with MV-NIS for the treatment of multiple 

myeloma. Of note, this is a patient population in which the levels of functional antibody 

titers were shown to be very low, and the two patients reported on, one of which 

experienced a durable complete remission, were seronegative (96). If the results with 

CP40 hold true in a larger cohort of donors, adjunct complement inhibition may be 

particularly useful for oncolytic measles virus and enable the treatment of measles 

vaccinated patients.  

 

4.11 Characterization of the antibody profile to native and pseudotyped rhabdoviruses  
 

Our data with MG1 in naïve human serum supports a previously published 

study(121). We observed virus neutralization in plasma from naïve donors that can likely 

be described as IgM-activated complement-mediated neutralization. Since this virus and 

also the LCMV pseudotyped maraba virus are not human pathogens, we vaccinated rats 
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and collected blood to assess in vitro whether complement-fixing antibodies were 

elicited. Similarly to the neutralizing antibody response elicited by VSV in mice(153), 

MG1 induced robustly neutralizing antibodies, the function of which was largely 

independent of complement (Figure 3.26A). Unexpectedly, given that the LCMV 

glycoprotein is well known for its inability to generate neutralizing antibodies early after 

vaccination in mice(274), we saw neutralization of the MRB LCMV G virus in immune 

plasma that was strictly dependent on complement activation (Figure 3.26B). Further 

exploration of these antibodies in vivo also substantiates that the anti-LCMV G antibody 

response was complement dependent (Figures 3.27, 3.28). Of note, the more appropriate 

control would have been the wild type maraba virus, even though it is not a therapeutic 

agent, since MG1 has a point mutation in the G protein(31). Clearly many questions 

remain outstanding to help explain this phenomenon, but the data suggests that 

pseudotyping a virus with the LCMV glycoprotein allows for the generation of a system 

in which the antibody profile can be modulated with complement inhibition.  

This really prompts the question as to why some viruses elicit an antibody 

response that is dependent or not on the activity of complement. Antibody can render a 

virus neutralized either directly or indirectly. It can act through the binding of virion 

structures that preclude binding and entry to host cells, and can also bind surface 

determinants to activate complement and augment phagocytosis. Antibodies target 

numerous vaccinia virus mature virion proteins, however the glycoprotein is the only 

viral protein on the surface of the rhabdovirus virion. VSV G has been extensively 

characterized, and since it shares 80% homology with the maraba G(121), it can act as an 

appropriate surrogate comparator. Several factors have been identified that impact the 
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immunogenicity of viral surfaces, including the number and accessibility, organization, 

and glycosylation pattern of antigenic sites, and importantly, whether high-affinity V 

regions are frequently encoded in germline(187).  

To address these criteria, it has been shown that swapping of the G proteins 

between the characteristically cytolytic VSV and latent non-cytolytic LCMV produces 

antibody responses typical of the parental virus glycoprotein and not the viral backbone. 

Additionally, it was shown that the highly repetitive, paracrystalline array of 

glycoproteins on the parental viruses was retained when the reciprocal pseudotyped 

viruses were generated(152). This organization is thought to favor the generation of a 

highly directed neutralizing antibody response toward the single accessible antigen(187). 

Looking at the B cell repertoire in mice, early antibodies against VSV have been shown 

to already possess high affinity, and over time and with somatic hypermutation, do no 

improve in affinity(275, 276). In contrast, early antibodies against LCMV in mice are 

non-neutralizing and affinity maturation is necessary to produce neutralizing 

antibodies(274). Arguably however, these phenotypes may be true only for natural 

reservoir hosts such as mice, since incidental hosts of LCMV such as primates possess 

completely different B cell repertoires. Importantly, the infection of mice with LCMV 

bears little resemblance to infection of primates, where the virus induces severe and 

sometimes fatal pathology and serves as a tool to study its arenavirus family member, the 

hemorrhagic fever inducing Lassa fever virus(277). To further illustrate the differences of 

the protective effects of antibodies, mice vaccinated with a vector expressing LCMV G 

have been shown to experience increased and accelerated mortality upon exposure to 

LCMV(278), whereas immunized macaques survived exposure to Lassa fever virus 
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infection without signs of disease(277, 279). While the effect seen in mice is the result of 

a complex interplay resulting in increased CTL-mediated immunopathology, this striking 

difference demonstrates once again the species differences. In humans, infection can 

range from sub-clinical to mild flu-like symptoms to meningitis and rarely encephalitis. 

Seroprevalence is thought to be low and is associated with exposure to either wild mice, 

or in rare cases, employee exposure to infected colonies in rodent breeding facilities(277, 

280). 

Looking at the mechanism of binding and entry provides insight into the potential 

targets of neutralizing antibodies. The VSV glycoprotein binds to its receptor, the LDL 

receptor(90), and is internalized by clathrin-mediated endocytosis(281). A large change 

in the conformation of the glycoprotein is driven by the low pH of the endosomal 

compartment and results in membrane fusion(282–284). LCMV binds to α-dystroglycan 

and cell entry occurs in a cholesterol-dependent, clathrin-independent, and caveolin-

independent manner(285). The glycoprotein also undergoes a low pH-induced 

conformational change to induce fusion(286).  From our data, we suggest that the anti-

VSV antibodies likely restrict the interaction with the LDL receptor or lock the 

glycoprotein in the pre-fusion conformation and thus prevents the necessary low-pH 

induced structural transition required for fusion with the endocytic membrane. 

Neutralizing epitopes on the glycoprotein have been associated with fusion inhibition and 

have been associated with only moderate inhibition of binding(287). Nonetheless, the 

VSV receptor was identified only last year, now enabling studies to understand how 

neutralizing antibodies may interfere with its interaction with VSV G. In contrast, the 

early antibodies against the LCMV G likely binds locations of the glycoprotein in a 
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manner that does not interfere with binding to the cellular receptor or prevent the 

conformational change. The LCMV glycoprotein is comprised of two subunits: GP-1 and 

GP-2. Neutralizing antibodies that appear late in infection in mice are directed against a 

particular site on the GP-1 and prevent cellular entry through sterically blocking 

interaction with α-dystroglycan. Although early antibodies targeting this neutralizing 

epitope are detected in mice, they are of low affinity. GP-2 non-neutralizing antibodies 

achieve high titers early after infection(274). The GP-2 directed non-neutralizing 

antibodies may in fact be important mediators of complement activation.  

Perhaps one of the most important differences between the mouse model where 

these viruses have best been described, and the rat model, is the complement system. It 

has been shown that early antibodies are generated in mice and while they are not 

neutralizing on their own(274), they very well may be complement fixing. We 

hypothesize that both mice and rats generate early antibodies against LCMV G, but that 

the low hemolytic activity of mouse complement may be responsible for the lack of 

functionality of antibodies in mice. In contrast, in rats these non-neutralizing antibodies 

can activate complement and lead to virolysis. To help substantiate this claim, we could 

perform an in vitro neutralization assay with antibodies derived from mouse and rat that 

is supplemented with active complement serum from either the same or opposite species. 

If this hypothesis is true, mouse antibodies should neutralize MRB LCMV G in the 

presence of rat complement but not mouse complement. Conversely, rat antibodies 

should be neutralizing in the presence of rat complement but not mouse complement. 

Passive immunization of rats with mouse anti-LCMV G antibodies would also provide 

evidence for this theory. The LCMV virus has coevolved with mice and the infection 
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phenotype may not translate to other species. It will be particularly important to validate 

the antibody phenotype in a non-human primate model.   
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General concluding thoughts 
 

The primary objective of this work was to improve upon the understanding of 

neutralizing factors in the blood that reduce the delivery of infectious virus to the sites of 

tumor beds. Understanding of the way in which anti-vaccinia antibody functions 

suggested to us a therapeutic strategy to utilize complement inhibitors to improve the 

stability of oncolytic vaccinia virus in the blood of immune animals. Importantly, we 

have shown in two pre-clinical animal models that this approach is not only efficacious 

but also safe. 

This work underscores the importance of choosing appropriate models and 

understanding the limits of the inferences that can be made from pre-clinical models to 

humans. While the mouse was most convenient and had been previously used for the 

modeling of intravenous delivery of OVs, it did not provide an accurate reflection of the 

human scenario. The rat and cynomolgus macaque models provided a better estimation of 

vaccinia virus neutralization by complement and antibody, but still differ from humans in 

numerous respects. Yet another manifestation of this idea is the dramatically different 

disease outcome in mice and primates when infected with LCMV. Importantly, the 

characteristics of the antibody generated in mice in response to LCMV infection likely 

does not model the antibody elicited by non-viral-host species. As a result, pseudotyping 

of a rhabdovirus with the LCMV glycoprotein may produce a non-neutralizing antibody 

phenotype in mice, however it is not necessarily translated to other species. 

It is abundantly clear that the oncolytic virus platform has tremendous potential: 

its power sits at the convergence of the ability to initiate immune activation and induce 

tumor debulking in a self-amplifying manner. The unpredictability of patient responses in 
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the clinic underscores that we need more representative models and a better 

understanding of key determinants of infection and predictive biomarkers for efficacy. To 

fully capitalize on the prospect of the therapeutic class, clinicians and researchers will 

likely need an armory of viruses and adjunct therapeutics to aid in delivery, replication in 

heterogeneous cancerous cells, immune activation, and likely yet undiscovered 

combinations.  
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Appendices  

 

 

Appendix I- Additional Figures 

 

 

 

 

 

 

Appendix Figure 1. Additional data for an animal initially treated to validate the 
dose 

Vaccinia virus (1 x 108 pfu) was infused using a venous line over the course of 30 
minutes. As per the treatment schedule in (A) The animals received a bolus intravenous 
dose of CP40 (2mg/kg) immediately prior to virus treatment as the first of the two doses 
in the immune state. Infectious virus in the blood was measured by plaque assay on 
samples taken at various time points after the end of the infusion (EOI). Blood titers for 
for the naïve time point (B) and the immune time points (C) and are represented as 
technical replicate means ±SD. Genome concentrations in the blood are shown for only 
the immune time point and data is represented as technical replicate means ±SD ND, not 
detected, LOD, limit of detection 

 

 

 

 



 194 

 

0 10 20 30 100 200 300

4

6

8

10

Time after infusion (min)

G
e

n
o

m
e

s
 (
c
o

p
ie

s
/m

L
)

Immune virus + CP40

Immune virus alone

E
O
I

+
 5

 m
in

+
 1

0
 m

in

+
 3

0
 m

in

+
 2

 h

2

3

4

5

LOD

Time after infusion 

T
it
e

r 
(L

o
g

1
0

p
fu

/m
L
)

Immune virus alone

Immune virus + CP 40

Time after infusion 

Naive Immune ImmuneB C D

D0 D0 D2 

Naive Immune 

VACV  
CP40 + 

VACV  VACV  

  

 

3 months 

A

E
O
I

+
 5

 m
in

+
 1

0
 m

in

+
 3

0
 m

in

+
 2

 h

2

3

4

5

LOD

T
it
e

r 
(L

o
g
1
0

p
fu

/m
L
)



 195 

 

 

 

 

 

 

 

 

Appendix Figure 2 Complement inhibition hemolysis assay 

(A) Determination of the volume of plasma that provides 60-70% lysis to use throughout 
the assay. (B) Standard curve to convert the amount of lysis, as measured by absorbance, 
into volume of plasma. (C) Percent inhibition is plotted for each animal relative to the 
pre-bleed value.  
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Appendix Figure 3. Cytokine production following virus infusion with or without 
CP40 in NHPs 

Blood samples were collected prior to treatment, and 2 and 5 hours after the end of the 
infusion. The plasma from these samples was analyzed for a panel of cytokines.  (n=3 
animals) 
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ONE SENTENCE SUMMARY 
 
Pre-existing humoral immunity poses a significant hurdle to the systemic delivery of 
oncolytic vaccinia virus but may be overcome with complement inhibition. 
 
ABSTRACT 
 
Oncolytic viruses (OVs) have shown promising clinical activity when administered by 
direct intra-tumoral injection. In pre-clinical models, OVs are effective as intravenous 
agents but the translation of this activity to the clinic has been slow. Natural barriers in 
the blood including neutralizing antibodies and complement are likely going to limit the 
ability to repeatedly administer OVs by the intravenous route. We demonstrate here that 
for a prototype of the clinical vaccinia virus based product Pexa-Vec, the neutralizing 
activity of antibodies elicited by smallpox vaccination, as well as the anamnestic 
response in hyper-immune virus treated cancer patients, is strictly dependent upon the 
activation of complement.  In a Fischer rat model, complement depletion stabilized 
vaccinia virus in the blood of immunized animals and correlated with improved delivery 
to mammary adenocarcinoma tumors. Unexpectedly, complement depletion also 
provided a dramatic enhancement of tumor infection when delivered by intra-tumoral 
injection in immunized animals. The feasibility and safety of clinically using a 
complement inhibitor, CP40, in combination with an oncolytic virus product was tested 
in a cynomolgus macaque model.  Immune animals saw an average 10-fold increase in 
infectious virus titer at an early point after the infusion, and a prolongation of the time 
during which infectious virus was still detectable in the blood. Capitalizing on the 
complement dependence of anti-vaccinia antibody with adjunct complement inhibitors 
may increase the effective dose to enable successful delivery of multiple rounds of 
oncolytic vaccinia virus in immune hosts. 
 
INTRODUCTION 
 
Oncolytic viruses (OVs) are multi-mechanistic therapeutics that can cause tumor 
debulking by direct oncolysis, deliver therapeutic transgenes, trigger vascular disruption, 
and critically induce anti-tumor immunity1.  To date the successful clinical development 
of OVs has been largely as loco-regional therapeutics administered by direct injection 
into tumor beds2,3. While this approach provides localized tumor destruction and the 
potential for the generation of systemic anti-tumor immunity4–7,  it does not take 
advantage of the ability of viruses to infect and destroy metastatic tumors.  In pre-clinical 
models of systemic disease, the effectiveness of intravenous administration of OVs to 
virus naïve animals has been demonstrated in a variety of tumor models8,9. In cancer 
patients however, the development of OVs as intravenous agents has been slower, in 
large part due to concerns about being able to dose past pre-existing neutralizing 
antibodies or to deliver multiple doses of virus in patients developing an anti-viral 
immune response.   
 Complement is a key component of the innate immune system’s first line of 
defense, acting to target foreign pathogens for opsonisation, neutralization, phagocytosis 
and clearance from the circulatory system10. Antibody mediated complement activation is 
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likely of particular importance for therapeutic vaccinia viruses as a large proportion of 
today’s cancer patients were vaccinated during the smallpox eradication campaign. We 
hypothesized that inactivation of complement could lead to improved survival of 
oncolytic vaccinia virus in the blood of patients undergoing therapy.    

The complement C3 molecule provides an attractive therapeutic target since it sits 
at the axis of the three activation pathways and is the gateway to the terminal 
complement pathway. Inhibition of C3 both quenches activation and prevents the 
insertion of the membrane attack complex (MAC) into the envelope of the target. 
Compstatin is a 13 amino acid cyclic peptide that was selected from a phage display 
library for binding affinity to human and non-human primate C3 and C3b11. Since its 
discovery, numerous analogs have been developed with improved pharmacodynamic and 
pharmacokinetic properties, with the analog CP40 emerging as the lead clinical 
candidate12,13.    

We provide evidence here that in hyper-immune animal models, we can improve 
intravenous vaccinia virus delivery to tumors following complement inhibition. 
Importantly, CP40 inhibits antibody mediated virus neutralization in blood samples 
collected from immune cancer patients. Furthermore, in immunized cynomolgus 
macaques, CP40 enhanced the half-life of vaccinia virus in the circulation following 
intravenous administration.  
 
RESULTS 
Antibody mediated vaccinia virus neutralization is complement dependent 

We undertook a components analysis to assess the sensitivity of Wyeth strain 
vaccinia virus to neutralizing factors in whole human blood from either naïve or 
previously vaccinated healthy volunteers. Virus was incubated with whole blood or 
fractions thereof and infectious virus quantified by plaque assay. A ratio of 2 x 105 
pfu/mL was used to mimic the clinical dose of 1x 109 pfu that is required to facilitate 
tumor delivery in patients treated by intravenous infusion14. As shown in Figure 1A, the 
magnitude of virus neutralization was approximately equal between whole blood and 
plasma suggesting that the primary factors leading to loss of infectivity were plasma 
components.  We found that even in naïve individuals, vaccinia virus was inactivated in 
plasma samples to some extent, but this inhibition could be eliminated by heat 
inactivation of complement. As expected, plasma from vaccinated individuals robustly 
inhibited vaccinia virus. Interestingly, heat inactivation eliminated much of the inhibition 
found in the plasma of immunized individuals. Similarly, using the specific complement 
inhibitor CP40, we were able to largely prevent the neutralization of vaccinia virus in 
naïve and immunized individuals. (Figure 1B).   

This lead us to investigate the role that complement plays in the neutralization of 
vaccinia virus in cancer patients prior to therapy and two weeks post treatment with Pexa-
Vec (pexastimogene devacirepvec; JX-594) (ClinicalTrials.gov Identifier 
NCT01394939).  Serum samples collected from cancer patients prior to their first 
treatment and two weeks after their first infusion were heat-inactivated. Virus 
neutralization was assessed after incubation with this antibody with or without a 
replenished source of complement.  As shown in Figure 1 C, Pexa-Vec boosted 
antibodies neutralized vaccinia virus, however this activity was blunted by complement 
inhibition.  
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We have shown previously through dose escalation of Pexa-Vec, there exists in 
patients natural barriers to intravenous delivery to tumor beds that can be overcome at a 
breakthrough dose14. Dose escalation in vitro (ranging from 2 x 104 pfu/mL to 2 x 107 
pfu/mL) also demonstrated a saturation effect in both naïve and vaccinated samples 
(Figure 1D), however the addition of CP40 was able to recover a greater proportion of the 
input virus, no matter the initial dose.  

We assessed the neutralizing capacity of immune plasma on other clinical 
candidate oncolytic viruses in the presence or absence of CP40. While complement 
inhibition did not lead to a reduction in viral neutralization in HSV-1 seropositive plasma, 
it increased the recovery of Measles Edmonston and Reovirus (Figure 1E).  
 
Viral neutralization is mediated via the membrane attack complex 
 We selectively inhibited individual components of the activation pathways of the 
complement cascade to establish their relative impact on vaccinia virus neutralization. 
When either the classical or alternative pathways were inhibited in plasma from naïve 
donors, viral neutralization was not observed (Figure 2B,C). This indicated that both the 
classical or alternative pathways could lead to complement activation and viral 
neutralization in vitro. Neutralization in immune plasma was prevented with monoclonal 
antibodies to the classical and alternative pathways and this was maximized when used in 
combination, highlighting a role for the alternative pathway as a positive amplification 
loop (Figure 2B). Inhibition of the mannose binding lectin (MBL) pathway using an anti-
MBL antibody did not have a large impact on the viability of vaccinia virus in human 
plasma. (Figures 2B,C) A mannose-binding lectin assay validated the functional 
inhibition of the MBL pathway (Supplemental Figure 1A). In both naïve and immune 
plasma, eculizumab, an approved C5 monoclonal antibody, abrogated almost all 
neutralization, implicating the terminal pathway (Figure 2D). 

To determine the fate of vaccinia virus particles in the presence of anti-viral 
antibodies and complement, we carried out sucrose density centrifugation of virus 
preparations. Native viral particles subjected to centrifugation as described in Materials 
and Methods banded on a sucrose gradient in fractions 12 and 13 (Supplemental Figure 
1B). In contrast, detergent or plasma treated viral particles were detected in fractions 1-4, 
consistent with complement and antibody mediated destruction of vaccinia virus.  
 
Complement depletion of Fischer rats enhances virus delivery to tumor sites in the 
presence of neutralizing antibodies. 
 CP40 is a primate specific inhibitor, thus to test the effects of complement 
depletion in vivo in a tumor bearing animal model, we resorted to the use of cobra venom 
factor (CVF). To first validate that the rat model mimicked our human findings, we 
assessed virus neutralization in vitro. Vaccinia virus was shown to be sensitive to rat 
complement and the anti-viral antibodies were only demonstrated to be neutralizing in the 
presence of complement (Supplemental Figure 2A).  CVF-mediated complement 
depletion was confirmed by immunoblot against the C3 protein (Supplemental Figure 
2B). Therefore in the rat, the complement dependence of the anti-vaccinia antibodies 
closely mirrored the effects seen in human blood samples. 

Rats were vaccinated or not and once neutralizing anti-vaccinia titers were 
established, animals were treated with a single dose intravenously of oncolytic vaccinia 
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virus. In half the animals the virus therapy was carried out following complement 
depletion with CVF (Figure 3A). An early time point after tail vein injection of virus (10 
minutes) was chosen to simultaneously measure live virus stability in the blood and early 
delivery to subcutaneous mammary adenocarcinoma tumors. A greater than 100-fold 
mean increase in infectious virus titer was observed in the blood of vaccinated 
complement-depleted animals, compared to their complement-replete counterparts (Fig 3 
B). A corresponding increase in delivery of infectious virus to tumors was observed in 
complement-depleted animals (Fig 3C). To further examine the mechanism associated 
with the increased detection of live virus following complement depletion, vaccinia virus 
genomes were quantified in tumors, blood and liver by quantitative real-time PCR 
(qPCR). Although titer increased dramatically following complement depletion, only a 
minor change was observed in viral genomes in each organ. This suggests that the 
distribution of virus particles remained unchanged (Fig 3D). Twenty-four hours after 
intravenous virus administration, infectious virus could only be recovered from 
subcutaneous tumors or tumour nodules in the lungs if complement was depleted at the 
time of virus injection (Fig 3 E). Consistent with the effects observed in the blood and 
tumors, a concomitant increase in delivery of infectious virus to the liver was observed 
10 minutes post-injection in complement-depleted rats. However, replicating virus could 
not be recovered from livers 24h after virus administration, irrespective of complement 
status (Supplemental Figure 2C), suggesting that complement inhibition did not increase 
infection of normal organs. In virus naïve rats, changes in live virus stability in the blood 
were not observed with complement depletion after intravenous administration of virus 
(Supplemental Figure 2D). Similarly, infectious virus was equally recovered from tumors 
of complement-replete or depleted naïve rats 48 hours after treatment (Supplemental 
Figure 2E).  

To examine whether complement and antibody exerts an important neutralizing 
effect in the tumor microenvironment of immune animals, rats were implanted with 
subcutaneous tumors and treated with vaccinia virus by intra-tumoral injection with or 
without complement depletion, as outlined in Figure 3F. Remarkably, tumors from 
complement-depleted animals contained a mean 20 and 117 fold more live virus than 
their complement-replete counterparts at 24 hours and 48 hours after virus administration, 
respectively (Figure 3G, H). In contrast, complement depletion had no effect on the 
infection of tumors of naïve animals following intra-tumoral injection (Supplemental 
Figure 2 F,G).  
 
Transient complement inhibition in cynomolgus macaques is a safe strategy that 
increases the stability of vaccinia virus in the blood 

We conducted a feasibility study in cynomolgus macaques to evaluate the use of 
CP40 to transiently inhibit complement in the context of an intravenous infusion of 
oncolytic vaccinia virus. Four macaques were treated according to the schedule outlined 
in Figure 4A. Each animal received a dose of virus as a single agent (1 x 108 pfu infused 
over 30 minutes), and a dose of virus with a CP40 pre-treatment (2mg/kg bolus), 
separated by 2 days. This regimen was first performed when the animals were naive and 
4 months later when they were immune to the virus. Vaccinia virus was shown to be 
sensitive to non-human primate (NHP) complement and the anti-viral antibody response 
mounted by 3 months post virus treatment was only demonstrated to be neutralizing in 
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the presence of complement (Supplemental Figure 3). Animals were divided into two 
groups with opposite treatment schedules, such that half the animals received single agent 
virus first, and half received virus in combination with CP40 first. No difference was 
observed as a consequence of the order in which treatments were given.  

Our primary objective was to determine if complement inhibition reduced 
antibody and complement mediated virus neutralization. Infectious virus in the blood was 
quantified by plaque assay. In naïve animals, the concentration of infectious virus in the 
blood was not significantly affected by CP40 (Figure 4C, Supplemental Figure 4A). In 
contrast, profound differences in the levels of circulating infectious virus were observed 
in immune animals when pre-treated with CP40 (Figure 4B,C). Peak titers at the end of 
the infusion were elevated (mean 9.93 fold increase; range 5.8-14.8) and approached 
levels observed when animals were naïve. While infectious virus in the blood 
disappeared quickly after the infusion in immune animals, this time period was prolonged 
with CP40. In agreement with our earlier studies using complement depletion in rats, we 
did not see a change in the clearance rate of viral genomes from the circulation with 
CP40. (Figure 4D, E, Supplemental Figure 4B).  The quantification of infectious virus 
and total genome content in the blood for two additional animals is shown in 
Supplemental Figure 4A.  Consistent with previously published dose finding studies13, 
CP40 inhibition of complement was validated by hemolysis assay (data not shown).  

While we saw the predicted effect on live virus in the blood, we did not observe 
adverse events that could be specifically attributable to complement inhibition. Blood 
chemistry was evaluated on the day of infusion at several time points before and after 
treatment and did not indicate renal, hepatic or pancreatic dysfunction. Complete blood 
counts indicated transient changes in lymphocyte, neutrophil and monocyte counts, but 
occurred both with and without CP40 (Supplemental Figure 5). Mild fevers were 
observed in some naïve animals, however the incidence of fever on the day of infusion 
was not increased by complement inhibition. Fevers were not observed in immune 
animals on the day of infusion (Supplemental Table 1).  Pock lesions were observed on 
naïve animals but not immune animals and resolved without complications. A cytokine 
array was performed on plasma samples taken on the day of infusion. Although the 
analysis was complicated by the time frame of repeat dosing with or without CP40, there 
was no evidence based on cytokine expression that complement inhibition modified pro 
or anti-inflammatory cytokine profiles (Supplemental Figure 6). 
 
 
DISCUSSION 
 

In the present study, we demonstrate that antibody mediated complement 
activation leads to vaccinia virus neutralization, and that as a corollary, complement 
inhibition can suppress the virus neutralizing effects of pre-existing humoral immunity 
and lead to increased delivery of infectious virus to tumors. In vitro modeling of virus 
neutralization indicated that pre-existing immunity from smallpox vaccination presented 
an important hurdle, resulting in the neutralization of up to 99% of virus. Moreover, 
humoral immunity is a dynamic barrier to oncolytic viruses, as observed by the elevated 
antibody titers boosted by treatment. In vivo, complement depletion improved infection 
of tumors in immune animals when virus was delivered both systemically and intra-
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tumorally. In a non-human primate model, we found CP40 complement inhibition to be a 
safe and efficacious method to increase the stability of virus in the blood. These findings 
provide a strong rationale for a complement intervention strategy in both single 
administrations of oncolytic vaccinia virus to pre-immune individuals and multi-dosing 
treatment schedules that are faced with increasing titers of antibody. 
 Perhaps the best evidence of the sensitivity of vaccinia virus to complement is the 
adaptations that the virus has evolved: the vaccinia complement protein (VCP) and the 
formation of the extracellular enveloped virus (EEV) virion. VCP possesses factor I co-
factor activity and inhibits the formation of the C3 convertase15. Consequently, VCP has 
been shown to reduce complement-enhanced antibody-mediated neutralization in vitro16. 
However, infection and replication is required to produce VCP, a primarily secreted 
protein17. Vaccinia virus produces two different infectious virions: the intracellular 
mature virus (IMV) and the enveloped virion. The EEV particle is wrapped in an 
additional membrane and acquires host cell complement regulatory proteins that protect it 
from complement-mediated destruction18. However, the fragility of the EEV membrane 
precludes its use as an infusion product. While both these adaptations may help to traffic 
virus to metastatic sites following a primary local infection, they are not advantageous to 
an initial infusion of an oncolytic vaccinia virus  

A phase I dose escalation trial of intravenously-delivered oncolytic vaccinia virus 
(Pexa-Vec,) demonstrated a pharmacokinetic barrier to infection of tumor sites, whereby 
only doses above 1.5 x 107 pfu/kg achieved detectable tumor infection14. The pattern of 
delivery was highly suggestive of a transient saturation of viral clearance mechanisms 
that we now believe to be in large part, complement and antibody dependent. We also 
observed a threshold effect in vitro whereby the proportion of live virus recovered was 
maximized by increasing the ratio of virus to volume of plasma (Figure 1D). We 
speculate that in a system with a fixed amount of antibody, the stoichiometric 
requirement of six aggregated Fc tails to bind one C1q molecule is met with decreasing 
frequency as the pfu per milliliter ratio increases19. While currently it is not clinically 
achievable to give doses of vaccinia virus that corresponds to the dose at which the 
antibody was saturated in vitro, viral neutralization can be prevented at any dose with 
complement inhibition. This was demonstrated to be feasible with the cynomolgus 
macaque experiment. 

This type of complement intervention strategy may be applicable to other 
oncolytic vectors, such as Reolysin and MV-NIS (Figure 1E). While HSV-1 is sensitive 
to complement, and depletion has been shown to improve systemic delivery of HSV-1 to 
brain tumors of naïve rats20, here we show that the antibody against HSV-1 is robustly 
neutralizing independent of complement. We demonstrated that the antibody from 
healthy human donors against Measles and Reovirus exhibits some degree of 
complement dependence. The general population possesses a high degree of 
seropositivity to these viruses, and the level of anamnestic antibody has been shown to 
dramatically increase following treatment with these oncolytic viruses21,22. Both these 
OV candidates are being evaluated in intravenous delivery clinical settings and may be 
enhanced by complement inhibition. Interim clinical results have been reported with MV-
NIS for the treatment of multiple myeloma, a patient population in which the levels of 
functional antibody titers were shown to be very low21. Concurrent complement 
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inhibition may enable the expansion of the patient cohort to one in which live virus can 
be administered systemically without sustaining a prohibitive degree of neutralization.  

Previous studies differ in the specific actors of the complement cascade that are 
reported to be required for vaccinia virus neutralization23,24. We felt that it was important 
to resolve this discrepancy in order to determine which complement inhibitors may be of 
use clinically. In contrast to the results of Magge et al, we demonstrated that inhibition of 
C1 and C3 prevented viral neutralization in both naïve and immune plasma samples. 
Additionally, with the use of eculizumab, we have confirmed that C5 is required for viral 
neutralization and that the membrane attack complex is likely responsible for virolysis 
(Figure 2). Our findings suggest that the C1 esterase inhibitor and eculizumab may also 
offer some benefit to the delivery of oncolytic vaccinia virus.   

Other approaches for shielding virus from neutralization and preventing unwanted 
cellular interactions, like serotype exchange and pseudotyping25–27 or polymer 
coating28,29, require extensive engineering or post-production modifications. In contrast, 
pharmacological inhibition of complement with short half-life peptide inhibitors is an off-
the-shelf strategy that gives strict temporal control over complement activity on the day 
of administration. The Compstatin analogs offer an optimal point of intervention in the 
complement cascade since they target C3 and are thus able to quench initiation and 
prevent further amplification12. Long-term complement inhibition is likely not a clinically 
desirable outcome. Not only could it pose a safety risk to the patient being dosed with 
virus, it may additionally preclude advantageous complement-mediated tumor clearance 
mechanisms such as antibody-mediated complement-dependent cancer cell cytotoxicity 
as has been demonstrated following Pexa-Vec treatment30.  

Numerous differences between the human and mouse complement systems have 
been reported that would limit the utility of the mouse model in the context of this study. 
Low haemolytic activity of complement from all inbred mouse strains relative to rat or 
human has been documented31 and may be partially attributed to a C4 polymorphism that 
precludes the formation of a functional C5 convertase32. Most recently, an unspecified 
classical pathway inhibitor has been discovered in mouse serum, but not human or rat 
serum, that was shown to inhibit IgG-dependent complement-dependent cytotoxicity33. 
Taken together with our findings of the similarity to humans, we believe that the rat 
model has greater predictive value for the preclinical development of oncolytic vaccinia 
virus. Conclusions drawn from mice with regard to vaccinia antibody and complement 
must be carefully weighed with the limitations of the model34. 

In order to circumvent the neutralizing factors in the blood and increase infection 
of tumors, direct intra-tumoral injection has been the clinically preferred route of 
administration. In fact, the tumor microenvironment can be a highly perfused region and 
complement is known to play an important role in the neoplastic development 
process35,36. We have demonstrated that even for intra-tumoral dosing of immune 
animals, it is important to inhibit complement (Figure 3). These findings call in to 
question the degree to which intra-tumoral dosing treatment regimens are able to 
overcome pre-existing antibodies and suggests that the benefit of repeat dosing may be 
independent of oncolysis.  

The results with CVF are proof of concept studies as it is not a clinical reagent. 
We therefore felt it important to recapitulate the effect with CP40 in a cynomolgus 
macaque model. In this pre-clinical model, we showed that the stability of live virus in 
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the blood of immune macaques could be sustained by pre-conditioning with complement 
inhibition (Figure 4). While we observed differences between each outbred animal, CP40 
pre-treatment significantly prevented neutralization in all immune animals. Although it 
was not possible to study tumor delivery in this model, increased and prolonged 
circulating infectious titers suggests greater bioavailability to infect tumor beds. 
Importantly, this approach was safe as CP40 did not cause changes in the hematologic 
profile, blood chemistry, nor fever incidence. While numerous factors remain unexplored 
with regard to this type of approach, we have demonstrated that complement inhibition is 
a feasible concept as an adjunct to oncolytic vaccinia virus treatment. 

Oncolytic viruses represent a versatile class of multi-modality therapeutics. 
Although local administration has produced therapeutic efficacy in the clinic, 
disseminated metastatic disease requires systemic dosing. In addition to presenting a 
barrier to intravenous administration, complement and antibody act in the tumor 
microenvironment to prevent the infection of cancer cells. We have demonstrated a 
window of opportunity whereby delivery and infection of tumors can be dramatically 
improved in virus immune hosts through complement inhibition strategies. We believe 
that adjunct complement inhibition may be essential going forward with oncolytic 
vaccinia virus and other oncolytic vectors that generate complement-fixing antibody.  
 
 
MATERIALS AND METHODS 
Study design 
The overarching research objective was to determine the role of antibody and 
complement in the systemic delivery of oncolytic vaccinia virus. Healthy volunteers were 
recruited to donate blood for in vitro experiments. Donors were stratified into 
immunological groups based on self-reported vaccination status. Neutralization of 
vaccinia virus was examined in vitro to determine the importance of antibody and 
complement. Based on initial in vitro results, we hypothesized that the neutralizing effect 
of antibody could be largely mitigated through complement inhibition. We sought to test 
the feasibility and safety of these approaches in rat and cynomolgus macaque models. Rat 
experiments were performed at least twice with three to four animals per group. Animals 
were assigned randomly to treatment groups. Four cynomolgus macaques were randomly 
assigned to two schedule groups such that each group contained one male and one 
female. All animals that received the full course of treatments were included in the 
reported results. 
  
Cell culture and virus. The U2OS, Vero, L929 and HeLa cell lines were purchased from 
the American Type Culture Collection (Manassas, VA) and maintained in complete 
Dulbecco's Modified Eagle's medium (HyClone, Logan, UT) supplemented with 10% 
fetal bovine serum (HyClone, Logan, UT). The 13762MATBIII rat mammary 
adenocarcinoma cell line was purchased from the American Type Culture Collection and 
maintained in McCoy’s 5A medium modified (ATCC, Manassas, VA) supplemented 
with 10% fetal bovine serum (HyClone, Logan, UT). The oncolytic Vaccinia virus Wyeth 
strain TK- gfp was previously described8,37.  HSV-1 (ICP0 null mutant n212)38,39 was a 
gift from Dr. Karen Mossman, McMaster University. Reolysin was a gift from Dr. 
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Patrick Lee (Dalhousie University). Measles Edmonston was purchased from American 
Type Culture Collection (Manassas, VA).  
 
Human blood neutralization experiments This study protocol was approved by the 
Ottawa Hospital Research Ethics Board and all volunteers gave informed consent. 
Human blood was collected from healthy donors by venipuncture into glass serum 
collection vacutainer tubes (BD Bioscience) and treated immediately with Refludan40 at a 
final concentration of 50 µg/mL. Blood was spun at 800 x g for 10 minutes to obtain 
plasma. Plasma aliquots were incubated for 30 minutes at 56oC to inactivate complement. 
Blood or fractions thereof were incubated for 1 hour at 37oC with VACV at range of 
doses between 2 x 104- 2 x 107 pfu/mL. The infectious virus remaining was quantified by 
plaque assay on U2OS cells. To investigate the complement pathway, the compstatin 
analog CP4013 was pre-incubated for 15 minutes at 37oC at a final concentration of 25µM 
prior to virus inoculation. Alternatively, the neutralizing monoclonal antibodies 3F841 
mouse anti-human MBL, P1H10 mouse anti-human C1q or 1379 mouse-anti human 
Factor B42  or Eculizumab were pre-incubated for 15 minutes at 37oC with plasma at 
concentrations of 60 µg/mL, 100 µg/mL or 500 µg/mL 50 µg/mL, respectively.  
In order to assess anti-Vaccinia antibody from hyper-immune individuals, leftover serum 
was collected from patients enrolled in JX594-CRC019 (ClinicalTrials.gov Identifier 
IDNCT01394939). This study protocol was approved by the Ottawa Hospital Research 
Ethics Board and all patients gave informed consent. The serum was heat inactivated and 
combined with serum free DMEM or plasma collected from a naïve donor as a source of 
complement and incubated with VACV at a ratio of 2 x 105 pfu/mL. The infectious virus 
remaining was quantified by plaque assay on U2OS cells. Neutralization of HSV-1, 
Reovirus and Measles Edmonston were performed at a ratio of 2 x 106 pfu/mL. Plasma 
samples were incubated with CP40 (25 µM) or DMEM for 15 minutes at 37oC prior to a 
one hour incubation at 37oC in the presence of virus. HSV-1 and Measles were titered on 
Veros and Reovirus titered on L929 cells.  
 
Fluorochrome linked immunoassay (FLISA) Activation of the MBL-dependent lectin 
pathway was assessed in human serum incubated with mAb 3F8 at 10 µg/mL as 
previously described.43 

Sucrose gradient separation of viral proteins Vaccinia virus was incubated with PBS, 
PBS with detergent (1% Triton X-100) or plasma from an immune donor at a ratio of 2 x 
107 pfu/mL for 1h at 37oC.  Samples were overlaid on continuous 5-75% sucrose 
gradients and spun at 25000 rpm in an SW41Ti rotor for 35 minutes at 4oC. The gradient 
was collected in 16 fractions.  
 
Immunoblotting Plasma or viral proteins were resolved on 4-12% polyacrylamide gels 
(BioRad, Hercules, CA) and transferred to nitrocellulose membranes (Amersham GE 
Healthcare Lifesciences, Baie d’Urfe QC). Membranes were incubated for 1 hour at room 
temperature or at 4oC overnight with the following antibodies and dilutions: 1:100 rabbit 
anti-rat C3 (Cedarlane, Burlington, ON; CL7334AP); rabbit polyclonal antibody to 
Vaccinia (Quartett, Berlin, Germany; 1220100715).  Membranes were incubated with 
goat anti-rabbit horseradish peroxidase-conjugated IgG (Jackson ImmunoResearch 
Laboratories, Inc.) for 1 hour at room temperature. Proteins were detected using 
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Supersignal West Pico chemiluminescent substrate (Pierce Biotechnology, Rockford, IL) 
followed by exposure to X-ray film (Fuji Photo Film Co, LTD, Tokyo, Japan). 
 
Animal Studies 
Rat model 
Female F344 Fischer rats weighing 100-150g were purchased from Charles River 
(Wilmington, MA). All animals were housed in pathogen-free conditions and all studies 
conducted were in accordance with the guidelines of the Animal Care Veterinary Service 
facility of the University of Ottawa. Tumors were established by injecting 5 x 105- 1 x 
106 13762 MATBIII cells subcutaneously bilaterally in the left and right flanks or 3e5 
cells intravenously by tail vein injection. Tumors were treated intravenously with 1 x 108 
pfu of Vaccinia virus and 10 minutes or 24 hours post infection, the animals were 
sacrificed and the tumors resected. Tumors were also treated with an intratumoral 
injection of 1 x 107 pfu and animals were sacrificed either 24 or 48 hours after 
administration. Blood was collected by cardiac puncture into EDTA vacutainer tubes for 
analysis of in vivo neutralization. Alternatively, blood was collected with serum tubes and 
treated with Refludan to assess in vitro neutralization. Viral neutralization was assessed 
in vitro in plasma at a concentration of 2 x 105 pfu/mL.  For the depletion of complement, 
35U of Cobra Venom Factor (CVF) (Quidel, San Diego, CA) was administered 
intraperitoneally 24 hours prior to virus delivery. A second dose of 35 U was 
administered intraperitoneally 24 hours after virus if animals were to be sacrificed 48 
hours after virus administration. Tumors and livers were collected and immediately 
frozen. Tissues were homogenized in PBS and titrated on U2OS cells.  
 
Cynomolgus macaque model 
Healthy male and female cynomolgus macaques weighing 3 to 6 kg were obtained from 
Primus BioResources (Vaudreuil-Dorion QC) and Charles River (Montreal, QC). All 
NHP studies were performed under a protocol approved by the Animal Resource Centre, 
University Health Network, Toronto, ON, Canada.  
To facilitate intravenous injection and blood sampling, a vascular access port was 
surgically implanted into the right flank with the venous line inserted into the right 
femoral/iliac vein. Animals were allowed to recover from surgery for several weeks prior 
to the initiation of the study.  Macaques were randomized across schedule groups such 
that a male and female were assigned to each group. Animals received two doses of 
Vaccinia virus (1 x 108 pfu infused over 30 minutes) in the naïve setting (day 0 and day 
2), a booster dose (1 x 108 pfu 2 months post naïve treatment), and two doses in the 
immune setting (day 0, day 2). According to their group schedule, animals received a 
bolus dose of CP40 (2mg/kg) immediately prior to their virus infusion either on day 0 or 
day 2. Blood samples were collected immediately before and at various time points after 
the infusion of virus (end of infusion, + 5 min, + 10 min, + 30 min, + 2h, + 5h). EDTA 
treated whole blood samples were frozen for subsequent analysis by qPCR and titration 
of infectious virus on U2OS cells. EDTA and Refludan treated blood samples were spun 
at 800 g for 5 minutes to obtain plasma, and immediately frozen until further analysis. 
Rectal temperature was measured immediately before and at various time points after the 
infusion of virus (end of infusion, + 5 min, + 10 min, + 30 min, + 2h, + 5h). Cell blood 
count (CBC) profiles were determined using a Hemavet 950FS on samples collected 
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immediately before the infusion of virus, at the end of the infusion, + 2h and + 5h after 
the infusion. Blood biochemistry was analyzed using a Vetscan VS2 on samples collected 
immediately before the infusion of virus, at the end of the infusion, + 2h and + 5h after 
the infusion. 
Ex vivo neutralization Blood was collected from healthy cynomolgus macaques using 
the anticoagulant Refludan (50 µg/mL). Plasma was heat inactivated and combined with 
plasma from a naïve animal as a source of complement (ratio 5:1 naïve plasma to heat 
inactivated plasma). Viral neutralization was assessed in vitro in plasma at a 
concentration of 2 x 105 pfu/mL.Samples were incubated for 1h at 37oC and infectious 
virus remaining quantified by plaque assay.  
Cytokine array A MILLIPLEX MAP non-human primate magnetic bead cytokine array 
(Millipore, Bedford MA) was performed according to the manufacturer’s instructions by 
the Princess Margaret Genomics Centre, Toronto ON. Samples were read with Luminex 
100 and data was analyzed using Bio-plex Manager 6.0. OBS Concentrations were 
measured in pg/ml.  
 
qPCR DNA was isolated from whole blood collected in EDTA tubes, liver or tumor 
samples using the DNeasy kit (Qiagen, Germantown, MD) according to the 
manufacture’s protocol. Quantitative PCR was performed on viral DNA extracted from 
whole blood or tissues using the SYBR Green PCR Master Mix (Qiagen, Germantown 
MD) on a RotorGene RG3000A (Corbett Research). Primers targeting the E3L gene were 
used to quantify viral genomes (TCCGTCGATGTCTACACAGG; 
ATGTATCCCGCGAAAAATCA). DNA isolated from purified viral stock was used as a 
standard where molecular weight was used to give an estimate of the number of copies 
per µg of DNA.  
 
Statistics Where possible, statistical analyses were performed on log transformed values. 
When data points fell below the limit of detection, the value of half the limit of detection 
was used for statistical comparisons however was reported as ND (not detected) for 
graphical purposes. Statistical analyses were performed using GraphPad Prism and the R 
statistical software. Two-tailed unpaired Student’s t tests were performed for the 
comparison of two groups. Linear mixed effects models were fitted for experiments with 
repeated measures data using treatment condition, vaccination status or time point as 
fixed effects, and donor as the random effect. Model fit was compared for models 
generated using pooled or unpooled levels of fixed effects to determine statistical 
significance. p-values < 0.05 was considered significant *p ≤ 0.05, **p ≤ 0.01, ***p < 
0.001, ****p < 0.0001.  
 
 
REFERENCES 

1. Kirn, D. H. & Thorne, S. H. Targeted and armed oncolytic poxviruses: a novel 
multi-mechanistic therapeutic class for cancer. Nat. Rev. Cancer 9, 64–71 (2009). 

2. Vacchelli, E., Eggermont, A., Sautès-fridman, C., Galon, J. & Zitvogel, L. 
Oncolytic viruses for cancer therapy Trial watch. Oncoimmunology 2, (2013). 



 215 

3. Miest, T. S. & Cattaneo, R. New viruses for cancer therapy: meeting clinical 
needs. Nat. Rev. Microbiol. 12, 23–34 (2014). 

4. Park, B.-H. et al. Use of a targeted oncolytic poxvirus, JX-594, in patients with 
refractory primary or metastatic liver cancer: a phase I trial. Lancet Oncol. 9, 533–
42 (2008). 

5. Heo, J. et al. Randomized dose-finding clinical trial of oncolytic 
immunotherapeutic vaccinia JX-594 in liver cancer. Nat. Med. 19, 329–36 (2013). 

6. Hwang, T.-H. et al. A mechanistic proof-of-concept clinical trial with JX-594, a 
targeted multi-mechanistic oncolytic poxvirus, in patients with metastatic 
melanoma. Mol. Ther. 19, 1913–22 (2011). 

7. Ingemar Andtbacka, R. H. et al. OPTiM: A randomized phase III trial of 
talimogene laherparepvec (T-VEC) versus subcutaneous (SC) granulocyte-
macrophage colony-stimulating factor (GM-CSF) for the treatment (tx) of 
unresected stage IIIB/C and IV melanoma. J. Clin. Oncol. 31, (2013). 

8. Kim, J. H. et al. Systemic armed oncolytic and immunologic therapy for cancer 
with JX-594, a targeted poxvirus expressing GM-CSF. Mol. Ther. 14, 361–70 
(2006). 

9. Stojdl, D. F. et al. VSV strains with defects in their ability to shutdown innate 
immunity are potent systemic anti-cancer agents. Cancer Cell 4, 263–75 (2003). 

10. Ricklin, D., Hajishengallis, G., Yang, K. & Lambris, J. D. Complement: a key 
system for immune surveillance and homeostasis. Nat. Immunol. 11, 785–97 
(2010). 

11. Ricklin, D. & Lambris, J. D. Compstatin: A Complement Inhibitor on its Way to 
Clinical Application. Adv. Exp. Med. Biol. 632, 273–292 (2008). 

12. Risitano, A. M. et al. Peptide inhibitors of C3 activation as a novel strategy of 
complement inhibition for the treatment of paroxysmal nocturnal hemoglobinuria. 
Blood 123, 2094–2101 (2014). 

13. Qu, H. et al. New analogs of the clinical complement inhibitor compstatin with 
subnanomolar affinity and enhanced pharmacokinetic properties. Immunobiology 
218, 496–505 (2013). 

14. Breitbach, C. J. et al. Intravenous delivery of a multi-mechanistic cancer-targeted 
oncolytic poxvirus in humans. Nature 477, 99–102 (2011). 

15. Sahu, A., Isaacs, S. N., Soulika, A. M. & John, D. Interaction of vaccinia virus 
complement control protein with human complement proteins: factor I-mediated 



 216 

degradation of C3b to iC3b1 inactivates the alternative complement pathway. J. 
Immunol. 160, 5596–5604 (1998). 

16. Isaacs, S. N., Kotwal, G. J. & Moss, B. Vaccinia virus complement-control protein 
prevents antibody-dependent complement-enhanced neutralization of infectivity 
and contributes to virulence. Proc. Natl. Acad. Sci. U. S. A. 89, 628–32 (1992). 

17. Kotwal, G. J., Isaacs, S. N., McKenzie, R., Frank, M. M. & Moss, B. Inhibition of 
the complement cascade by the major secretory protein of vaccinia virus. Science 
250, 827–30 (1990). 

18. Vanderplasschen, A., Mathew, E., Hollinshead, M., Sim, R. B. & Smith, G. L. 
Extracellular enveloped vaccinia virus is resistant to complement because of 
incorporation of host complement control proteins into its envelope. Proc. Natl. 
Acad. Sci. U. S. A. 95, 7544–9 (1998). 

19. Diebolder, C. a et al. Complement is activated by IgG hexamers assembled at the 
cell surface. Science (80-. ). 343, 1260–3 (2014). 

20. Ikeda, K. et al. Complement Depletion Facilitates the Infection of Multiple Brain 
Tumors by an Herpes Simplex Virus Mutant. J. Virol. 74, 4765–4775 (2000). 

21. Russell, S. J. et al. Remission of disseminated cancer after systemic oncolytic 
virotherapy. Mayo Clin. Proc. 89, 926–33 (2014). 

22. White, C. L. et al. Characterization of the adaptive and innate immune response to 
intravenous oncolytic reovirus (Dearing type 3) during a phase I clinical trial. 
Gene Ther. 15, 911–20 (2008). 

23. Magge, D. et al. Inhibitors of C5 complement enhance vaccinia virus oncolysis. 
Cancer Gene Ther. 20, 342–50 (2013). 

24. Leddy, J. P., Simons, R. L. & Douglas, R. G. Effect of Selective Complement 
Deficiency on the Rate of Neutralization of Enveloped Viruses by Human Sera. J. 
Immunol. 118, 28–34 (1977). 

25. Roberts, D. M. et al. Hexon-chimaeric adenovirus serotype 5 vectors circumvent 
pre-existing anti-vector immunity. Nature 441, 239–43 (2006). 

26. Miest, T. S. et al. Envelope-chimeric entry-targeted measles virus escapes 
neutralization and achieves oncolysis. Mol. Ther. 19, 1813–20 (2011). 

27. Muik, A. et al. Re-engineering Vesicular Stomatitis Virus to Abrogate 
Neurotoxicity, Circumvent Humoral Immunity, and Enhance Oncolytic Potency. 
Cancer Res. 74, 3567–78 (2014). 



 217 

28. Tesfay, M. Z. et al. PEGylation of vesicular stomatitis virus extends virus 
persistence in blood circulation of passively immunized mice. J. Virol. 87, 3752–9 
(2013). 

29. Carlisle, R. C. et al. Human erythrocytes bind and inactivate type 5 adenovirus by 
presenting Coxsackie virus-adenovirus receptor and complement receptor 1. Blood 
113, 1909–1918 (2009). 

30. Kim, M. K. et al. Oncolytic and immunotherapeutic vaccinia induces antibody-
mediated complement-dependent cancer cell lysis in humans. Sci. Transl. Med. 5, 
185ra63 (2013). 

31. Ong, G. L. & Mattes, M. J. Mouse strains with typical mammalian levels of 
complement activity. J. Immunol. Methods 125, 147–58 (1989). 

32. Ebanks, R. O. & Isenman, D. E. Mouse complement component C4 is devoid of 
classical pathway C5 convertase subunit activity. Mol. Immunol. 33, 297–309 
(1996). 

33. Ratelade, J. & Verkman, a S. Inhibitor(s) of the classical complement pathway in 
mouse serum limit the utility of mice as experimental models of neuromyelitis 
optica. Mol. Immunol. 62, 104–113 (2014). 

34. Guo, Z. S. et al. The combination of immunosuppression and carrier cells 
significantly enhances the efficacy of oncolytic poxvirus in the pre-immunized 
host. Gene Ther. 1–11 (2010). doi:10.1038/gt.2010.104 

35. Pio, R., Ajona, D. & Lambris, J. D. Complement inhibition in cancer therapy. 
Semin. Immunol. 25, 54–64 (2013). 

36. Markiewski, M. M. et al. Modulation of the antitumor immune response by 
complement. Nat. Immunol. 9, 1225–35 (2008). 

37. Parato, K. a et al. The oncolytic poxvirus JX-594 selectively replicates in and 
destroys cancer cells driven by genetic pathways commonly activated in cancers. 
Mol. Ther. 20, 749–58 (2012). 

38. Sanfilippo, C. M. & Blaho, J. a. ICP0 gene expression is a herpes simplex virus 
type 1 apoptotic trigger. J. Virol. 80, 6810–21 (2006). 

39. Sobol, P. T. et al. Adaptive antiviral immunity is a determinant of the therapeutic 
success of oncolytic virotherapy. Mol. Ther. 19, 335–44 (2011). 

40. Bexborn, F. et al. Hirudin versus heparin for use in whole blood in vitro 
biocompatibility models. J. Biomed. Mater. Res. A 89, 951–9 (2009). 



 218 

41. Zhao, H., Wakamiya, N., Suzuki, Y., Hamonko, M. T. & Stahl, G. L. Identification 
of human mannose binding lectin (MBL) recognition sites for novel inhibitory 
antibodies. Hybrid. Hybridomics 21, 25–36 (2002). 

42. Thurman, J. M. et al. A novel inhibitor of the alternative complement pathway 
prevents antiphospholipid antibody-induced pregnancy loss in mice. Mol. 
Immunol. 42, 87–97 (2005). 

43. Walsh, M. C. et al. Fluorochrome-linked immunoassay for functional analysis of 
the mannose binding lectin complement pathway to the level of C3 cleavage. J. 
Immunol. Methods 323, 147–59 (2007).  

 

 

ACKNOWLEDGEMENTS 

We thank S Avery (UHN Animal Resource Centre, Toronto, ON, Canada) for assisting 
with non-human primate housing and experiments. We also thank K Yates and E 
MacDonald for technical assistance with the rat experiments. We are grateful to M 
Morrissey for assistance with the MBL assay. We thank D Vaillant for assistance in the 
preparation of virus as well as members of the Bell, Auer, Atkins and Diallo laboratories 
for feedback on this project.  

FUNDING 

J.C.B. is supported by the Terry Fox Research Foundation, the Ontario Institute for 
Cancer Research and the Ottawa Regional Cancer Foundation. J.A.M. is supported by the 
Ontario Institute for Cancer Research. J.D.L. is supported by the National Institutes of 
Health grants AI068730 and the European Community's Seventh Framework Programme 
under grant agreement no. 602699 (DIREKT) L.E. is the recipient of a Canadian Institute 
for Health Research Canada Graduate Scholarship. 

COMPETING INTERESTS  

J.D.L. is the inventor of a patent and/or patent applications that describe the use of 
complement inhibitors for therapeutic purposes and the founder of Amyndas 
Pharmaceuticals, which is developing complement inhibitors for clinical applications. 

C.J.B and D.K are employees of SillaJen.  

 

 



 219 

AUTHOR CONTRIBUTIONS 

L.E., J.C.B., S.A.A., J.A.M., J.D.L., G.L.S., C.J.B., D.K., H.A., R.C.A., J.M.T., K.A.P., 
C.S.I. and C.G.L. were involved in the conception and design of experiments. L.E., M.M. 
and S.A.A. conducted in vitro experiments. C.T.S, L.E. and T.F. were involved in the rat 
experiments. L.E., S.A.A., D.H., A.G., R.L., S.F., J.A.M. and J.C.B. were involved in the 
non-human primate experiment. Statistical analysis was performed by L.E. and aided by 
S.C.F. The manuscript was written and reviewed by L.E., J.C.B., C.J.B, C.G.L., M.M., 
J.D.L, S.A.A. and J.A.M.  

 
 
 
 
 



 220 

 
Figure 1. 

 

Blood

Plasm
a

Inacti
ve plasm

a
Blood

Plasm
a

Inacti
ve plasm

a
0.1

1

10

100

Pe
rc

en
t R

ec
ov

er
y 

(%
)

Naive Vaccinated

ns

ns

***

***

A C

Plasm
a

Peptid
e ctl

Inacti
ve Plasm

a
CP40

1

2

3

4

5

6

Ti
te

r (
Lo

g
10

pf
u/

m
L)

Naive Vaccinated

INPUT

ns    ns

***

ns
ns    ns

***
B

1

2

3

4

5

6

Pre treatment 14 days post

Complement
replenished

CP 40

+ + +

+

- -

-- --

INPUT

*** ***

ns

Ti
te

r (
Lo

g
10

pf
u/

m
L)

2 x 10

0.1

1

10

100

Input (pfu/mL plasma)

Pe
rc

en
t R

ec
ov

er
y 

(%
)

Plasma Plasma + CP40

ns *
***

ns
D i Naive

0.1

1

10

100

Input (pfu/mL plasma)

Pe
rc

en
t R

ec
ov

er
y 

(%
)

Plasma Plasma + CP40

ND(1)
ns

**

ii Vaccinated E

Measle
s 

Reoviru
s

HSV-1
0.001

0.01

0.1

1

10

100

Pe
rc

en
t R

ec
ov

er
y 

(%
)

Plasma Plasma + CP40

ND (1)

*

ns

†

‡
§

†

‡‡‡
ns

4

2 x 10
5

2 x 106

2 x 107

2 x 10
4

2 x 10
5

2 x 106

2 x 107



 221 

 
Figure 2. 

C3 Convertase

Classical 
Pathway

Lectin 
Pathway

Alternative 
Pathway

Feedback 
loop

α-C1q 

α-MBL

α-Factor B

Compstatin
and analogs

(CP40)

Eculizumab

C3b

C5C3

C3a C5a

Terminal Pathway
MAC

0

1

2

3

4

5

6

Ti
te

r (
Lo

g 10
pf

u/
m

L)

INPUT

ns

***
***

***
***

0

1

2

3

4

5

6

Ti
te

r (
Lo

g 10
pf

u/
m

L)

INPUT***
***

*

Untouch
ed 

α-C
5

Untouch
ed 

0

1

2

3

4

5

6

Ti
te

r (
Lo

g 10
pf

u/
m

L)

Naive Vaccinated

INPUT
** *

Unto
uc

he
d 

α-C
1q

α-F
ac

tor
 B

α- 
MBL

α-C
1q

 + 
α-F

ac
tor

 B

α-M
BL +

 α
-Fac

tor
 B

Unto
uc

he
d 

α-C
1q

α-F
ac

tor
 B

α- 
MBL

α-C
1q

 + 
α-F

ac
tor

 B

α-M
BL +

 α
-Fac

tor
 B

B C D

A

α-C
5



 222 

 
Figure 3. 

Day 0 
Vaccination 

Day 6 
Tumor  
Implantation 
 

Day 14 
Complement  
depletion   
(CVF) 

Day 15 
Intravenous  
virus injection 
(1e8 pfu) 

Day 15 
Sacrifice (10 min) 

Day 16 
Sacrifice (24 h) 

Intravenous delivery schedule 

Replete

Depleted

Replete

Depleted
1

2

3

4

5

Ti
te

r (
Lo

g 10
pf

u/
gr

am
)

Lung
 tumours

Subcutaneous
 tumours

ND (2)ND (8) ND (8)

*** *

Blood

Tumour
Liver

1

10

100

1000

Fo
ld

 ch
an

ge
 a

t 1
0 

m
in

(C
om

pl
em

en
t d

ep
le

te
d/

re
pl

et
e)

Titer qPCR

Replete

Depleted
1

2

3

4

5

6

Ti
te

r (
Lo

g 10
pf

u/
gr

am
)

***

Subcutaneous 
tumours

Replete

Depleted
1

2

3

4

5

6

Ti
te

r (
Lo

g 10
pf

u/
m

L)

***

Blood

Replete

Depleted
0

1

2

3

4

5

6
**

48 hours post 
injection

Ti
te

r (
Lo

g 10
pf

u/
gr

am
)

A

B C D E

Day 0 
Vaccination 

Day 9 
Tumor  
Implantation 

Day 19 
Complement  
depletion   
(CVF) 

Day 20 
Intra-tumoral 
virus injection 
(1e7 pfu ) 

Day 21 
Sacrifice (24h) 

Intra-tumoral  delivery schedule 
Day 22 
Sacrifice (48h) 

F

Replete

Depleted
0

1

2

3

4

5

6

Ti
te

r (
Lo

g 10
pf

u/
gr

am
)

**

24 hours post 
injection

G H



 223 

 
Figure 4. 
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Supplemental Figure 1. 
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Supplemental Figure 2. 
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Supplemental Figure 4. 
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Supplemental Figure 5. 
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Supplemental Figure 6. 
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Supplemental Table 1.  

Supplemental Table. 1 Incidence of fever on the day of virus infusion

Naïve  Immune  

Animal ID Schedule Virus alone  Virus + CP40  Virus alone  Virus + CP40  

0600039  1 N N N N 

1007043  1 Y  Y  
 

N N 

1007027  2 Y  N N N 

0100238  2 Y  
 

N N N 
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