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 A promising area of cancer therapeutic development involves utilizing the 

immune system to preferentially target tumour cells. Cancer immunotherapies 

encompass numerous strategies including administering oncolytic viruses to 

preferentially infect and kill cancer cells and administering adeno-associated virus 

(AAV)-based gene therapies to produce a therapeutic transgene in vivo. The aim of this 

doctoral thesis was to improve therapeutic efficacy by optimizing dosing and delivery 

strategies in intracranial melanoma and ovarian cancer preclinical models. Here we 

explore how altering dosing protocols for the oncolytic rhabdovirus vesicular stomatitis 

virus (VSV) influences neutrophil and T cell populations in the blood and tissue of 

infected mice. VSV iv administration caused neutrophils to rapidly egress from the 

bone marrow and accumulate in the lungs. A dramatic increase in immature 

neutrophils was observed in the lungs, as was an increase in the antigen presentation 

potential of these cells within the spleen. Multi-dosing protocols cause both CD4+ and 

CD8+ T cells to become infected by VSV and reduce efficacy in a murine intracranial 

B16F10 melanoma model. In vitro modelling demonstrated that most activated T cells 



 

become infected and die, while an alteration in the VSV glycoprotein (G) protein 

prevents off-target infection. Ovarian cancer remains a highly lethal gynecological 

disease. One option to improve existing vasculature normalizing therapeutic options is 

to engineer the proteins to be expressed in vivo using AAV gene therapy vectors. Three 

AAV-vectored gene therapeutics that affected tumour vasculature (3TSR, Fc3TSR, and 

Bevacizumab) were tested in a murine model of epithelial ovarian carcinoma to analyze 

impact on survival and influences on natural killer and T cell numbers. Therapies were 

combined with the oncolytic avian orthoavulavirus-1 to assess whether the combination 

therapies altered tumour size or the number of metastases compared to AAV 

monotherapies. This thesis advances knowledge within three areas of cancer 

immunotherapy: the impacts VSV administration has on neutrophil populations, the 

mechanisms resulting in off-target infections of activated T cells, and the use of gene 

therapeutics to extend efficacy in a preclinical model of ovarian cancer. This 

information can be used to modify existing therapeutics to ultimately improve the 

health outcomes of cancer patients. 
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CHAPTER 1: LITERATURE REVIEW 

1.0 Cancer Overview 

 Cancer is defined as the uncontrolled division of cells, and encompasses over 100 

distinct diseases (1). Cancers represent the primary cause of death within Canada, and 

are responsible for approximately 30% of total annual deaths (2). It is estimated that 

50% of Canadians will receive a cancer diagnosis within their lifetime. Over 200,000 

new cases of cancer are diagnosed annually, culminating in 80,000 projected deaths (2). 

New therapies are required to improve patient prognosis and quality of life. 

 Traditional therapy options include surgery, chemotherapy, and radiation (2). 

Surgery is used to excise tumours and surrounding tissue (3). Chemotherapy is the 

administration of drugs that target rapidly dividing cells (4), whereas ionizing radiation 

damages cellular DNA to kill cells (5). These treatment options can be used as 

monotherapies or in combination. Despite improvements in clinical imaging to deliver 

more targeted treatments (6), severe side effects occur including hair loss, nausea, 

vomiting, weight loss, and fatigue (7). Additionally, treatment is time consuming and 

often entails hundreds of intensive clinical visits with exorbitant costs that decrease the 

quality of patient life. The Public Health Agency of Canada estimates that cancer costs 

the economy approximately $4.4 billion annually in both direct healthcare treatment 

costs and lost productivity (2). Improved treatments must be developed that reduce 
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side effects, have less intense treatment regimens, incur lower costs to the health care 

system, and improve treatment efficacy. 

 Hanahan and Weinberg have reviewed hallmarks of cancer (1), which are the 

main traits that are commonly shared by cancer cells. The original six traits were the 

ability for cancerous cells to evade apoptosis, to sustain angiogenesis, to possess 

limitless replicative potential, to invade tissues and metastasize, to become insensitive 

to antigrowth signals, and to self-sufficiently produce growth signals (1). The authors 

added an additional four hallmarks in 2011: inflammation, genome instability, atypical 

metabolic pathways, and evasion of the immune system (Figure 1) (8). Creating 

therapies that prevent cancerous cells from evading the immune system constitute a 

research area of interest. 
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Figure 1: The ten hallmarks of cancer. 

Adapted from Hallmarks of Cancer: The Next Generation. Hanahan and Weinberg, 
2011. Cell. 
 

1.1 Cancer Immunotherapy 

 One promising treatment option is immunotherapy, which involves restoring or 

strengthening the patient’s immune system to recognize and kill cancer cells (9). 

Effective immunotherapies exist due to previous research that identified tumour 

antigens, the link between the antigen presenting dendritic cells of the innate system 

and the resulting activation of lymphocytes, and the role of immunosuppressive cells 

such as regulatory T cells (Treg) (10). There are multiple strategies currently being 

explored to strengthen the immune response to tumours, including inducing 
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immunogenic cell death, administering cancer vaccines, and adoptive cell transfer (9). 

Before potential novel therapies are explored in this review, an overview of the 

interactions between cancer and the immune system is presented. 

1.1.1 Interactions Between Cancers and the Immune System 

 The interactions between the immune system and cancers have been studied for 

over a century (11). The immune system is capable of both inhibiting and enhancing 

tumour growth depending on whether it can accurately classify cancerous cells for 

destruction or in contrast is coerced into a suppressive state by signals originating from 

the tumour. This system can recognize and target cancer cells for death, while 

simultaneously creating an environment of Darwinian selection where the fittest 

tumour cells proliferate. Paul Ehrlich first postulated that the immune system must be 

responsible for preventing cancers in organisms with relatively long life spans (12). 

However, this theory could not be tested for over half a century until the fundamentals 

of the field of immunology had been established. The discovery of tumour antigens led 

to a re-examination of Ehrlich’s hypothesis (13), and the cancer immunosurveillance 

hypothesis that stipulates that the adaptive immune system prevents cancer from 

developing via recognition and elimination of cancerous cells (14, 15). The 

immunosurveillance hypothesis was later expanded to the immunoediting hypothesis.  
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1.1.2 Immunoediting 

  Immunoediting has been characterized as having three phases: elimination, 

equilibrium, and escape (16). During the elimination phase the immune system is 

capable of effectively destroying cancerous cells before they proliferate and cause 

clinical signs. Cancerous cells that are able to survive the elimination phase have 

acquired immunoevasive properties driven by the acquisition of new mutations over 

time and are able to enter the equilibrium phase (16). Equilibrium is characterized by 

tumour dormancy and has been experimentally shown to be maintained predominantly 

by T cells of the adaptive immune system, and can occur for a prolonged period of time 

(17). T cells maintain equilibrium by recognizing tumour-specific antigens (TSAs) on 

cancer cells and targeting them for destruction (18).  

 Tumours can acquire multiple mechanisms to escape the equilibrium phase. 

During the escape phase, tumours can reduce the ability of the immune system to 

recognize them by reducing the number of tumour antigens, co-stimulatory molecules, 

and major histocompatibility complex (MHC) class I molecules expressed on the cell 

surface (16). These cell surface aberrations reduce the ability of antigen presenting cells 

to activate T cells, and subsequently facilitate escape from detection. Tumours can 

increase their survival by upregulating signal transducer and activator of transcription 

3 (STAT3) (19, 20) and B cell lymphoma-2 (Bcl-2) (21, 22) to evade apoptosis. With these 
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newly acquired mutations the tumour can grow during the escape phase and create an 

immunosuppressive microenvironment. Tumours that reach this phase rapidly increase 

in size and result in clinical signs and symptoms. The three phases are not always 

linear. Indeed, tumours often shift between the phases in response to new mutations 

and responses from the immune system (23). These mechanisms are predominantly 

driven by mutations that facilitate escape from T cells. Cancers that are clinically 

relevant therefore have acquired an immunoevasive phenotype. This potent 

combination of immunosuppressive strategies explains why tumours can evade the 

immune system to proliferate unchecked. Tumour immuno-evasion has been 

historically observed in immunocompromised patients. Patients receiving 

immunosuppressives to treat acquired immunodeficiency syndrome (AIDS) (24) or 

after organ transplants (25, 26) have higher incidences of cancer. The goal of 

immunotherapy treatment is to overcome this phenotype with a combination of 

potentiating effector mechanisms and interfering with the immunoevasive mechanisms 

utilized by tumours.  

1.1.3 Checkpoint Blockade Inhibitors 

 A novel facet of immunotherapies involves using immunomodulatory antibodies 

to treat cancers (27). Immunomodulatory antibodies are proteins that interact with the 

immune system. Antibodies can be created against immune checkpoints such as 
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cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) or programmed death 1 (PD-1). 

CTLA-4 is thought to regulate T-cell proliferation early in an immune response, 

primarily in lymph nodes, whereas PD-1 suppresses T cells later in an immune 

response, primarily in peripheral tissues. PD-1 is a protein on T cells (Figure 2) that can 

reduce their proliferation and is involved with neoplastic immune evasion (28). 

Creating an antibody to block PD-1 therefore has the potential to enhance a range of 

treatments including radiotherapy, chemotherapy, agnostic antibodies, and T cell-based 

immunotherapies (29). The ligand for PD-1 is PD-L1 and is expressed on leukocytes 

within the tumour microenvironment as well as cancerous cells (27). Studies have 

demonstrated that blocking the interaction between this receptor and ligand results in 

anti-tumour activity, because the tumour becomes unable to attenuate T cell 

proliferation and subsequent apoptosis of cancerous cells (30, 31). Expression of these 

blockade proteins is heterogeneous between patients (32). Patients with high expression 

levels are better candidates for immune checkpoint blockade therapy, as it is not an 

effective treatment in all patients. Studies of melanoma and adenocarcinoma patients 

found positive correlations between PD-L1 expression and prognosis (31, 32), although 

the number of tumour infiltrating lymphocytes had stronger prognosis correlations for 

melanoma patients. In the context of breast cancer, patients had a better prognosis if 

they did not express PD-L1, as expression was associated with larger tumour size (33). 
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Figure 2: Interactions between T cells and tumour cells in the presence and absence 
of PD-L1. 

The image is an original production. Ab: antibody; MHC: Major histocompatibility 
complex; TCR: T cell receptor; PD-1: programmed death 1; PD-L1: programmed death 
ligand 1. 
 
 Several studies have demonstrated that the administration of anti-PD-L1 is an 

effective method to treat cancers. The administration of the PD-L1-specific antibody 

BMS-936558 resulted in a response in approximately 25% of patients with melanomas, 

non-small cell lung cancers, or renal cell cancers (28). Patients with tumours expressing 

PD-L1 had an objective response rate of 36%, whereas all patients whose tumours did 

not express PD-L1 did not clinically respond to the treatment (0% objective response 

rate). Therefore, advance testing of whether the tumour expresses PD-L1 should be 
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considered when determining if this immunotherapy is suitable for a patient. An 

additional study used anti PD-L1 MPDL280A to treat patients with metastatic urothelial 

bladder cancers (34). This IgG1 antibody prevented PD-L1 from interacting with PD-1 

and B7.1. The fragment crystallizable (Fc) domain was engineered to prevent T cell 

depletion from antibody-dependent cytotoxicity. The phase I trial determined that this 

antibody resulted in low toxicity and a 43% response rate in patients with 

immunohistochemistry (IHC) 2/3 tumours (positive for PD-L1 expression in tumour-

infiltrating leukocytes), and a response rate of 11% in patients with IHC 0/1 tumours 

(34). These initial trials demonstrated the feasibility of delivering immunomodulatory 

antibodies to treat patients with cancers.  

1.1.4 The Tumour Microenvironment 

 Cancers carefully control the tumour microenvironment to prevent elimination 

by the immune system. In 1982 Bissell postulated that this environment contributes to 

tumour proliferation as equally as the accumulation of mutations to its genome (35). 

Many tumours are hypoxic, which means that the environment has a low oxygen 

supply (36). As a tumour grows rapidly, an insufficient blood supply is built. The 

abnormal vasculature leads to areas of low oxygen concentrations. This is especially 

pronounced in large solid tumours and may be absent in small tumours and metastatic 

lesions. Within this hypoxic environment tumours can recruit neutrophils and 
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macrophages that produce generally pro-inflammatory cytokines and effector 

molecules to favour tumour proliferation (37). The tumour microenvironment is 

persistently inflamed and has been described as a wound that does not heal (38). 

Additionally, tumours endeavour to exclude cytotoxic T cells from the 

microenvironment to prevent cancer cell death (39). These effector cells are excluded by 

a range of strategies including abnormal vasculature preventing their infiltration, 

checkpoint inhibitors, and expression of immunosuppressive chemokines (40). 

 The tumour microenvironment changes extensively as tumours proliferate (36). 

Cancer-associated fibroblasts (CAF) secrete cytokines and growth factors that increase 

tumour size, promote angiogenesis, and inflammation (41). These cells utilize the 

nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κß) pathway to 

increase inflammation (41), and contribute to tumourigenesis by recruiting cells such as 

bone marrow-derived endothelial cells (42). CAFs are the main component of 

connective tissue, and are also responsible for the generation and deposition of 

numerous structural components such as collagen, fibronectin, and laminin (43). An 

alternative extracellular matrix with differing isoforms and tensile strength is created 

that alters tumour cell signaling. 
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1.1.5 Tumour Vasculature and Thrombospondin 

 Angiogenesis is the development of new blood vessels. This predominantly 

occurs during embryogenesis, however tumours undergo dysregulated angiogenesis 

(145, 146). The resulting vascular network is abnormal in respect to oxygenation and 

fluid dynamics. Atypical vasculature prevents leukocytes from entering the tumour 

microenvironment. Normalizing the vasculature therefore represents a method to treat 

solid tumours by increasing the delivery of therapeutics, nutrients, and leukocytes 

(147). 

 Thrombospondin-1 (TSP-1) is synthesized, secreted, and incorporated into the 

extracellular matrix by a variety of cells including endothelial cells (44). TSP-1 is an 

angiogenesis inhibitor with tumour-suppressive properties (45). TSP-1 inhibits 

angiogenesis that is stimulated by pro-angiogenic factors such as fibroblast growth 

factor 2 (FGF2), interleukin-8 (IL-8), platelet-derived growth factor (PDGF), and 

vascular endothelial growth factor (VEGF). A portion of this protein is comprised of the 

three thrombospondin type I repeat domains (3TSR), which are homologues with anti-

angiogenic and anti-tumour properties (46). Vascular normalization with 3TSR can 

enhance chemotherapeutic efficacy by increasing delivery rates of the drug and 

nutrients to the tumour microenvironment (47). 3TSR prevents blood vessel formation 

via inhibition of matrix metalloproteinase 2 (MMP2) (48) and lowers the bioavailability 
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of FGF2 (49). The TSP-1 receptors ß1-integrin and cluster of differentiation 36 (CD36) 

co-cluster with the vascular endothelial growth factor receptor 2 (VEGFR2) to modulate 

its activity and prevent angiogenesis (50). TSP-1 can also inhibit angiogenesis through 

the activation of the caspase-dependent death pathway (51), and has a C-terminal 

domain that is capable of binding to the integrin-associated protein CD47, which 

identifies self on red blood cells (52). CD47 prevents macrophage elimination by 

binding to inhibitory receptor signal regulatory protein alpha (SIRPα). Tumours take 

advantage of this pathway to avoid phagocytosis (53). 

 3TSR has been experimentally shown to be a potent therapeutic agent to treat 

epithelial ovarian cancers (EOCs) (46). In conjunction with chemotherapy, 3TSR 

significantly increased survival and reduced tumour mass by normalizing the tumour 

vasculature and improving the uptake of chemotherapeutics (46). It has previously been 

determined that 3TSR induces epithelial cell apoptosis via extrinsic and intrinsic 

apoptotic pathways by using a CD36/Fyn/c-Jun N-terminal kinases (JNK)/death 

receptor 4 (DR4) and DR5-dependent pathway (54). To date, 3TSR has been effective in 

causing apoptosis in EOC, pancreatic cancer (55), and leukemia cells (56). Another 

study has determined that an additional 3TSR receptor is b1 integrin. These integrins 

associate with VEGFR-2 and CD36 (57). 3TSR normalizes the vasculature by targeting 

areas lacking mature pericyte coverage such as on immature tumour blood vessels (46). 
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The subsequent vasculature that forms in response to stimulation from IL-8 and VEGF 

have elevated expression levels of Fas. Therefore, 3TSR was able to selectively kill blood 

vessels as FasL expression increased on EOC cells (46). 

 Although recombinant 3TSR can be injected as a drug intraperitoneally (i.p.), 

there are numerous limitations. This drug is expensive to manufacture, especially for 

animals with larger body masses such as dogs, cats, and humans. Daily i.p. injections 

into patients with cancer would be required because 3TSR has a short half-life. This 

would impact health care costs and quality of life of patients. In theory, maintaining a 

constant concentration of 3TSR within the body would be an improvement over large 

fluctuations in the in vivo concentration. These limitations could potentially be 

overcome by vectorizing 3TSR within a gene therapy vector such as an adeno-

associated virus (AAV) vector, essentially having the patient manufacture their own 

3TSR. Synthesizing the protein via gene therapy could potentially reduce drug 

production costs, require only a single injection, and would maintain a more consistent 

expression level in the body. 

1.1.6 Innate Leukocytes 
 A robust immune system possesses an array of cellular and non-cellular 

components including chemokines, cytokines, complement proteins, and acute-phase 

proteins to effectively combat tumour proliferation. Exploring how each cell type 
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within the immune system contributes to cancer prevention has implications for 

creating effective therapies. The interactions between the immune system and tumours 

are summarized in Figure 3. 

 

Figure 3: Summary of the major interactions between the immune system and 
tumours. 

The tumour microenvironment is an anatomical location where complex interactions 
between cancerous cells and leukocytes occur. Dendritic cells (DCs) are professional 
antigen-presenting cells that present tumour-associated antigens in the tumour-
draining lymph node to naïve T cells. CD8+ cytotoxic T cells can target cancerous cells 
for destruction, as can natural killer (NK) cells. Regulatory T cells (Tregs) are 
immunosuppressive cells that dampen the immune system response via 
immunosuppressive cytokine production and immune checkpoint blockade, thus 
resulting in tumour proliferation. Likewise, M2 macrophages are anti-inflammatory 
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and associated with a poor prognosis. M1 macrophages have an opposite phenotypic 
effect and promote inflammation. Although eosinophils are typically associated with 
parasites and allergies, mounting evidence demonstrates that they influence the 
prognosis for a patient and warrant further examination. CD: cluster of differentiation; 
TIL: tumour-infiltrating leukocyte. 
 

1.1.6.1 Dendritic Cells 

 Dendritic cells (DCs) are professional antigen-presenting cells (APCs). These 

bone marrow-derived cells present antigens on MHC class I and II molecules, which 

proceed to activate naïve T cells in conjunction with appropriate levels of co-stimulation 

(58). Dendritic cells are therefore crucial for commencing an adaptive immune response. 

DCs are also involved in creating tolerance to harmless antigens, by sampling food-

derived antigens, commensal bacteria, and commensal viruses (59). DCs create 

tolerance by presenting Ags with weak or no co-stimulation; this is a strategy tumours 

can use to force the down-regulation of co-stimulatory molecules on DCs, especially in 

tumour-conditioned draining lymph nodes. DCs generate Tregs (60) in the presence of 

transforming growth factor-beta (TGF-ß) (61), thymic stromal lymphopoietin (62), and 

prostaglandin E2 produced by the mesenchymal and epithelial cells. DCs have been 

widely used in cancer immunotherapy (63) and are able to process tumour antigens 

from both deceased and living cancerous cells. Tumour-associated antigens (TAAs) are 

then cross-presented in tumour-draining lymph nodes to naïve T cells. The resulting 

tumour-specific CD8+ T cells are capable of effectively destroying cancer cells. 
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1.1.6.2 Eosinophils 

 Eosinophils are innate granulocytes that are most frequently associated with 

their ability to kill eukaryotic parasites and mediate allergic responses. However, a low 

eosinophil count in tumours is also associated with a wide range of cancers (64). 

Eosinophilia is an increase in the number of eosinophils in the blood, and has been 

documented to occur in numerous types of cancers including metastatic carcinomas (65) 

and gastric tumours (66). Infiltration of eosinophils in advanced gastric tumours 

resulted in a significant improvement in patient prognosis (66). Over half (56%) of 

patients with an eosinophil infiltration of over 100 eosinophils within their tumour 

tissue were alive after five years, in comparison to 39% with fewer than 100 infiltrated 

eosinophils into the tumour. Both pro- and anti-cancer mechanisms have been defined 

for eosinophils. Indoleamine 2,3-dioxygenase (IDO) is an enzyme that is involved with 

tumour immune evasion (67). An immunohistochemistry study of patients with non-

small cell lung cancers demonstrated that eosinophils can express IDO and contribute to 

the ability of cancer cells to evade the immune system (68). In contrast, the infiltration of 

eosinophils into gastric tumours may lead to an improved prognosis because of a 

cytotoxic effect against the tumour cells via the peroxidase system (69). 
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1.1.6.3 Neutrophils 

 Neutrophils are the most abundant leukocyte in mammals and are responsible 

for both a pro-inflammatory and anti-infectious response and constitute a first line of 

defense against invading pathogens and cell damage (70). While circulating in the blood 

they migrate towards sites of inflammation via a range of chemotactic signals including 

IL-8 (71), hydrogen peroxide (72), and C5a (73). These phagocytes mediate injury of 

target cells, and initiate inflammation (74). They recruit monocytes and DCs, and 

activate lymphocytes (74). Elevated pre-treatment ratios of neutrophils to lymphocytes 

in the blood have been correlated to worse cancer-specific and overall survival rates of 

patients with epithelial ovarian (75) and colorectal (76) cancers. A higher ratio indicated 

a more inflammatory response, and was elevated in patients with cancers versus benign 

tumours. Neutrophils have been shown to be prevalent in the tumour 

microenvironment and contribute to both a pro- and anti-tumoural response, which is 

dependent on signals emitted from cancer cells (77).  

1.1.6.4 Macrophages 

 Macrophages are innate phagocytes, and were discovered by Metchnikoff in 1883 

(78). These cells are responsible for engulfing cellular debris, microorganisms, and 

cancer cells. After engulfing particles with foreign and self-derived antigens, 

macrophages increase inflammation and present antigens to T cells. Macrophages are 
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responsible for inflammation within the tumour microenvironment, and express both 

pro and anti-tumour activity, referred to as the “macrophage balance”. These cells 

constitute the majority of tumour-infiltrating leukocytes (79). M1 macrophages increase 

inflammation via the T helper cell type 1 (Th1) pathway, whereas M2 macrophages 

lower inflammation and repair tissue damage by promoting a Th2 response (80). The 

Th1 pathway confers cellular immunity and results in an increased ability to destroy 

cancerous cells and intracellular pathogens, whereas the Th2 pathways favours the 

destruction of extracellular pathogens (81). Th1 cells produce IFN-γ, IL-2, TNF-α, which 

are beneficial to removing cancer cells by increasing the number of CD8+ cytotoxic T 

cells. Th1cells also favour the switching of B cells to IgG2 production, an isotype that is 

present in both humans and mice. A Th2 response is detrimental to the immune 

system’s ability to kill cancer cells because it promotes angiogenesis and inhibits cell-

mediated anti-tumour immunity (82). M2 macrophages constitute the majority of 

tumour-associated macrophages (TAMs) (83). TAMs are linked to multiple aspects of 

tumour formation including angiogenesis, cell growth, metastasis, and diversion of 

adaptive immune responses (84).  

1.1.6.5 Natural Killer Cells 

 Natural killer cells are able to mount an anti-tumour response (85). These innate 

lymphocytes comprise 15% of peripheral blood lymphocytes, and are also present in 
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other anatomical regions including the liver and peritoneal cavity (86). In vivo reduction 

in the number of NK results has been demonstrated to increase tumour formation. NK 

cells also produce cytokines to control the activity of other cells. The induction of TNF-

related apoptosis-inducing ligand (TRAIL) is caused by IFN α/ß (87). NK cells can kill 

cancer cells by using receptors such as NKG2D to recognize antigens that are 

overexpressed on tumours (85). NK cells can also kill cancerous cells that do not have 

ligands that NKG2D can recognize, implicating the existence of currently unidentified 

tumour ligands for NK cell receptors.  

 Although MHC class I is typically a potent inhibitor of NK-mediated cell killing, 

it has been experimentally shown that NK cells can kill tumours that have high levels of 

MHC class I expression such as hepatomas (88), gliomas, meningosarcomas, 

melanomas, adenocarcinomas, and fibrosarcomas (89). One hypothesis that may explain 

these conflicting results is that some MHC class I tumour variants were created via 

chemical mutagenesis or gamma irradiation and may have influenced the results that 

led to NK inhibition. NK cells can become exhausted during extensive interactions with 

viruses or cancer (90). Exhausted phenotypes include the downregulation of numerous 

receptors including NKG2D, 2B4, and CD6. Upregulated exhaustion markers include T 

cell immunoglobulin and mucin domain-3, PD-L1, and NKG2A (90). Exhausted NK 

cells produce fewer cytokines and have lower cytolytic activity. 



 

 

 

 

20 

1.1.7 Adaptive Leukocytes 

 The adaptive immune response is crucial for preventing cancers. This response 

takes days instead of hours to initiate, but creates memory that results in a quicker 

response upon subsequent exposure (91). Adaptive immunity is mounted in response to 

specific antigens and involves lymphocytes, antigen-specific receptors, antibodies, and 

clonal expansion (92). TAAs are present on both healthy and cancerous cells (23), 

whereas TSAs are unique to cancerous cells. TSAs are expressed in tumour cells via 

several mechanisms including mutated genes, gene translocation events, B cell 

receptors on B cell-derived malignancies, and via oncogenic virus-derived antigens. 

These antigens are required for immunosurveillance to occur after they have been 

presented to naïve T cells via the MHC on APCs. After antigen presentation has 

occurred, stimulated T cells undergo clonal expansion. B cells are activated in both T 

cell-dependent and -independent manners. B cells can present antigens and secrete 

antibodies. TAAs are therefore prime targets to be exploited in targeted 

immunotherapies (93).  

1.1.7.1 T Cells 

 T cells are lymphocytes that mature in the thymus. T cell antigen recognition is 

very specific. Cytotoxic T cells can recognize a change as little as a single amino acid in 

a TAA (39). Peptides that bind to MHC class I are presented to effector CD8+ T cells. 
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These cytotoxic T cells have the potential to destroy tumour cells. This process requires 

the T cells to have become activated by DCs presenting cancer antigens, as well as the 

ability for the T cells to come into physical contact with cancer cells expressing the 

cognate peptide in the context of MHC class I (39). Indeed, adoptive cell transfer 

experiments using T cells have demonstrated that treating a patient with autologous 

TILs recognizing TSAs leads to an improved prognosis (94). CD8+ T cells are regulated 

by exhaustion markers (95), which are receptors that are upregulated by long-term 

exposure to the tumour microenvironment or after persistent infection. Immune 

checkpoint inhibitors that are associated with exhaustion include CTLA-4, PD-1, T cell 

immunoreceptor with Ig and ITIM domains (TIGIT), lymphocyte-activation gene 3 

(LAG-3), and CD244 (96).  

 Regulatory T cells can suppress a variety of cells including CD8+ and B 

lymphocytes, as well an antigen-presenting cells and NK cells (97). These cells co-

express CD4 and FOXP3 (23). Approximately half of a Treg population express CD25 at 

a given time, and CD4+FOXP3+CD25- cells can also be immunosuppressive (98). Indeed, 

treatment of patients with anti-CD25 only depletes half of their Tregs, which has 

implications for immunotherapies. Anti-CD25 is also an activation marker, so its 

administration concurrently depletes activated effector cells. Although these cells are 

crucial to prevent an overreaction of the immune system in a healthy individual, they 
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are manipulated by the tumour microenvironment. Tregs are chemoattracted to 

tumours and can become activated by recognizing TAAs that are released via tumour 

cell death (99). Subsequently, the suppression of cytotoxic T cells results in an increase 

in tumour proliferation.  

1.1.7.2 B Cells    

 B cells are lymphocytes that can secrete antibodies, which bind to surface-

expressed tumour antigens to target them for complement-mediated lysis or 

phagocytosis (100). B cells are also capable of presenting antigens. Additionally, 

regulatory B cells exist. Tumours recruit these cells to convert CD4+ T cells into 

regulatory cells (101). This mechanism has been experimentally shown to promote 

breast cancer metastasis. Malignant B cells cause numerous cancers including 

leukemias, lymphomas, and multiple myelomas (102). 

1.2 Oncolytic Virotherapy 

1.2.1 Immunogenic Cell Death from in situ Cancer Vaccines 

 In the context of cancer, immunogenic cell death (ICD) is cellular death that 

results in an immune response via the activation of DCs, antigen presentation, and 

subsequent activation of T cells (103). ICD results in a targeted immune response 

against cancerous cells. Immunogenicity requires that both antigenicity and 

adjuvanticity occur (103). ICD can be induced by many different types of therapies, 
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including chemotherapy, radiation therapy, photodynamic therapy, high hydrostatic 

pressure, and oncolytic viruses (OVs) (104-107). ICD is useful because it results in anti-

tumour immunity by creating an immune response against tumour Ags via multiple 

conserved cell death pathways. By engaging multiple pathways, danger-associated 

molecular patterns (DAMPs) are released from dying cells, which attract innate 

leukocytes such as DCs to the tumour microenvironment. These antigen-presenting 

cells mature and present TAAs to T cells, resulting in a targeted immune response 

against tumours. The interactions between ICD and the immune system is crucial in 

designing combination therapies (108).  

 Oncolytic viruses are viruses that preferentially destroy tumour cells over 

healthy cells. Their presence was first noted in the 1800s when doctors observed that 

cancer patients with infections had better cancer prognoses (109). Oncolytic 

virotherapies represent a promising immunotherapy because they often have fewer 

severe side effects in patients than traditional chemotherapy or radiation. Indeed, the 

toxicity of OVs is so low that the maximum tolerated dose is often not reached during 

phase I clinical trials (110). These viruses are capable of targeting tumour cells by 

exploiting changes the tumour microenvironment has undergone to avoid the immune 

system. By evading the host’s natural defenses, the tumour has essentially made a “deal 

with the devil” that can be used for viral targeting. OVs exploit cell surface receptors 



 

 

 

 

24 

that are upregulated on cancerous cells (111) such as fibroblast growth factor receptor. 

CD46 is the major receptor for Measles virus and is involved in viral attachment and 

entry (112). Tumour cells have high CD46 expression levels compared to healthy cells, 

enabling Measles specificity and increased infection and cell fusion. Furthermore, 

intracellular aberrations in gene expression exist in tumours. Tumour-specific gene 

promoters like human telomerase reverse transcriptase and survivin are over-activated 

in tumour cells. Defects in tumour cell type I IFN production, sensing, and signalling 

are exploited by OVs. Viruses can be genetically engineered to possess viral promoters 

or gene deletions that only allow viral replication in cells with high concentrations of 

the desired gene product or metabolic state. For example, Vaccinia virus possesses a 

thymidine kinase (TK) gene. If this gene is deleted, the virus can only replicate in 

metabolically active cells with sufficient TK concentrations, such as cancer cells (113). 

Lastly, physical features of the microenvironment such as oxygen concentrations have 

been exploited (111). For example, the p53-expressing conditionally replicative 

adenovirus viral vector system Ad CNHK500 is controlled by a hypoxia-responsive 

promoter entitled hypoxia response element (114).  

 Oncolytic viruses have multiple mechanisms of action to kill tumour cells. OVs 

can induce tumour-specific immune responses. Many immunogenic pathways can 

become activated including autophagic cell death, immunogenic apoptosis, necroptosis, 
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and pyroptosis (108). When the tumour cell is lysed, TAAs are released to the 

surrounding environment (108), where they are picked up by DCs and presented to 

naïve T cells. The viral life cycle results in the release of pathogen-associated molecular 

pattern (PAMPs), thereby stimulating pathogen recognition receptors (PRRs) from the 

innate immune system (108). This stimulation induces inflammatory cytokines and the 

antiviral type I IFNs. Additionally, OVs induce vascular shutdown via targeted 

inflammation (115). OV induced vascular shutdown is not always beneficial; combining 

OVs with a vascular normalization therapy such as 3TSR prevented vascular shutdown 

and promoted tumour regression in a murine model of EOC (116). 

 Substantial advances to oncolytic virotherapy have been made in the past few 

decades. The first genetically engineered virus to replicate inside a cancer (glioma) was 

herpes simplex virus-1 (dlsptk) (117). The first OV approved for treatments in human 

patients was adenovirus H101 made by Shanghai Sunway Biotech in China in 2006 

(118). The first food and drug administration (FDA) -approved OV was talimogene 

laherparepvec (T-VEC; also known as imlygic) (119) in 2015, which is a herpes simplex 

virus used to combat melanoma lesions. The approval of this therapy is a promising 

step towards increasing the number of OV-based treatment options for North American 

patients. Viruses that have had promising experimental results include vesicular 

stomatitis virus (VSV), vaccinia virus (VACV), and avian orthoavulavirus-1 (AOaV-1, 
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also known as Newcastle disease virus/NDV), among many others (Table 1). Reovirus 

and measles virus are two additional OVs with promising clinical results to date. 

 

Table 1: Summary of Relevant Oncolytic Viruses and Gene Therapy Vectors 

 Attenuated recombinant oncolytic viruses Gene therapy vectors 

Vesicular 
stomatitis 
virus 

Avian 
orthoavulavirus-1 

Vaccinia 
virus 

Adenovirus 
Adeno-associated 
virus 

Abbreviation VSV AOaV-1 VACV Ad AAV 

Viral family Rhabdoviridae Paramyxoviridae Poxviridae Adenoviridae Parvoviridae 

Genetic 
material 

(-) ssRNA (-) ssRNA dsDNA dsDNA (-) ssDNA 

Host species 
Cattle, horses, 
pigs, insects 

Avian species 
including 
chickens 

Humans 
Many 
vertebrate 
hosts 

Many vertebrate 
hosts 

Replication Cytoplasm Cytoplasm Cytoplasm Nucleus Nucleus 

Genome size ~11 kbp ~15 kbp ~190 kbp ~36 kbp ~4.7 kbp 
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1.2.2 Oncolytic Viruses of Interest 

1.2.2.1 Vesicular Stomatitis Virus  

 Vesicular stomatitis virus is an enveloped, negative-sense RNA virus (120). VSV 

belongs to the family Rhabdoviridae and the genus vesiculovirus (121). In livestock, VSV 

clinically manifests as ulceration of the tongue, feet, and teats. VSV is highly sensitive to 

interferon-induced antiviral responses (122), and is therefore able to exploit the 

immunosuppressive tumour microenvironment to replicate in the cytoplasm of 

interferon-nonresponsive cancer cells (123). The virus has a relatively small genome size 

of 12 kbp (124) that encodes five proteins; the nucleocapsid protein, phosphoprotein, 

matrix protein, glycoprotein (G), and the large protein. It has previously been 

demonstrated that immunizing with a recombinant adenovirus vaccine before 

treatment with a VSV that expressed the identical tumour antigen significantly 

increased anti-tumoural immunity (125). 

1.2.2.2 Vaccinia Virus 

 Vaccinia virus (VACV) is a large, enveloped double-stranded DNA virus that is a 

member of the Poxviridae family (126) in the genus orthopoxvirus (127). VACV is 

genetically related to cowpox and horsepox viruses (128). Historically, this virus was 

used in the smallpox vaccine to eradicate the devastating variola virus (128). The ~400 

nm virus replicates in the cytoplasm (129) enclosed by a mini-nuclei surrounded by the 
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endoplasmic reticulum (ER) (126). VACV has a large 190 kbp genome (129) that 

contains over 200 genes that can subsequently produce 75 proteins (130). There are 

currently several clinical trials using VACV to treat a range of cancers. For example, the 

recombinant VACV GLV-1h68 (131) carries a light-emitting fusion gene that illuminates 

the tumour to allow for improved surgical excision accuracy. JX-594 is an oncolytic 

immunotherapeutic VACV that is used to treat advanced hepatocellular carcinoma via 

both immunotherapeutic and oncolytic mechanisms of action (132). A high dose of 

vaccinia resulted in significantly higher median survival time compared to a low dose 

(14.1 vs. 6.7 months respectively) (132). However, in 2019 JX-594 failed a phase III liver 

cancer clinical trial due to inability to meet primary target objective concerning survival 

efficacy, although no safety concerns were documented. Additional viral modifications 

or combination therapies may be needed to optimize this OV for efficacious clinical use. 

1.2.2.3 Avian Orthoavulavirus-1 

 Avian orthoavulavirus-1 (AOaV-1, also known as Newcastle disease virus/NDV) 

was first studied as a potential antineoplastic agent in 1965 (133). This negative-sense 

ssRNA virus infects avian species and is a member of the Paramyxoviridae family and 

the genus avulavirus (134). It has a 15 kbp genome (135) encoding six genes and seven 

proteins (136) and was originally named after the location of the first recorded outbreak 

in chickens, Newcastle-upon-Tyne, England, in 1926 (137). AOaV-1 is a potent inducer 



 

 

 

 

29 

of tumour necrosis factor-α (TNF-α) and causes neoplastic cells to become more 

sensitive to cytosolic effects from TNF-α (138). AOaV-1 induces apoptosis by activating 

intrinsic and extrinsic pathways (139). In patients with renal cell carcinomas, 

administration of AOaV-1 resulted in the induction of antibodies against AOaV-1 

proteins, but not against the tumour antigens (140). Significant increases in IFN-γ and 

TNF-α were observed four hours post-vaccination, but there was no noticeable increase 

in IFN-α. Immunomodulation was therefore predominantly via cytokine induction 

instead of a tumour-specific response. In contrast, it has been shown the AOaV-1 can 

result in both induction of tumour-specific T cells (141, 142) and can be modified to 

produce tumour-specific antibodies (143). 

1.2.2.4 Reovirus 

 Reovirus is a dsRNA non-enveloped virus belonging to the reoviridae family 

(144). Reo is an acronym for respiratory enteric orphan, due to its presence in a wide 

range of hosts' gastrointestinal tracts in the absence of disease. Reoviruses preferentially 

infect cancer cells even in the absence of human genetic engineering. Cancer cells with 

aberrations in the IFN, Ras, p53, and Rb pathways are especially susceptible to reovirus 

oncolysis (145). This OV has been successful in a wide range of human clinical trials 

including breast, lung, pancreatic, prostate, and ovarian cancers (144). A review of 

clinical trials concluded that reovirus can be well tolerated up to 3x1010 PFU (144). The 
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most common dosing protocol was iv administration for 3-5 consecutive days repeated 

every 3-4 weeks. Although modest efficacy is achieved in monotherapy, reovirus was 

most effective in combination therapy with chemotherapeutics. 

1.2.2.5 Measles Virus 

 The measles virus is an enveloped negative sense ssRNA within the 

paramyxovirus family. Humans are the only known host, and this virus is the causative 

agent of the highly contagious measles disease. However, recombinant measles virus 

constitutes a safe and effective OV option (146). Measles was first considered as an OV 

when cancer patients exhibited disease regression after a measles infection (147). The 

vaccine strain has a preference to cancer cells due to the density of the CD46 surface 

receptor, which are abundant on cancerous cells (112). This membrane cofactor protein 

prevents autologous destruction by complement, and cancers can use this to avoid 

detection by the immune system. To date, the measles virus has been used in 19 distinct 

clinical trials including melanoma, renal cell carcinoma, ovarian cancer, and breast 

cancer (146). 

1.2.3 Are OVs Oncolytic Agents or in situ Vaccines or Both? 

 An area of oncolytic virotherapy that requires additional research involves 

determining the optimal dosing frequency. Researchers must consider whether the goal 

of OV administration is virocentric or immunocentric. If the therapy is virocentric, the 
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goal is to frequently administer the maximum tolerated dose of the virus. By increasing 

the amount of OV in the system there is a higher multiplicity of infection to infect as 

many tumour cells as possible. Therefore, administering a dose daily or every other day 

would be desired. However, if the goal of OV administration is immunocentric, the goal 

is to create a treatment that mimics an in situ vaccine. An optimal dose of virus should 

be administered to stimulate the immune system to induce an adaptive immune 

response. The current infectious disease childhood vaccination schedule involves 

administering booster shots after months or years (148). When determining a 

vaccination schedule, researchers in the infectious disease field test multiple schedules 

using ELISAs to determine the optimal balance of fast protection and high antibody 

titers (149). For example a rapid schedule (days 0, 7, 21), conventional (days 0, 28, 300), 

modified conventional (days 0, 21, 300), or accelerated conventional (days 0, 14, 300) 

may be tested (149). If vaccines are administered at a suboptimal interval, the secondary 

vaccine may have less protection or a lower antibody titer. It has previously been 

demonstrated that VSV is capable of infecting and reducing the viability of DCs (150). 

Reducing the number of professional antigen-presenting cells would have implications 

for immunotherapies, because these innate cells are a crucial link for presenting 

antigens to T cells and initiating a memory response. More studies are required to 

determine the outcome of multi-dosing on the health of leukocytes. 
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1.2.4 Comparison of OV Dosing Regimens 

 A variety of dosing strategies have been used in clinical trials. Table 2 contains a 

partial list of AOaV-1, VACV, and VSV dosing strategies. The most aggressive 

treatment plan involved administering 1-4 doses/ day, four times per week on a small 

number of patients with advanced-stage cancers. Many of the reviewed studies 

administered the OV biweekly. Overall, minimal side-effects were reported for the 

studies, often including fever and sensitivity at the injection site. Studies also reported 

increases in median patient survival duration compared to untreated controls. 

However, most studies did not provide an explanation for how their dosing regimen 

was chosen, or data demonstrating that their regimen resulted in longer survival 

compared to an alternative treatment interval. Flow cytometry data on the effect of 

treatment on key leukocytes was often not collected. Indeed, in 2010 a mathematical 

model was created to determine the theoretical optimization of cancer virotherapy 

doses (151). The authors determined that in most cases administering more than two 

doses is not beneficial, correct delivery times improves patient benefits compared to 

continuous or scheduled therapy, and that an improperly timed second dose may be 

more harmful than a single dose (151). Future clinical trials are encouraged to include a 

rationale for why the vaccination schedule was chosen. 
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Table 2: Dosing Regimens of AOaV-1, VACV, and VSV Clinical Trials 

Oncolytic 
virus 

Cancer type Number of 
subjects 

Dosing regimen Outcome Ref. 

AOaV-1 Advanced renal 
cancer 

208 Weekly subcutaneous injections for a total 
of 8-10 injections. 

Median survival of 23 months. 
9% of patients relapsed. 
Treatment resulted in an 
improvement in disease-free 
survival. 

(152) 

AOaV-1 Advanced solid 
cancers 

79 I.v. administration: 
(1) single dose: one dose every 28 days 
(2) repeat dose: three doses within a 
single week, repeated every 28 days 
(3) desensitizing: one lower dose followed 
by two higher doses within a single week, 
repeated every 28 days 
(4) two week: one lower dose followed by 
five higher doses over two weeks, 
repeated every 21 days.  
 
12x109 plaque-forming units (PFU)/m2 
was followed by 12x1010 PFU/m2. 

Survival ranged from 4-31 
months. The higher doses 
resulted in objective responses. 

(153) 

AOaV-1 
PV701 

Advanced solid 
tumours 

16 Six i.v. doses over two weeks followed by 
a 1-week rest.  
Dose #1: 1x109 PFU/m2 

Dose #2: 12x109 PFU/m2 
Dose #3-6: 24 to 120x109 PFU/m2 escalation 

Four patients had disease 
stabilization for a minimum of 
six months. Flu-like symptoms 
were less severe than the 
previous clinical trial that did 
not use multistep 
desensitization. 

(154) 
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AOaV-1 Advanced stage 
cancers 

4 individual 
case studies 

One to four doses per day, four times per 
week. Administered i.v. or i.n. 

Varying patient responses 
ranging from 27 months 
overall survival to one patient 
being cured. 

(155) 

AOaV-1 
autologous 
tumour cell 
surface 
vaccine 

Colorectal 
cancer 

20 Vaccinated intradermally (i.d.) in the 
upper thigh with 2x106-7 cancer cells 
containing 4-64 hemagglutination units 
(HAU) AOaV-1 every 10 days up to four 
times. 

No severe side-effects over the 
course of the immunotherapy, 
except for mild fever in 4/20 
patients, were observed. 

(156) 

AOaV-1 
modified 
autologous 
tumour cell 
vaccine 

Colorectal 
cancer 

23 Five virus-modified autologous tumour 
cell i.d. vaccinations (32 HAU) at 14-day 
intervals. Three months later a 6th dose 
was administered to test for long-lasting 
immunity. 

61% tumour reoccurrence was 
observed 18 months post 
administration vs. 87% in a 
matched control group that 
had received only surgical 
treatment. 

(157) 
(158) 

AOaV-1 
modified 
autologous 
tumour cell 
vaccine 

Colorectal 
cancer 

57 Vaccinated i.d. in arm 6-8 weeks post-
operation, three injections with two-week 
intervals. 

97.9% two-year survival rate 
for autologous tumor cell 
vaccines (ATV)/bacillus 
Calmette-Guérin (BCG), 
compared to 66.7% and 73.8% 
historical controls. 

(159) 

ATV-AOaV-
1 

Colorectal 
cancer 

51 
 

Six doses (32 HAU) administered i.d. 
biweekly except for the three-month 
interval before dose six. 

Vaccinated patients had 
prolonged overall and 
metastases-free survival. 

(160) 

AOaV-1-HUJ Glioblastoma 
multiforme 
 

14 1. One-cycle dosage steps of 0.1, 0.32, 0.93, 
5.9, and 11 billion infectious units (BIU) 
administered i.v. over 15 min, followed by 
three cycles of 55 BIU. 
2. Three cycles of 11 BIU. 
 

The maximum tolerated dose 
was not achieved. 
Two doses of 11 BIU 
administered weekly 
maintained patients without 
progressive disease. Minimal 
toxicity was observed. 

(161) 
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AOaV-1 
strain MTH-
68/H 

Glioblastoma 
multiforme 

4 case studies Administered i.v. daily 8x107 PFU daily, 
eventually transitioning to 2.5x108 PFU 
twice weekly over four years. 

Survival of 5-9 years to date 
(each patient still alive as of 
2004). 

(162) 

AOaV-1 cell 
oncolysate 

Melanoma 13 2 mL oncolysate dose administered 
subcutaneously in the anterior thigh 
weekly, PFU/mL not stated. 

6/13 subjects experienced a 
decrease in skin 
nodules/diseased lymph node 
size. 

(163) 

AOaV-1 Melanoma-
Stage II 

83 Oncolysates administered subcutaneously 
at weekly intervals, eventually moved to 
three-month intervals. Administration 
continued indefinitely. 
11,000 total doses had been administered 
to the group. 

60% alive and disease-free after 
ten years (other studies = 5-
33%). 
This study had a second 
follow-up at the 15-year 
interval. The patient survival 
rate was 55%. Clonal 
expansion in the CD8+CD57+ T 
cell hybrid effector-memory 
population subset was 
observed. 

(164) 
(165) 
(166) 

Vaccinia  
JX-594 

Advanced 
hepatocellular 
carcinoma 

30  Three doses administered it. High dose 
(109 PFU) or low dose (108 PFU) on days 1, 
5, and 29. 

Low dose = 6.7 months median 
survival 
High dose = 14.1 months 

(132) 

Vaccinia 
MVA-5T4 

Colorectal 
cancer 

22 Administered i.m. or i.d. week 0, 4, 8. 
5x107 PFU - 1x108 PFU. 
 
 

Six patients did not have 
proliferative responses. Five 
patients had stable disease 
lasting 3-18 months. 

(167, 168) 

Vaccinia  
JX-594 

Hepatocellular, 
colorectal, 
melanoma, and 
lung cancer 
 

14 Received one of four i.t. doses every three 
weeks: 
1) 1x108 PFU 
2) 3x108 PFU 
3) 1x109 PFU 
4) 4x109 PFU 

It injection was generally well 
tolerated. 
Three patients had partial 
response, six had stable 
disease, and one had 
progressive disease. 

(169) 
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Vaccinia  
JX-594 

Neuroblastoma, 
hepatocellular 
carcinoma, 
Ewing sarcoma 

6 pediatric One i.t. injection at three tumour sites 
1) 1x106 PFU/kg 
2) 3x107 PFU/kg 
 

Overall safe to administer it. 
All high dose patients had skin 
pustules that resolved by week 
four. One patient had anti-
tumour activity. 

(170) 

Vaccinia 
MVA-5T4  

Prostate cancer 25 Single injection of 1x109 tissue culture 
infectious dose (TCID50) on day 1, 10 and  
22. Subsequent injection on weeks 7, 
10, 13, 19, 25, 31, 37. Injection type not 
stated. 

Well tolerated. Progression free 
survival of 9.67 months for 
MVA-5T4+docetaxel compared 
to 5.10 for docetaxel alone 

(171) 

Vaccinia 
GL-ONC1 

Recurrent 
ovarian cancer 

11 I.p. infusion of repeated doses of 3x109 or 
1x1010 PFU. 

GL-ONC1 replicated in the 
tumour. Clearance of tumour 
cells in ascites in five patients. 
Four patients had extended 
progression free survival 
ranging from 23-71 weeks. 

(172) 

Vaccinia 
GL-ONC1 

Advanced 
peritoneal 
carcinomatosis 
or 
mesothelioma 

9 Administered i.p. every four weeks (4 
cycles). 
 
1x107 to 1x109 PFU 

GL-ONC1 was well tolerated 
and caused tumour infection, 
replication, and oncolysis 
during treatment cycle one in 
eight out of nine patients. 

(173) 

VSV-hIFNβ-
NIS 

Refractory solid 
tumours 

142 est. Administered i.t. as a single dose. 
 
Note: No VSV clinical trials have been 
completed for cancer according to 
clinicaltrials.gov 

Study is ongoing. Goal is to 
determine maximum tolerable 
dose. 

(174) 
NCT029234
66 
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VSV-hIFNβ-
NIS 
 

Endometrial 
carcinoma 

77 est. Administered i.v. as a single dose over 60-
90 min. Dose not stated. 

Study is ongoing. Goal is to 
determine maximum tolerable 
dose. 

(174) 
NCT031206
24 
 

VSV-hIFNβ-
NIS 
 

Acute myeloid 
leukemia or T 
cell lymphoma 

65 est. Administered i.v. as a single dose over 30 
min. Dose not stated. 

Study is ongoing. Goal is to 
determine incidence of adverse 
events. 

(174) 
NCT030178
20 
 

VSV-hIFNβ-
NIS 

Solid tumours, 
head and neck 
squamous cell 
carcinoma 
, non-small cell 
lung cancer 

40 est. Administered i.v. as a single dose 5x1010 
to 1.7x1011 PFU. 

Study is ongoing. Goal is to 
determine incidence of adverse 
events and overall response 
rate. 

NCT036471
63 
 

VSV-IFNb-
TYRP1 

Stage III/IV 
Cutaneous 
Melanoma 

72 est. Administered i.t. (one injection) or i.v. 
(30-60min). Cycle repeats every 21 days. 

Study is ongoing. Goal is to 
determine incidence of adverse 
events and maximum tolerable 
dose 

NCT038652
12 
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1.3 Gene Therapy in Cancer 

 Gene therapy constitutes an alternative cancer immunotherapy option to deliver 

immunotherapeutic transgenes to patients. This method involves administering a viral 

vector that has been genetically engineered to contain a transgene of interest such as a 

pro-apoptotic or growth inhibitory gene (175). Once the vector transduces the patient’s 

cell, the desired protein is synthesized, essentially creating an in vivo protein 

synthesizing factory. The viral vectors are not capable of lysing cells, which reduces the 

potential for side-effects. This therapy option is beneficial for proteins that are 

expensive to synthesize industrially and for proteins with a short half-life that require 

repeated dosing. Approximately 70% of clinical trials use either an adenovirus, AAV, 

herpesvirus, poxvirus, or retrovirus (175). These viruses are commonly used because of 

their ability to effectively carry and deliver genes, excellent safety profiles, and low 

immunogenicity. AAV and adenoviruses represent prototypical gene therapy vectors. 

1.3.1 Gene Therapy Vectors 

1.3.1.1 Adeno-Associated Virus   

 Adeno-associated viruses are parvoviruses that are unable to replicate 

independently. They were first discovered in adenovirus (Ad) preparations using 

microscopy, and were initially considered contaminants or degraded adenovirus 

virions due to their small 19-25 nm size (176). However, this icosahedral virus is a 
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separate virus that can replicate in the presence of a helper virus such as adenovirus. 

AAV has three structural proteins and a negative-sense ssDNA genome with an insert 

capacity of 4.7 kbp (176).   

 AAV has been documented in a variety of species, including both humans and 

non-human primates. There are currently 11 known AAV serotypes isolated from 

primates (177). Serotypes 1, 4 and 7-11 were isolated from non-human primates, while 

2, 3, 5, and 6 were obtained from humans (178). AAV2 has historically been studied the 

most extensively (179), however AAV6, a hybrid of AAV1 and AAV2 (180), is a more 

effective gene therapy vector because it is better at infecting epithelial cells (181, 182) 

and has lower immunogenicity (183). Low immunogenicity is beneficial in the context 

of gene therapy because it minimizes the effects of the immune system from mounting a 

response against the vector resulting in undesirable side-effects or vector clearance. 

1.3.1.2 Adenovirus 

 Adenovirus belongs to the family Adenoviridae and is divided into five genera 

(184) and over 50 serotypes (185). They are large, non-enveloped dsDNA viruses with a 

~36 kbp genome and were first isolated from human adenoids in the 1950s (186). They 

infect a wide range of vertebrate hosts (187). Their relatively large genome enables Ad 

to hold a gene product of approximately 8 kb (188).  
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1.4 Summary 

 Novel cancer therapies are needed that decrease the range and severity of side-

effects, have a less intensive treatment schedule, and/or lower healthcare costs. 

Immunotherapies represent a promising avenue of research to address these 

limitations. This review explored three areas of immunotherapy research that require 

further exploration to develop safe and effective treatments. Administering oncolytic 

viruses, gene therapy vectors, and immunomodulatory antibodies constitute methods 

to induce immunogenic cell death, produce an in vivo immunotherapeutic agent, and 

influence interactions between the tumour and leukocytes, respectively. To date, dosing 

regimens of OVs have varied widely. Some treatments have been administered daily to 

maximize the viral load, while others have treated OVs as in situ vaccines and have 

been administered biweekly. More research into optimal dosing times may improve 

survival rates in preclinical cancer models and ultimately patients with cancer. 

Moreover, new therapies are required to effectively decrease the primary tumour mass 

and eliminate secondary lesions. Vectorizing vascular normalizing reagents into AAV 

may overcome inherent limitations of these reagents such as their short half-life and 

expensive production costs. Lastly, the administration of immunomodulatory 

antibodies requires further exploration to determine which cancers respond to this 

treatment. Cancers constitute a wide range of diseases that are challenging to treat, but 
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the exploration of novel immunotherapies represents a promising avenue of research to 

meet this challenge. 

1.5 Thesis Proposal Summary 

 The purpose of this thesis was to examine how we currently administer cancer 

immunotherapies and to experimentally determine optimized delivery protocols. The 

above literature review demonstrated that cancer immunotherapies encompass both a 

broad range of strategies and dosing options. Immunotherapeutic strategies include 

oncolytic virotherapies, monoclonal antibodies, and gene therapies. Dosing protocols 

vary both in the route of administration and the timing interval between doses. Often, 

scientific articles do not provide justification for the selected administration route or 

timing. A careful examination of these parameters has the potential to enhance the 

efficacy of numerous existing therapeutics by providing empirical evidence for 

strategies that result in the strongest immune response. 

 The objective of chapter two was to explore how VSV influences neutrophil 

populations. These innate leukocytes have been well characterized as first responders to 

infections. Although their interactions with bacteria have been thoroughly researched, 

their interactions with oncolytic viruses still requires closer examination. We report that 

when VSV is administered iv, neutrophils rapidly egress from the bone marrow and 

accumulate in the lungs. Changes occur in their antigen presentation capabilities, their 
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maturity status, and their ability to acquire a non-structural viral protein. These 

findings demonstrate that VSV significantly influences innate leukocytes such as 

neutrophils, and future preclinical experiments should include neutrophil panels to 

fully characterize the therapy's impact on the immune system. 

 The aim of chapter three was to study the effects rapid multi-dosing protocols 

have on CD4+ and CD8+ T cells, as well as to determine a method that would prevent 

undesired off-target T cell infections. This study stemmed from an unexpected result 

observed in an intracranial melanoma preclinical murine model. We hypothesized that 

two booster doses of VSV administered iv would significantly improve therapeutic 

efficacy; the opposite result was documented. In vitro experiments demonstrated that 

activated T cells are highly susceptible to infection by VSV. VACV can infect a smaller 

proportion of T cells regardless of their activation state. AOaV-1 can also infect 

activated T cells but to a lesser extent than VSV. The majority of infected T cells die, 

effector subsets are affected, and this phenomenon occurs in both humans and mice. 

Dosing 7 days apart prevented infection, whereas multi-dosing one to three days apart 

resulted in significant infection within the bone marrow. Mechanistically, activated T 

cells upregulate the LDL receptor, which is used by VSV to enter cells. Genetically 

modifying the G protein prevents off target infection of activated T cells. This detailed 

study provides both mechanistic data to explain why certain protocols have reduced 
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efficacy, and additionally provides a relatively simple solution to overcome barriers to 

rapid multi-dosing protocols. This research significantly advances the current body of 

scientific literature and has the potential to improve a wide range of oncolytic 

virotherapies. It also highlights how three biologically distinct OVs individually interact 

with the adaptive immune system. A "one size fits all" approach clearly cannot 

accurately encompass their infection cycle. 

 Lastly, chapter four explored how vascular normalizing agents with short half-

lives can be expressed from AAV vectors in vivo to reduce the number of injections 

required. A murine orthotopic epithelial ovarian cancer model was used for the in vivo 

studies. First, i.m. and i.p. injection routes were studied in naïve mice for over 200 days 

to characterize the transgene expression profile of AAV-3TSR, AAV-Fc3TSR, and AAV-

Bevacizumab. All three vectors led to prolonged expression; i.m. injections resulted in 

the highest expression levels in both serum and i.p. lavage samples. Thus, the i.m. 

injection route was used for all future experiments. All three therapeutics led to a 

significant extension in survival in the cancer model, with AAV-Bevacizumab causing 

the largest overall survival increase. Combination therapies with AOaV-1 were also 

tested, however they did not significantly impact survival rates despite significantly 

increasing NK cell activation. It is possible that weekly doses of AOaV-1 would further 

extend efficacy in future iterations.  
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 This thesis used a wide-ranging approach to further our knowledge on how we 

treat cancers. Our research examined the impacts on both the innate and adaptive 

immune system. Various administration routes were tested, as were varying dosing 

protocol time intervals. Both oncolytic virotherapies and AAV gene therapies studies 

were conducted. Together, these studies provide empirical evidence to help future 

researchers confidently select optimized protocols to improve the lives of cancer 

patients. 
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CHAPTER 2: CHARACTERIZATION OF THE IMPACT OF ONCOLYTIC 

VESICULAR STOMATITIS VIRUS ON THE TRACKING, PHENOTYPE, AND 

ANTIGEN PRESENTATION POTENTIAL OF NEUTROPHILS AND THEIR 

ABILITY TO ACQUIRE A NON-STRUCTURAL VIRAL PROTEIN 

This chapter was published in the International Journal of Molecular Sciences in 
January 2020. 
 
Stegelmeier AA, Chan L, Mehrani Y, Petrik JJ, Wootton SK, Bridle B, Karimi K. (2020). 
Characterization of the impact of the oncolytic vesicular stomatitis virus on the 
trafficking, phenotype, and antigen presentation potential of neutrophils and their 
ability to acquire a non-structural viral protein. International Journal of Molecular 
Sciences. 21: 6347. 

 

2.0 Abstract 

 Neutrophils are innate leukocytes that mount a rapid response to invading 

pathogens and sites of inflammation. Although neutrophils were traditionally 

considered responders to bacterial infections, recent advances have demonstrated that 

they are interconnected with both viral infections and cancers. One promising treatment 

strategy for cancers is to administer an oncolytic virus to activate the immune system 

and directly lyse cancerous cells. A detailed characterization of how the innate immune 

system responds to a viral-based therapy is paramount in identifying its systemic 

effects. This study analyzed how administering the rhabdovirus vesicular stomatitis 

virus (VSV) intravenously at 1 × 109 PFU acutely influenced neutrophil populations. 

Bone marrow, blood, lungs, and spleen were acquired three- and 24-h after 
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administration of VSV for analysis of neutrophils by flow cytometry. Infection with 

VSV caused neutrophils to rapidly egress from the bone marrow and accumulate in the 

lungs. A dramatic increase in immature neutrophils was observed in the lungs, as was 

an increase in the antigen presentation potential of these cells within the spleen. 

Furthermore, the potential for neutrophils to acquire viral transgene-encoded proteins 

was monitored using a variant of VSV that expressed enhanced green fluorescent 

protein (GFP). If an in vitro population of splenocytes were exposed to anti-CD3 and 

anti-CD28, a substantial proportion of the neutrophils would become GFP-positive. 

This suggested that the neutrophils could either acquire more virus-encoded antigens 

from infected splenocytes or were being directly infected. Five different dosing 

regimens were tested in mice, and it was determined that a single dose of VSV or two 

doses of VSV administered at a 24-h interval, resulted in a substantial proportion of 

neutrophils in the bone marrow becoming GFP-positive. This correlated with a decrease 

in the number of splenic neutrophils. Two doses administered at intervals longer than 

24-h did not have these effects, suggesting that neutrophils became resistant to antigen 

uptake or direct infection with VSV beyond 24-h of activation. These findings 

implicated neutrophils as major contributors to oncolytic rhabdoviral therapies. They 

also provide several clear future directions for research and suggest that neutrophils 
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should be carefully monitored during the development of all oncolytic virus-based 

treatment regimens. 

2.1 Introduction 

 Neutrophils are a subset of granulocytes that are derived from the myeloid 

lineage that have well-characterized roles in clearing bacterial infections. They are also 

the most prevalent leukocyte in the blood and rapidly respond to perturbations caused 

by pathogens. Neutrophils contribute to a pro-inflammatory response and can release 

cytokines, such as interleukin (IL)-10, IL-12 (189) and IL-17 (190). Recent research has 

demonstrated that these myeloid cells also have critical roles in clearing viral infections 

(191, 192). Indeed, neutrophils have been found at the site of numerous viral infections 

including influenza (193) and respiratory syncytial virus (194) within the lungs. In 

contrast, experimental models have demonstrated that they are not involved in all viral 

infections, such as cutaneous lesions caused by herpes simplex virus (195). 

 Oncolytic viruses (OVs) preferentially replicate in and destroy tumour cells 

while leaving most healthy cells unharmed. Importantly, oncolytic virotherapies 

represent promising forms of immunotherapy, and are at the cutting edge of current 

cancer research efforts. Vesicular stomatitis virus (VSV) is a rhabdovirus that shows 

promise in treating a variety of cancers (174, 196). VSV is currently being tested in 

several phase I clinical trials (174), and it is a promising candidate because human 
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infections are either asymptomatic or mild, and there is a lack of pre-existing immunity 

within the human population that could otherwise limit its therapeutic potential. This 

interferon-sensitive OV has the capability to infect and lyse tumour cells because their 

antiviral interferon pathways are often defective. One of the distinctive features of VSV 

is its pan-tropism to cell surface molecules (197, 198), allowing VSV-based oncolytic 

virotherapies to target a wide range of tumour types, but does not allow VSV to 

distinguish non-malignant (“normal”) cells from cancer cells. 

 Although VSV’s direct oncolytic potential and ability to promote tumour-specific 

T cell and antibody responses have been well-characterized (199, 200), its effects on 

innate leukocytes has not been fully elucidated. A VSV-∆m51 variant was able to reach 

higher intratumoural titers and oncolysis when neutrophils were depleted with 

antibodies in a hepatocellular carcinoma model (201). The neutrophils suppressed 

replication of VSV and prevented the full therapeutic potential from being obtained in 

this model. Within a melanoma model, the innate myeloid differentiation factor 88 

(MyD88) response was determined to be an important factor in the reduction of tumour 

sizes mediated by VSV (202). Although MyD88 signalling reduced VSV replication, it 

also reduced viral dissemination from the tumour. MyD88 is a critical protein in Toll-

like receptor pathways, and MyD88-/- knockout mice had a decrease in neutrophil 

infiltration into B16 melanomas that expressed the surrogate antigen chicken 
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ovalbumin, and this correlated with reduced efficacy of the oncolytic virotherapy. One 

method by which VSV has an anti-tumour effect is by infecting tumour neovasculature; 

specifically, tumour-conditioned endothelial cells (203). In this scenario neutrophils are 

critical in initiating microclots within the tumour vasculature. This phenomenon has 

been dubbed “acute vascular shutdown”, since it was observed within six hours of 

administering VSV and the effect lasted at least 24-h (203). These results implicate roles 

for neutrophils during VSV-mediated oncolytic virotherapy. However, the literature in 

this area is limited and no studies, to date, have focused exclusively on the role of 

neutrophils beyond the tumour microenvironment following infection of a host with 

VSV. 

 Various models have shown that neutrophils have complex roles in oncolytic 

virotherapies, and whether these have positive or negative outcomes may be 

influenced, at least in part, by both the tumour type and the nature of the OV. 

Therefore, studying the impact of OVs on neutrophil responses in tumour-free hosts can 

provide baseline data that can subsequently be built upon by the introducing the 

nuances of different tumour models. Neutrophils are known to be the first responders 

to most infections, yet their roles in viral infections, especially those mediated by OVs is 

poorly studied. Therefore, we hypothesized that trafficking of this leukocyte subset 

dominates the acute phase of the innate immune response to VSV. Further potentially 
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direct effects of VSV on neutrophil phenotype and functions were assessed. The results 

of this study demonstrate that a single dose of VSV administered intravenously led to 

rapid mobilization and maturation of neutrophils. Further, simulation of multi-dosing 

protocols that are often incorporated into oncolytic virotherapies suggested this could 

cause an unexpected decline in neutrophil numbers if treatment intervals are too short. 

As such, the findings presented here lay the groundwork for understanding how a 

common oncolytic rhabdovirus influences neutrophil responses in infected tumour-free 

hosts, the relevance of which can be extended to patients receiving oncolytic 

virotherapies, as well as ungulates for which VSV is pathogenic. It also has potentially 

important implications specifically for multi-dosing regimens with OVs. 

2.2 Materials & Methods 

2.2.1 Ethics and Biohazard Certification 

 Animal experimentation was approved under animal utilization protocol #3807 

by the Animal Care Committee at University of Guelph, Guelph, Ontario, Canada. All 

experiments were conducted following the guidelines from the Canadian Council on 

Animal Care. Virus-related research was conducted in certified containment level-2 

facilities under biohazard permit #A-367-04-19-05 (19-04-2005) issued by the University 

of Guelph’s biosafety committee. 
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2.2.2 Mice 

 Female C57BL/6 mice (strain code #027; Charles River Laboratories, Wilmington, 

MA, USA) ranging in age from five- to seven-weeks were housed in the animal isolation 

unit and the central animal facility at the University of Guelph under specific pathogen-

free conditions with a 12-h light/dark cycle. They received food and water ad libitum 

and were accommodated to their environment for one-week prior to the initiation of 

experiments. 

2.2.3 Viruses 

 The plasmid vector system for recombinant VSV (Indiana serotype; the parental 

virus from which the Δm51 variant had been derived (204)) was kindly provided by Dr. 

Brian Lichty, McMaster University, Hamilton, ON, Canada. The VSV was engineered to 

express the melanoma-associated antigen human dopachrome tautomerase (hDCT). A 

second VSV was engineered to express enhanced green fluorescent protein. VSV-GFP 

allowed flow cytometry-based assessment of intracellular viral transgene expression 

due to either infection or engulfment of infected cells. The VSVs were made using a 

previously described cloning method (204) and were cultured in Vero cells (ATCC, 

Manassas, VA, USA) that were confirmed to be mycoplasma-free and grown in 

Dulbecco’s modified Eagle’s medium (Thermo Fisher Scientific, Mississauga, ON, 

Canada) supplemented with 10% heat-inactivated bovine calf serum (Seradigm, 
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Providence, UT, USA). VSVs were purified using sucrose gradient ultracentrifugation 

followed by dialysis in phosphate-buffered saline (PBS; HyClone, South Logan, UT, 

USA). The viruses were subsequently titered using a standard plaque assay with Vero 

cells. 

 A human serotype-5 adenovirus (Ad) that was replication deficient due to an 

E1/E3-deletion was used in a multi-dosing experiment to recapitulate a previously 

published prime-boost strategy (125) in mice. This virus was also kindly provided by 

Dr. Brian Lichty. The Ad was genetically engineered to express hDCT as described 

previously (199). The virus was propagated in human embryonic kidney 293 cells 

(ATCC, Manassas, VA, USA) and purified using a cesium-chloride gradient. The non-

oncolytic adenovirus was titered using an antibody that is specific to the adenoviral 

hexon protein (Abcam, Cambridge, UK; catalogue (cat) #ab8249). 

2.2.4 Tissue Processing 

 Retro-orbital blood, lungs, spleens and bone marrow were removed from mice to 

conduct flow cytometry analyses. Blood was collected in microtubes containing 10 µL 

of heparin (at a concentration of three µg of heparin/mL of Hank’s Balanced Salt 

Solution (HBSS; Hyclone) to prevent clotting. The vasculature of the lungs was perfused 

with HBSS to purge blood. Lungs were then minced, digested with collagenase IV and 

DNase (Thermo Fisher Scientific) for 30 min at 37 °C and then passed through a strainer 
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with 70 µm pores to obtain a single-cell suspension. Dissected spleens were cut in half 

and pressed between frosted ends of two sterile glass microscope slides to release cells. 

Bone marrow was flushed from the diaphyses of dissected femurs with HBSS using an 

18-gauge needle. Epiphyses were crushed in HBSS and then filtered through a strainer 

with 70 µm pores. These cells were combined with those obtained from the diaphyses. 

Tissue-derived cells were treated with ammonium-chloride-potassium lysis buffer to 

remove erythrocytes. The cells were then enumerated using an improved Neubauer 

counting chamber and equal numbers of cells from each mouse were assessed by flow 

cytometry. 

2.2.5 Staining for Analysis by Flow Cytometry 

 Five antibody-based staining panels were designed to assess a variety of surface 

markers and cytokines pertinent to neutrophil biology (Table 3). The cells were first 

incubated with anti-CD16/CD32 (BioLegend; San Diego, CA, USA; Clone 93) at 4 °C for 

15 min to prevent antibodies from binding non-specifically to Fc receptors. The wells 

were then centrifuged at 500× g for five minutes and rinsed with PBS and incubated 

with surface staining antibodies at 4 °C for 20 min. Zombie aqua™ fixable viability dye 

(BioLegend) or 7- aminoactinomycin D (7AAD; BioLegend) was included to exclude 

dead cells from the analyses. The stained cells were then suspended in PBS containing 

0.5% bovine serum albumin and immediately analyzed on a FACS Canto II flow 
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cytometer with data acquired using FACSDiva 8.0.1 software (BD Biosciences, 

Mississauga, ON, Canada). Data were analyzed using FlowJo v.10.1 software (FlowJo 

LLC, Ashland, OR, USA). Exported data were graphed and statistically analyzed using 

GraphPad Prism version 8 software (GraphPad, San Diego, CA, USA). 

 For detection of intracellular cytokines, cells were non-specifically stimulated 

with phorbol 12-myristate 13-acetate (10 ng/mL, Sigma-Aldrich, St. Louis, MO, USA) 

and ionomycin (500 ng/mL, from Streptomyces conglobatus, Sigma-Aldrich) for four 

hours at 37 °C. Subsequently, brefeldin-A (BioLegend) was added for eight-hours to 

inhibit protein export by the Golgi apparatus. After the incubation period, staining of 

surface markers proceeded as described above. After staining with a viability dye, the 

samples were fixed using fixation buffer (BioLegend) and permeabilized using 

intracellular staining perm-wash buffer (BioLegend) at 4 °C for 30 min and then stained 

with cytokine-specific antibodies at 4 °C for 20 min. 
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Table 3: Flow Cytometry Staining Panels 

 BLUE BLUE BLUE BLUE RED RED VIOLET VIOLET 

 530-30 
FITC 

585-42 
PE 

670 LP 780-60 
PECY7 

660-20 
APC 

780-60 
APC7 

450-50 
V450 

510-50 
V580 

Phenotype 

Panel 1 Ly6G CD45.1 CXCR2 CD101 CXCR4 Ly6C CD11b FVD 

Panel 2 Ly6G CD47 CD107
a 

CD101 MHCII Ly6C CD11b FVD 

Cytokine Profile 

Panel 4 Ly6G TNF-a IL-10 CD101 IL-17A Ly6C CD11b FVD 

Panel 5 Ly6G IFNY CXCR2 CD101 IL-
12p40 

Ly6C CD11b FVD 

GFP expression 

Panel 6 GFP Ly6G 7AAD CD101  Ly6C CD11b  

 

2.2.6 Gating Strategy 

 Gating was conducted using FlowJo software v.10.1 (Figure 4). Doublet cells were 

excluded from analyses using forward scatter (FSC)-area versus FSC-width and side 

scatter (SSC)-area versus SSC-width dot plots. Non-viable cells were excluded, and 

leukocytes were selected when panel space allowed by using the pan-leukocyte marker 

CD45. The neutrophils were defined as CD45+CD11bhiLY6Ghi (205). 
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Figure 4: Representative dot plots illustrating the gating strategy applied to flow 
cytometry data to identify neutrophils. 

Bone marrow, lungs, and spleen from six- to eight-week-old female C57BL/6 mice were 
processed, stained, and analyzed by flow cytometry. 1. Leukocytes were gated based on 
size (forward scatter area [FSC-A] vs side scatter [SSC]-A) 2-3. Doublets were excluded 
based on 2. FSC-A vs FSC-width and 3. SSC-A vs SSC-width. 4. Dead cells were 
excluded via staining with 7-aminoactinomycin D (not shown) or a fixable viability dye 
(shown) that binds to DNA in dead cells. 5. Live, singlet leukocytes were then identified 
by expression of the pan-leukocyte marker CD45. 6. Finally, neutrophils were defined 
as the leukocytes that were double-positive for Ly6G and CD11b. 

2.2.7 In vitro Splenic Neutrophil Study Design 

 To determine if neutrophils could acquire viral transgenes after splenocytes were 

exposed to VSV, an in vitro experiment was conducted. A 96-well plate was coated with 
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10 µg/mL of anti-CD3 (BioLegend; Clone 145-2C11) overnight at 4 °C. Wells were 

washed three times with 200 µL of PBS. Spleens were processed as previously described 

from naïve female C57BL/6 mice (Section 2.2.5) and incubated in 2 µg/mL of anti-CD28 

(BioLegend; Clone 37.51) for four-hours at 37 °C. After the incubation period the wells 

were washed, and cells were incubated with VSV-GFP overnight for 18-h at 37 °C. The 

cells then underwent surface staining (Table 3) and were immediately analyzed on a 

FACS Canto II flow cytometer to identify GFP+ neutrophils in stimulated versus 

unstimulated experimental groups. 

2.2.8 In vivo Multi-Dosing Study Design 

 To determine how single- versus multi-dosing with oncolytic viruses might 

affect neutrophil populations, an in vivo experiment was designed. Mice received a 

primary intramuscular immunization with 1 × 108 infectious units (IU) of non-oncolytic 

Ad-hDCT. Ten-days later, mice received an intravenous booster vaccine of 1 × 109 

plaque forming units (PFU) of VSV-hDCT as had been described previously (199). Mice 

then received a second dose of VSV-GFP at seven-, three-, two- or one-day intervals 

(Figure 9A). Mice that had only received a single dose of VSV-GFP or PBS ten days after 

the Ad vaccine were included as controls. Bone marrow-, blood-, and spleen-derived 

cells from these mice were assessed by flow cytometry eighteen-hours after the final 
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dose of VSV-GFP was administered. This analysis included assessment of expression of 

GFP in cells. 

2.2.9 Statistical Analysis 

 All statistical analyses were conducted using GraphPad Prism version 8 

software. One-way analysis of variance with Tukey’s multiple comparisons test was 

used when there was one variable with more than two groups (Figure 5 & Figure 6). 

Student’s t-tests were used when there was one variable with two groups (Figure 7 & 

Figure 8). Two-way analysis of variance with Tukey’s multiple comparisons test was 

used when there were two variables (Figure 9). Differences were deemed significant for 

p-values ≤0.05. Graphs show means and standard deviations of the means. The mean 

fluorescence intensity (MFI) of surface receptors was measured by calculating the 

geometric mean within the fluorochrome channel of interest using FlowJo software, 

Version 10. Ashland, OR, USA. 

2.3 Results 

2.3.1 Neutrophils in the Bone Marrow of Mice Rapidly Responded to VSV Infection  

 Naïve female C57BL/6 mice received a single dose of VSV to determine the 

effects an oncolytic rhabdovirus had on neutrophil trafficking and phenotype over time. 

Samples were taken from the bone marrow of mice three- and 24-h after intravenous 

administration of VSV at a dose of 1 × 109 PFU. Neutrophils decreased from 37.4 ± 3.6% 
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to 15.7 ± 3.3% of CD45+ cells in the bone marrow by 24-hours (p < 0.0001; Figure 5A). 

Most of this decrease occurred after the three-hour timepoint, when 29.4 ± 4.5% 

remained in the bone marrow (p = 0.0370 compared to controls that received PBS only). 

There was no significant change in the maturation status of neutrophils within the bone 

marrow in the first three hours after viral challenge (Figure 5B). However, by 24-h the 

proportion of mature neutrophils (defined as CD101+) in the bone marrow had 

significantly decreased to 19.5 ± 4.3% of all neutrophils compared to 41.5 ± 8.0% of all 

neutrophils in controls that received PBS only (p < 0.0001). Additional surface markers 

of interest were the CX chemokine receptor (CXCR)-4 and CXCR2. Both receptors are 

present on neutrophils, acting in an antagonistic manner to regulate neutrophil 

trafficking from the bone marrow. Ligation of CXCR4 provides a dominant retention 

signal to neutrophils in the bone marrow, while signaling through CXCR2 tends to 

promote egress into the blood stream. Interestingly, CXCR2-CXCR4- neutrophils also 

emigrate from the bone marrow (206). The proportion of mature CXCR2+ (Figure 5C) 

and CXCR4+ (Figure 5D) neutrophils decreased in the bone marrow by 24-h post-VSV 

compared to PBS controls, in conjunction with an overall decrease in total neutrophils. 

CXCR2+ mature neutrophils decreased from 22.0 ± 7.0% to 5.0 ± 0.3% (p = 0.0025), while 

CXCR4+ mature neutrophils decreased from 13.6 ± 0.2% to 3.9 ± 0.3% (p = 0.0085). These 

results from the bone marrow indicate that within 24-h of intravenous administration of 
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VSV, neutrophils likely emigrated from the bone marrow to traffic elsewhere in the 

body. 

 

 
Figure 5: Neutrophils rapidly emigrated from bone marrow in response to infection 
with vesicular stomatitis virus (VSV). 

Six- to eight-week-old female C57BL/6 mice were injected intravenously with 1 × 109 
plaque-forming units of VSV or phosphate-buffed saline (PBS) and euthanized 
three- or 24-hours (h) later. Bone marrow flushed from femurs was used to quantify 
neutrophils by flow cytometry. Representative dot plots and graphs with means 
and standard deviations (SD) (n = 8/group) are shown for percentages of (A) CD45+ 
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leukocytes that were neutrophils (defined as CD45+Ly6GhiCD11bhi), (B) neutrophils 
that were mature (defined by the additional expression of CD101), and (C, D) 
mature neutrophils expressing the lung-homing chemokine receptors (C) CXCR2 or 
(D) CXCR4. Data were assessed by one-way analysis of variance with Tukey’s 
multiple comparisons test. (ns = not significantly different). 

2.3.2 Neutrophils with Increased Expression of CXCR2 and Inflammatory Functions 
Appeared in the Bloodstream after Infection with VSV 

 
To evaluate the trafficking pattern and phenotype of neutrophils emigrating from 

bone marrow, murine blood samples were evaluated three- and 24-h after a single dose 

of 1 × 109 PFU of VSV administered intravenously. An increase in the proportion of 

neutrophils was apparent in the bloodstream within the first three-hours after mice 

were infected with VSV (Figure 6A). In fact, the proportion of neutrophils tripled from 

5.3 ± 1.8% to 18.5 ± 7.6% (p = 0.0002) within the first three hours, followed by an 

additional increase to 28.1 ± 4.1% by 24-h (p = 0.0006). This increase was accompanied 

by a shift from a predominantly mature population of CD101+ neutrophils within the 

blood three hours post-infection (98.5 ± 1.2% of total neutrophils) to an immature 

CD101- subset (65.7 ± 10.9% of total neutrophils) (p < 0.0001; Figure 6B). These blood-

derived neutrophils expressed significantly higher proportions of the chemokine 

receptor CXCR2 (Figure 6C). Control mice treated with PBS had 23.8 ± 8.0% of 

neutrophils expressing CXCR2 in their blood, which rapidly increased to 55.8 ± 2.2% by 

three hours (p < 0.0001), and then remained steady up to 24-h post-infection. The mean 



 

 

 

 

62 

fluorescence intensity of CXCR2 expression on the surface of neutrophils was highest at 

the three-hour timepoint (1322 ± 163.6 MFI) compared to either the PBS-treated group 

(643.7 ± 206.9 MFI, p = 0.0146) or 24-h post-VSV (644 ± 314.6 MFI, p = 0.0825). The 

concentration of major histocompatibility complex class II (MHCII), an extracellular 

complex that presents antigens to CD4+ T cells after phagocytosis, did not change 

between zero- and three-hours post-infection (16.5 ± 1.6% vs. 14.9 ± 0.4%, p = 0.9966) 

(Figure 6D). However, a substantial increase in MHCII expression was observed by 24-h 

(41.4 ± 13.2%, p = 0.0028). These data correlated inversely with what was observed in the 

bone marrow, suggesting that neutrophils in VSV-infected mice rapidly emigrated into 

the bloodstream. 
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Figure 6: Neutrophils with increased surface density of CXCR2 and inflammatory 
functions entered the bloodstream in response to administration of vesicular 
stomatitis virus (VSV). 

Six- to eight-week-old female C57BL/6 mice were injected intravenously with 1 × 109 
plaque-forming units of VSV or phosphate-buffed saline (PBS) and euthanized three- or 
24-h (h) later. Blood was assessed by flow cytometry to quantify neutrophils. 
Representative dot plots and graphs with means and standard deviations (SD) (n = 
8/group) are shown for the proportion of (A) CD45+ leukocytes that were neutrophils 
(defined as CD45+Ly6GhiCD11bhi), (B) neutrophils that were mature (defined by the 
additional expression of CD101), (C) neutrophils expressing the lung-homing 
chemokine receptor CXCR2, and (D) neutrophils expressing the antigen presentation 
molecule major histocompatibility complex class II (MHCII). (ns = not significantly 
different). 
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2.3.3 Neutrophils were Mobilized from the Bone Marrow and Accumulated in the 
Lungs of Mice following Intravenous Administration of VSV 

 
 Blood is a route by which neutrophils traffic into other solid tissues. Notably, 

lungs are known to be a common site by which activated leukocytes traffic. As such, the 

effect of administering a single intravenous dose of 1×109 PFU of VSV on the pulmonary 

neutrophil population was also examined. Flow cytometry was used to analyze 

neutrophils in the lungs of infected mice. The proportion of neutrophils that expressed 

MHCII remained relatively unchanged three-hours post-VSV compared to control mice 

treated with PBS. However, there was a dramatic doubling in the percentage of 

pulmonary neutrophils that were MHCII+ from 13.8 ± 4.5% at three-hours post-infection 

to 24 h (27.9 ± 4.4%; p = 0.001; Figure 7A). This finding indicated that there was an 

increase in the innate antigen presentation capabilities of neutrophils in the lungs 

within 24-h after administration of VSV. Additionally, a significant increase in the 

proportion of neutrophils that were CXCR4bright occurred 24-h after mice were treated 

with VSV (Figure 7B; 2.8 ± 1.1% versus 0.5 ± 0.1% for PBS-treated controls, p = 0.0406). 

This subset was monitored because it has been shown that CXCR4 signaling is involved 

with tumour metastasis (207). Within the CXCR4bright subset, a significant decrease in the 

mean fluorescent intensity of CXCR2 expression was observed to occur between three- 

and 24-h post-VSV administration (Figure 7B; 317.3 ± 26.6 MFI versus 69.8 ± 58.0 MFI, p 
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< 0.0001). To highlight the overall magnitude of the shifts in neutrophil populations in 

the bone marrow and lungs, the fold-change in the proportion of neutrophils 24-h after 

administration of VSV was calculated relative to the same tissues in PBS-treated mice. 

An ~2.5-fold decrease in the proportion of neutrophils in the bone marrow correlated 

with an ~five-fold increase in the lungs (p < 0.0001; Figure 7C). Additionally, a 28-fold 

increase in the proportion of immature (CD101-) neutrophils in the lungs contrasted 

with an insignificant change in the bone marrow (p < 0.0001; Figure 7D). The sum total 

of the data suggested that infection with VSV caused a large proportion of neutrophils 

in the bone marrow to emigrate into the blood and then many of these blood-borne 

neutrophils trafficked into the lungs. 
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Figure 7: Neutrophils accumulated in the lungs of mice following intravenous 
administration of vesicular stomatitis virus (VSV). 

Six- to eight-week-old female C57BL/6 mice were injected intravenously with 1 × 109 
plaque-forming units of VSV or phosphate-buffed saline (PBS) and euthanized three- or 
24-h (h) later. Femur-derived bone marrow (BM) and lungs that had been purged of 
blood were used to quantify neutrophils by flow cytometry. Representative dot plots 
and graphs with means and standard deviations (SD) (n = 8/group) are shown for the 
percentage of (A) pulmonary neutrophils (defined as CD45+Ly6GhiCD11bhi) that 
expressed major histocompatibility complex class II (MHCII), (B) pulmonary 
neutrophils that were CXCR4bright (left graph) and the mean fluorescence intensity of 
CXCR2 on these CXCR4bright neutrophils (right graph), and (C,D) the fold-change in the 
percentage of; (C) neutrophils; or (D) immature neutrophils (CD101-) in the BM and 
lungs compared to PBS-treated control mice. (ns = not significantly different). 
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2.3.4 Upon Exposure to VSV a Significant Proportion of Splenic Neutrophils 
Expressed MHCII, the Inflammatory Cytokine IL-12, and had Evidence of Having 
Acquired a Viral Transgene-Encoded Protein 

  Leukocytes circulating in blood traffic through the spleen and, in the context of 

cancers, this organ can also serve as a reservoir of tumour-associated neutrophils [22]. 

Therefore, splenic neutrophils were also assessed in VSV-infected mice. A significant 

increase in the proportion of neutrophils that were MHCII+ in the spleen (62.5 ± 8.1%) 

was observed 24-h following administration of VSV, compared to the bone marrow 

(11.2 ± 2.4%, p < 0.0001) or lungs (27.2 ± 4.3%, p < 0.0001; Figure 8A). Moreover, IL-

12p40, a cytokine that plays a major role in antigen presentation and is indispensable 

for clearance of viruses by regulating interferon-γ and other cytokines [23], was 

produced by a higher proportion of splenic neutrophils after 24-h (31.5 ± 5.2%) than the 

blood (9.7 ± 3.1%, p = 0.002) and lungs (16.0 ± 1.3%, p = 0.0002) (Figure 8B). This data 

demonstrated that the spleen had a larger proportion of neutrophils, with antigen 

presenting potential, compared to the bone marrow and lungs. 
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Figure 8: After exposure to vesicular stomatitis virus (VSV) splenic neutrophils 
expressed high concentrations of major histocompatibility complex II (MHCII), the 
inflammatory cytokine interleukin (IL)-12 and a viral transgene-derived protein. 

Six- to eight-week-old female C57BL/6 mice (n = 8/group) were injected intravenously 
with 1 × 109 plaque-forming units of VSV or phosphate-buffed saline (PBS) and 
euthanized three- or 24-h (h) later. Bone marrow (BM)-, blood-, spleen- and lung-
derived cells were used to quantify neutrophils by flow cytometry. Representative dot 
plots and graphs with means and standard deviations (SD) (n = 8/group) are shown for 
the proportion of (A) neutrophils (defined as CD45+Ly6GhiCD11bhi) that expressed 
MHCII in the BM, lungs and spleen, and (B) neutrophils in the blood, lungs and spleen 
that expressed IL-12p40. (C) To test neutrophils for intracellular expression of enhanced 
green fluorescent protein (GFP) encoded in the genome of VSV, bulk splenocytes were 
harvested from six- to eight-week-old naïve female C57BL/6 mice. Splenocytes were 
unstimulated or stimulated in vitro with anti-CD3 and anti-CD28 for four-hours and 
then left unexposed to the VSV or exposed to VSV-GFP at a multiplicity of infection of 
10 for 18-h. Flow cytometry was used to determine the percentage of viable neutrophils 
(defined as CD45+Ly6GhiCD11bhi) that were GFP+; n = 10/group. (ns = not significantly 
different). 
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The antigen-presentation phenotype of splenic neutrophils led to the evaluation of 

the potential of these cells to acquire VSV-encoded gene products. To do this, an in vitro 

assay was conducted to determine the capacity of neutrophils in a bulk splenocyte 

culture to become GFP+ in the presence of media, containing CD3- and CD28-ligating 

antibodies. Eighteen-hours after exposure of splenocytes to VSV-GFP, neutrophils were 

assessed by flow cytometry to determine if they had acquired GFP (Figure 8C). A small 

proportion of neutrophils among the splenocytes exposed to VSV-GFP in the absence of 

anti-CD3/CD28 became GFP-positive (1.5 ± 0.8%) compared to the control cells that 

were not treated with VSV (0.07 ± 0.11%), but this was not significant (p = 0.4820) 

(Figure 8C). However, when splenocytes were incubated in media containing anti-CD3 

and anti-CD28, a significant proportion of the neutrophils within the culture had 

acquired the viral transgene GFP 18-h after in exposure to VSV-GFP (32.9 ± 5.9% versus 

1.5 ± 0.8% control cells that had been pre-treated with anti-CD3/CD28 but were not 

exposed to VSV-GFP; p < 0.0001 (Figure 8C). This scenario was designed to recapitulate 

an environment in which activated T cells are present, similar to what is observed in 

most tumours (208). In this setting, the neutrophils were able to acquire a non-structural 

protein encoded in the genome of VSV. 
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2.3.5 Administering VSV-GFP as Either a Single Dose or as a Second Dose 24-h After 
an Initial Treatment with VSV Significantly Increased the Proportion of GFP-
Positive Neutrophils in the Spleen with a Concomitant Decrease of Total 
Neutrophils in Bone Marrow 

 Administering multiple doses of oncolytic viruses has been a common strategy to 

try to optimize treatment efficacy of virotherapies (209). As such, an experiment was 

designed to determine the impact of intravenous administration of a single versus 

multiple doses of 1 × 109 PFU of VSV on neutrophils (Figure 9A). To simulate a strategy 

(210) that is now in multiple human clinical trials, mice received a primary vaccine of 1 

× 108 infectious units (IU) of Ad-hDCT administered intramuscularly (210). Ten-days 

later mice were boosted with VSV-hDCT. Mice subsequently received a second dose in 

the form of VSV-GFP at an interval of 24-, 48- or 72-h, or seven-days (Figure 9A). Control 

groups received Ad-hDCT followed by a single dose of VSV-GFP or Ad-hDCT followed 

by PBS. 
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Figure 9: Dosing regimens with vesicular stomatitis virus (VSV) that used a single 
dose or two doses 24-h apart led to a significant increase in the proportion of splenic 
neutrophils expressing a viral transgene-encoded protein compared to two doses 
administered. 

(A) In vivo experimental dosing design. Six- to eight-week-old female C57BL/6 mice 
were injected intramuscularly with 1 × 108 infectious units of a replication-deficient 
human serotype 5 adenovirus vaccine with a transgene encoding the melanoma-
associated antigen human dopachrome tautomerase (Ad-hDCT). Ten-days later mice 
received intravenous injections of 1 × 109 plaque-forming units (PFU) of VSV-hDCT as a 
booster vaccine. Mice received a second intravenous dose of 1×109 PFU of VSV-GFP at 
24-, 48-, 72-h or 7-day intervals. Control mice received a single dose of VSV-GFP or PBS. 
Initiation of treatments were off-set so that all mice receiving VSV-GFP were treated on 
the same day. Femur-derived bone marrow, blood and spleens were harvested 18-h 
after treatment with VSV-GFP for flow cytometric analysis. (B, C) Bar graphs with 
means and standard deviations (SD) (n = 4/group) show (B) numbers of neutrophils 
(defined as CD45+Ly6GhiCD11bhi), and (C) the proportion of neutrophils that were GFP+. 
(ns = not significantly different). 
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There was an ~50% decrease in the relative number of neutrophils in the bone 

marrow 18-h after a single dose of VSV was administered (214,079 versus 110,906 

compared to PBS-treated mice, p = 0.0009; Figure 9B), or if two doses were administered 

24-h apart (95,144, p = 0.0003). This loss of neutrophils in the bone marrow was not 

evident where the interval between consecutive doses of VSV was greater than 24-h. 

Additionally, there was no significant change in the total number of neutrophils within 

the blood or spleen for any dosing protocol.  

The multi-dosing experimental design was also used to extend the previous in vitro 

experiment that monitored GFP+ neutrophils among bulk splenocytes stimulated with 

anti-CD3/CD28. Interestingly, a significant proportion of neutrophils in the spleen 

became GFP-positive 18-h after administering a single dose of VSV-GFP (14.3 ± 7.7%, p < 

0.0001; Figure 9C) or after VSV-GFP was given to mice that had been vaccinated with 

VSV-hDCT 24-h prior (19.3 ± 12.5%; p < 0.0001) compared to sham-treated controls 

(<1%). There was no significant increase in the proportion of GFP-positive splenic 

neutrophils where the multi-dosing protocol used a 48-h or longer interval between 

doses. Nor did a significant proportion of neutrophils become GFP-positive in the bone 

marrow or blood. These data indicate that administering a single dose of VSV or two 

doses 24-h apart promoted the acquisition of a non-structural viral protein by splenic 
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neutrophils, while extending the interval between doses beyond 24-h did not have this 

effect. 

2.4 Discussion 

 The data presented here indicated that a rapid neutrophil response occurred 

within the bone marrow of female C57BL/6 mice after systemic administration of a 

single dose of 1×109 PFU of VSV, which represents a typical route of delivery and 

dosage for cancer studies (210). Specifically, the proportion of neutrophils in bone 

marrow had decreased substantially within 24-h post-infection (Figure 5). This 

coincided with increases in the proportions of neutrophils circulating in the blood and 

accumulating in the spleen and lungs (Figure 6, Figure 7, & Figure 8). This suggests the 

probability of sequential trafficking of neutrophils from the bone marrow to blood, and 

from the blood to the spleen, which filters the blood, and from the blood and/or spleen 

into the lungs. Neutrophils have been documented as entering the lungs in response to 

other viruses such as respiratory syncytial virus (211). In the case of respiratory 

syncytial virus, this trafficking might predominantly be due to the pulmonary site of 

infection. In contrast, the VSV in this study was administered intravenously, suggesting 

that trafficking to the lungs might have largely been due to that tissue having a general 

tendency to attract leukocytes with an activated phenotype. With that said, infection of 

the lungs by VSV after intravenous delivery cannot be ruled out. Interestingly, splenic 
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neutrophils exhibited a drastic upregulation of MHCII and inflammatory cytokines 

following administration of VSV. The spleen is an important secondary lymphoid tissue 

for coordinating immune responses, immune editing and antigen presentation (212), 

and thus, it is important to analyze it to determine the changes that oncolytic viruses 

might exert on the innate immune system. 

 The proportion of immature and mature neutrophils was examined, in this 

study, as the implications of maturity have recently been a subject of interest within the 

cancer community (213). Between three- and 24-h post-infection with VSV, the majority 

of neutrophils in the bone marrow had adopted an immature phenotype, as indicated 

by their lack of expression of CD101 (Figure 5) (214). This suggested that neutrophils 

emigrating from the bone marrow were adopting a progressively more immature 

phenotype over time, entering the blood stream and trafficking to the lungs, as has been 

observed previously for other infections (215). Indeed, a majority of neutrophils in the 

blood and lungs had an immature phenotype 24-h post-infection (Figure 6 & Figure 7). 

Although neutrophil research, in relation to cancer, is in its infancy (213), the role of 

immature and mature neutrophil populations have had preliminary studies conducted. 

Immature neutrophils may have a role akin to myeloid-derived suppressor cells and 

mediate suppression and metastasis (213). Understanding how the addition of an 
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oncolytic virus changes circulating neutrophil populations may have wide applicability 

to the optimization of immunotherapies. 

 CXCR2 is chemokine receptor on neutrophils (216) that is crucial in regulating 

neutrophil homeostasis, and works in conjunction with CXCR4 to control neutrophil 

release from the bone marrow (206). Mature CXCR2bright neutrophils disappeared from 

bone marrow by 24-h after administration of VSV (Figure 5). In parallel, an increase in 

circulating neutrophils within the blood was observed (Figure 6). Gradually, by 24-h a 

high number of immature neutrophils (~70%) were detected circulating in the blood. 

Given the increase of neutrophils in the lungs (Figure 7) and spleen (Figure 8), these 

data based on chemokine receptors also suggests that administering VSV caused 

neutrophils to be released from the bone marrow and traffic to other tissues. 

 An unexpected observation was made with respect to neutrophils that expressed 

CXCR4, which is usually a retention marker. Specifically, it was demonstrated that 

upon infection with VSV, all the subsets of mature neutrophils, including those that 

were CXCR4+, decreased in the bone marrow (Figure 5). Studies have shown that 

granulocyte colony-stimulating factor (G-CSF), generated remotely at sites of 

inflammation, act systemically to stimulate murine neutrophil mobilization from the 

bone marrow (217). Additionally, evidence suggests that neutrophil mobilization from 

the bone marrow by G-CSF (218) may be facilitated by the effects of G-CSF on 
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CXCR4/CXCL12 signaling, by decreasing the concentration of CXCL12 in the bone 

marrow (219). Knowing that virus-induced inflammation in animal models and humans 

is associated with an increase in serum levels of G-CSF (220), a decreased local 

concentration of CXCL12 in the bone marrow may have been why VSV caused the 

otherwise unexpected release of CXCR4+ neutrophils by 24-h post-infection. 

Interestingly, it has been shown that during acute inflammatory responses, aged 

neutrophils that are CXCR4hi cease returning to the bone marrow and instead rapidly 

migrate to sites of inflammation (221). Moreover, given that treatment of mice with G-

CSF induces a decrease in the expression of CXCR4 on the surface of neutrophils (222), 

in conjunction with a reduction in CXCL12, this could be the basis for the VSV-induced 

emigration of mature neutrophils expressing CXCR4 from the bone marrow, as was 

shown here. However, this speculative mechanism of action would need to be 

confirmed in this model. 

 An increase in expression of MHCII on neutrophils was observed by 24-h post-

infection within the blood, spleen and lungs compared to PBS-treated control mice. As 

time progressed, neutrophils upregulated this molecule, which is associated with 

antigen presentation. Further, splenic neutrophils progressively increased their 

production of IL-12p70 over time. This pro-inflammatory cytokine plays a critical role 

in modulating antigen presentation to lymphocytes. A growing body of evidence shows 
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that neutrophils are capable of presenting antigens to CD4+ T cells (223). Interestingly, 

24-h after infection the spleen had a significantly larger proportion of MHCII+ 

neutrophils than either the bone marrow or lungs. This finding can be explained by the 

importance of the spleen during immune responses. Contact between antigen-specific T 

and/or B lymphocytes and antigen-presenting cells carrying corresponding antigens is 

increased in the spleen. The physical organization of the spleen allows it to facilitate 

low-probability interactions between antigen-presenting cells and cognate lymphocytes 

(212). The results of this study demonstrated that splenic neutrophils upregulated 

MHCII upon exposure to VSV. This antigen-presentation potential of splenic 

neutrophils may regulate the T and B cell response to antigenic targets that OVs are 

engineered to express. Increasing evidence indicates that neutrophils can contribute to 

adaptive immunity by influencing antigen-specific responses. They can have an indirect 

effect on antigen presentation by activating dendritic cells (224) and they may even 

directly activate T cells by transporting and presenting antigens themselves (225-228). 

 Alongside the increase in splenic neutrophils with a pro-inflammatory 

phenotype, consisting of expression of high concentrations of MHCII and production of 

IL-12 (Figure 8), a small subset of CXCR4bright neutrophils progressively appeared in the 

lungs (Figure 7). Since CXCR4 is associated with retention of cells in the bone marrow, 

this may have been a mechanism used to control tissue inflammation by supporting 



 

 

 

 

78 

trafficking of pro-inflammatory neutrophils back to the bone marrow (229). Indeed, this 

coincided with a downregulation of CXCR2, which was also consistent with restoration 

of a bone marrow-homing phenotype. Interestingly, senescent neutrophils in blood are 

known to upregulate expression of CXCR4, which allows them to return to the bone 

marrow for clearance from the body (230).  

 The ability of neutrophils to acquire non-structural proteins from VSV was 

explored in vitro using bulk splenocytes. The spleen was selected because it is the 

largest secondary lymphoid organ in the body, and as such, hosts a wide range of 

immunologic functions (212). Neutrophils are established phagocytosing cells that can 

engulf microorganisms. After internalization, these invading organisms are destroyed 

via numerous mechanisms including reactive oxygen species and antimicrobial 

peptides. It has been previously demonstrated that neutrophils can engulf VSV or carry 

it on its cell surface (191). Neutrophils are also capable of phagocytizing other viruses 

such as herpes simplex virus (HSV) (231) and internalizing viral proteins from 

cytomegalovirus after phagocytizing infected endothelial cells (232). Intriguingly, we 

demonstrated that the presence of T cell-stimulating CD3- and CD28-ligating functional 

antibodies made a significant difference to whether neutrophils became GFP-positive 

after splenocytes were exposed to VSV-GFP. It is possible that the GFP+ neutrophils 

could stem from engulfing infected cells, phagocytosing the viral transgene-encoded 
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protein after release from another cell type, or even from a direct productive infection of 

neutrophils. Indeed, other innate leukocytes such as dendritic cells have been shown to 

become directly and productively infected by VSV, ultimately causing these cells to die 

(150). It is currently unknown whether this phenomenon in neutrophils would lead to 

viral clearance, promotion of presentation of VSV-encoded antigens, death of 

neutrophils or help disseminate the virus, and therefore, constitutes an important future 

area of research with potentially far-reaching implications for virotherapies. 

 An in vivo multi-dosing experiment, described here, allowed for exploration of 

the impact of VSV on neutrophil biology across a variety of dosing regimens that are 

common in clinical trials. A single dose of VSV or two doses administered 24-h apart 

resulted in a significant decrease in the number of neutrophils in the bone marrow. This 

effect was abrogated where the interval between consecutive doses of VSV was greater 

than 24-h. Notably, a single or 24-h-interval multi-dosing protocol with VSV resulted in 

approximately 20% of splenic neutrophils expressing GFP, which was used as a 

representative non-structural protein encoded as a transgene. This phenomenon was 

not readily apparent in either the blood or bone marrow. This data indicates that a 

single dose or multi-dosing with VSV at a 24-h interval has a different effect on the 

innate immune system than longer multi-dosing intervals. The results suggest that 

neutrophils may become resistant to the acquisition of a viral non-structural protein 
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beyond 24-h of exposure to VSV. The underlying mechanism(s) is worthy of future 

investigation. These results suggest that optimization of dosing protocols should, 

therefore, include studying the effects on neutrophils and determining whether they 

have a net positive or negative effect before proceeding to clinical trials. 

 There are several limitations of this study that should be considered. The study 

lacks definitive proof of where neutrophils are trafficking. This could be addressed 

using an adoptive transfer experiment. The results described here demonstrated that 

there were significant changes to neutrophil sub-populations when an oncolytic virus is 

added, and that varying dosing protocols changed how these sub-populations 

responded. In a tumour-bearing host, intra-tumoural delivery of VSV would be 

expected to cause local inflammation and promotion of trafficking of neutrophils into 

the tumour microenvironment. However, it is not clear whether their accumulation in 

the tumour microenvironment would be beneficial as there are data supporting both 

interference and necessity of neutrophils in OV-mediated therapies [3]. Instead, it is 

likely that this question would have to be addressed on a model-to-model basis. 

Tumour-free mice were used in this study because the goal was to study the effect of 

OVs on neutrophils, without any other immunological perturbations, including the 

influence of an immunosuppressive tumour. Different cancer models have been shown 

to interact with the innate immune system in various and often contradictory ways. The 
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number of neutrophils present in a tumour can have varying outcomes (233). For 

example, neutrophilia has been associated with poor prognoses in renal carcinomas 

(234) and pancreatic adenocarcinomas (235), whereas neutrophils with cytotoxic effects 

can decrease lung metastasis (236). Therefore, it is essential to characterize the general 

reaction of neutrophils to oncolytic viruses before the addition of other confounding 

variables. Understanding how a tumour influences trafficking and/or phenotypes of 

neutrophils would be a logical extension of this research. 

 Another future area of neutrophil research that should be explored is how other 

OVs influence neutrophil trafficking. Previous studies have demonstrated that there is 

no “one size fits all” approach to oncolytic virotherapy. Indeed, different OVs have 

unique properties that can make them more effective in a different array of tumour 

types. Determining how other OVs shift neutrophil trafficking, phenotypes and 

functions would expand our knowledge on the interactions between these critical innate 

leukocytes and cancer therapies. 

2.5 Conclusions 

 Neutrophils are the first responders to sites of inflammation and infection. These 

innate cells play complex roles in viral infections and cancers. Expanding our 

knowledge of how neutrophil populations shift in response to the addition of an 

oncolytic virus, such as VSV is important to understand how oncolytic virotherapies 
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interact with the immune system and to improve virus-based immunotherapeutics. This 

study established that administering VSV resulted in a rapid and dramatic change in 

the systemic distribution and phenotype of neutrophils. Specifically, neutrophils 

appeared to emigrate from the bone marrow, into the blood, and spleen and ultimately 

accumulate in the lungs. They adopted a progressively more immature phenotype over 

time. Splenic neutrophils upregulated MHCII and expressed IL-12, thereby, gaining 

antigen-presentation potential. This correlated with the adoption of a bone-marrow re-

homing phenotype for neutrophils in the lungs, possibly in an attempt to reduce 

inflammation in this sensitive organ. Changing the dosing strategy resulted in various 

outcomes to neutrophils, including impacting their ability to acquire a non-structural 

viral protein within the spleen. These results provide a solid foundation of methods and 

results that researchers can leverage when designing and optimizing novel viral 

immunotherapies. 

 
 
  



 

 

 

 

83 

CHAPTER 3: INFECTION OF STIMULATED LEUKOCYTES BY ONCOLYTIC 

VIRUSES: IMPLICATIONS FOR SINGLE- VERSUS MULTI-DOSING 

PROTOCOLS 

A version of this chapter will be submitted for peer review in July 2021. 
 
Stegelmeier AA, AuYeung AWK, Mould R, McAusland T, Santry L, van Vloten J, 
Whaley M, Klafuric E, Minott JA, Hanada K, Matuszewska K, Petrik JJ, Wootton SK, 
Bridle BW. (2021). Infection of stimulated leukocytes by oncolytic viruses: implications 
for single- versus multi-dosing protocols.  
 

3.0 Abstract 

 The field of oncolytic virotherapy was founded on the premise that the dominant 

mechanism of action was direct virus-mediated killing of cancer cells. This resulted in a 

paradigm of rapid, repeated delivery of oncolytic viruses to maximize infection of 

tumours before the immune system cleared the virus. However, induction of tumour-

specific immune responses is an equally important mechanism. With this in mind, the 

ideal dosing regimen for OVs must be reconsidered. Furthermore, studies have shown 

that activated leukocytes are more susceptible to infection with viruses. Therefore, we 

hypothesized that activated leukocytes might become susceptible to killing by OVs, 

making single-dosing regimens or repeat dosing regimens with longer intervals 

superior in some contexts. Multi-dosing with a vesicular stomatitis virus-vector boosted 

vaccine at a two-day interval within a prime-boost protocol abrogated survival of mice 

with intracranial melanomas, as compared to a single-dose protocol. Flow cytometry 
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analysis demonstrated that substantial proportions of activated CD4+ and CD8+ murine 

T cells were infected in vitro. Infection of activated human blood-derived T cells was 

pronounced, suggesting the findings have clinical relevance. To ascertain the 

involvement of the viral glycoprotein in off-target infection, Maraba viruses that had 

their G protein substituted with that of Lassa or Junin virus were incapable of infecting 

activated T cells, suggesting that the cell entry receptor may be involved. Indeed, an 

increase in low density lipoprotein (LDL-R) expression on activated T cells provided an 

additional mechanism for rhabdovirus entry and infection. These findings indicate that 

appropriate multidosing intervals should be optimized in a preclinical setting for each 

oncolytic virus. Optimizing dosing frequencies for oncolytic virotherapies to prevent T 

cell infection or genetically mutating the G protein constitutes a simple modification to 

existing therapies and has the potential to significantly enhance the health outcomes of 

patients with cancers. 

3.1 Introduction 

 Oncolytic virotherapy is a form of cancer immunotherapy that has been used to 

effectively treat various cancers (237-239). These treatments involve administering an 

oncolytic virus (OV) that preferentially infects and kills tumour cells over healthy cells. 

One benefit of this targeted therapeutic is that it has the potential to reduce severe side 

effects compared to less targeted treatment options (240). Oncolytic viruses are able to 
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preferentially infect cancerous cells via various mechanisms including exploitation of 

surface receptors (241), intracellular aberrations in gene expression (242, 243), and 

exploiting biochemical characteristics of the tumour microenvironment such as hypoxia 

(244). Examples of promising OVs include the 11kbp negative-sense ssRNA 

rhabdovirus vesicular stomatitis virus (VSV) (174, 210, 245), the large 190kbp dsDNA 

poxvirus vaccinia virus (VACV) (132, 246), and the negative-sense ssRNA 

paramyxovirus avian orthoavulavirus-1 (AOaV-1) (116, 134). These three viruses are 

worthy of comparison because they have been used to treat a wide range of cancers, 

they kill cancer cells using vastly different biological pathways, and a range of dosing 

regimens have historically been used (Table 2). Studies into the differential effects of 

dosing analyzing multiple OVs are necessary to increase research impact and inform 

the wide range of existing clinical trials. Despite promising recent advances, many OV 

clinical trials have either failed or prolonged survival for only a subset of patients with 

cancer. Further advances to OV therapies are undoubtedly needed to improve their 

effectiveness. 

 An area of oncolytic virotherapy research that has the potential to further 

increase the efficacy of these therapies involves the relationship between dosing 

protocols and OV cell tropism. Traditionally, the paradigm was to administer the 

maximum tolerable dose of virus frequently to maximize direct oncolysis. By increasing 
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the amount of OV administered, there was a higher multiplicity of infection to infect as 

many tumour cells as possible. To achieve this, numerous preclinical and clinical 

studies have used 24 (155, 247, 248), 48 (243, 249-251), or 72 (241) hours between doses, 

while other clinical trials have included longer intervals between doses [NCT02705196, 

NCT03206073, NCT03954067, NCT03866525] (132, 210, 252). However, OVs are also 

successful cancer therapies because they cause immunogenic cell death (ICD) (108), 

thereby increasing the number of leukocytes infiltrating into tumours. If one objective of 

an OV therapy is to create a treatment that mimics an in situ vaccine, an optimal dose of 

virus should be administered to optimally stimulate the immune system to induce an 

adaptive immune response. The current infectious disease childhood vaccination 

schedule involves administering booster shots after months or years (148). When 

determining a vaccination schedule, researchers in the infectious disease field test 

multiple schedules using ELISAs to determine the optimal balance of fast protection 

and high antibody titers (149). For example a rapid schedule (days 0, 7, 21), 

conventional (days 0, 28, 300), modified conventional (days 0, 21, 300), or accelerated 

conventional (days 0, 14, 300) have all previously been tested (149). If vaccines are 

administered at a suboptimal interval, the secondary vaccine may have less protection 

or induce lower antibody titers. OV treatments would benefit from additional scrutiny 

and by providing clear justification for the proposed dosing regimens. 
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 It has previously been demonstrated that VSV is capable of infecting and 

reducing the viability of DCs (150) and T cells (253). Research has shown that activated 

T cells are susceptible to infection and result in greater viral production and spread 

(254-256). T cells become activated when antigen-presenting cells present peptide 

antigens via the MHC class I or II molecules to the T cell receptor. CD3 is a cell surface 

co-receptor involved in co-stimulation (257). Likewise, CD28 is a co-stimulatory 

receptor on T cells that interacts with CD80 from APCs (258). Using anti-CD3 and anti-

CD28 antibodies in vitro mimics the antigen presentation pathway and activates T cells 

(259), which can be measured using the early activation marker CD69 (260). Post-

activation, T cells proliferate, release cytokines, and differentiate into a range of cell 

types to best respond to either intracellular or extracellular threats. Although previous 

T cell studies elucidated the importance of the cell cycle in infection in activated T cells, 

they did not explore the impact this infection would have on cancer immunotherapy 

dosing regimens. The number of viable professional antigen-presenting cells would 

have implications for immunotherapies, because these innate cells are a crucial link for 

presenting antigens to T cells and initiating memory and effector responses. Moreover, 

CD4+ and CD8+ T cells have both been shown to be integral components of an effective 

immune response during cancer immunotherapy treatment regimens (261). Thus, 
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optimizing dosing protocols to improve the health of effector T cells has the potential to 

positively impact a wide range of OV virotherapies. 

 If OVs are delivered repeatedly, we hypothesized that early activation of 

lymphocytes might result in them subsequently becoming infected and killed by the 

OVs, thereby reducing the efficacy of OV immunotherapies. Overzealous OV 

administration has the potential to exhaust or kill activated leukocytes that are required 

to actively contribute to the immunotherapeutic response. The objective of this study 

was to determine the outcome rapid administration of the OVs VSV, VACV, and AOaV-

1 has on the health of CD4+ and CD8+ T cells to inform the design of clinical trials. We 

demonstrated that rapid multi-dosing in a prime- boost vaccination B16F10 murine 

model significantly reduced efficacy compared to a single booster dose. Most activated 

T cells died when exposed to VSV. In contrast, VACV and AOaV-1 infected and killed 

significantly fewer T cells. Activated T cells were infected and died regardless of 

whether they were derived from mice or humans, indicating the findings have clinical 

relevance. Mechanistically, activated T cells expressed higher levels of the LDL receptor, 

which may facilitate viral entry. Modifying the rhabdovirus G protein prevented OVs 

from infecting activated T cells, which may constitute an effective solution to prevent 

off-target T cell infections. Together, these results explain why certain OV dosing 
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strategies reduce efficacy, and provide tangible solutions to improve the next 

generation of cancer immunotherapies. 

3.2 Materials and Methods 

3.2.1 Ethics 

 This research was approved by the Research Ethics Board (certificate #18-07-030), 

Biosafety Committee (certificate #A-367-04-19-05), and the Animal Care Committee 

(animal utilization protocol #3807). Research complied with the guidelines of the 

Canadian Council on Animal Care.  

3.2.2 Study Design  

 The general design for ex vivo studies is illustrated in Figure 10. Human studies 

had 6-12 individuals per group. This was based on the number of volunteers who 

offered to donate blood for the study. In vitro studies for leukocyte subsets had a 

minimum of 10 mice/group, however commonly repeated experiments such as those 

studying activated T cells had n >50. In vivo studies had four mice/cage. To determine 

when flow cytometry should be conducted, flow samples were processed every four 

hours throughout an infection to determine an ideal timepoint of 18 hours post-

infection for data collection (Figure 18). No outliers were removed in this study. 
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Figure 10: Experimental Overview. 

A) Schematic of general ex vivo workflow. Each experimental group contained four 
mice. AOaV-1, avian orthoavulavirus-1; GFP, green fluorescent protein; OV, oncolytic 
virus; PMA, phorbol 12-myristate 13-acetate; REB, Research Ethics Board; cRPMI, 
complete Roswell Park Memorial Institute media; VACV, vaccinia virus; VSV, vesicular 
stomatitis virus.  

3.2.3 Mice 

 Female C57BL/6 (H-2b) mice (Charles River Laboratories, Wilmington, MA) 

ordered at 36-52 days of age were housed in the central animal facility and the animal 

isolation unit at the Ontario Veterinary College within the University of Guelph. Mice 

were housed four/cage with a 12-hour light/dark cycle under pathogen-free conditions. 

Experiments were initiated one-week after animal arrival to allow them to adjust to 

their environment. Food and water were provided ad libitum. 
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3.2.4 Viruses 

 Recombinant vesicular stomatitis viruses (kindly provided by Dr. Brian Lichty, 

McMaster University) both with and without the ∆m51 mutation were cultured in Vero 

cells (ATCC, Manassas, VA) in Dulbecco’s modified eagle medium (DMEM; Fisher 

Scientific; Hampton, NH), which was supplemented with a 100 U/mL penicillin-100 

µg/mL streptomycin solution (HyClone, South Logan, UT), and 10% heat-inactivated 

iron-supplemented bovine calf serum (BCS; Seradigm, Providence, UT). VSV was 

engineered to express either green fluorescent protein (GFP) or the tumour-associated 

antigen human dopachrome tautomerase (hDCT). VSV-hDCT was used as a boost in 

the efficacy study (125, 262) 14 days after the primary adenovirus vaccine, and as a 

control that did not express GFP for the in vitro studies. VSV was titered using a Vero 

cell plaque assay after sucrose gradient ultracentrifugation and phosphate buffered 

saline (PBS; HyClone) dialysis purification methods (263). 

 Avian orthoavulavirus-1 (kindly provided by Dr. Peter Palese; Icahn School of 

Medicine at Mount Sinai) was engineered to express GFP and a multibasic cleavage site 

in the F protein (AOaV-1-F3aa). This virus was cultured in eggs and purified using 

depth filtration, tangential flow filtration, a sucrose gradient ultracentrifugation, 

dialysis, and concentrated with polyethylene glycol as described previously (264). 
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Titering was completed via the 50% tissue culture infective dose (TCID50) assay and 

analyzed with the Spearman-Kärber statistical method (265). 

 Recombinant vaccinia virus (VACV Copenhagen strain; kindly provided by Dr. 

John Bell; Ottawa Hospital Research Institute) engineered to express GFP. This virus 

was cultured in Vero cells in DMEM, purified using sucrose gradient 

ultracentrifugation, and titered using the TCID50 assay and analyzed with the 

Spearman-Kärber statistical method (265). 

 Two versions of Maraba virus with genetically modified G proteins (kindly 

provided by Dr. John Bell; Ottawa Hospital Research Institute) were included to test 

how altering the G protein influenced infection. Maraba viruses with either the Lassa or 

Junin G proteins were assayed against the parental Maraba virus (266). Maraba viruses 

were propagated using the same procedure as for VSV. Viral infectivity was confirmed 

in Vero cells by fluorescent microscopy by verifying that GFP was expressed (Figure 19). 

 A prime-boost strategy was used in a murine cancer survival study (125). The 

primary cancer vaccine was a human serotype-5 adenovirus that was replication 

deficient due to an E1/E3-deletion. This virus was genetically engineered to contain a 

transgene encoding the full-length tumour-associated antigen human dopachrome 

tautomerase (Ad-hDCT) as described previously (199). A cesium-chloride gradient was 

used to purify Ad-hDCT that had been propagated on human embryonic kidney cells 
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(HEK293; ATCC, Manassas, VA) (267). The virus was titered using an antibody that is 

specific to the Adenovirus hexon protein in an immunocytochemistry titration assay 

(Abcam, Cambridge, UK; Cat. #ab8249) (268). 

3.2.5 Survival Study 

 C57BL/6 female mice received intracranial injections of 1x106 B16F10 cells, as 

described previously (269). B16F10 cells were prepared in F11-MEM media 

supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 1 mM sodium 

pyruvate, 10 µM nonessential amino acids, 50 µM beta-mercaptoethanol, and 100U/mL 

pencillin/ 100µg/mL streptomycin (Invitrogen, Grand Island, NY). Each intracranial 

injection was prepared in 2 µL of PBS. Mice were anesthetized and subsequently 

received an incision to expose the skull. A burr hole was drilled into the skull to allow a 

needle to deliver solution 3 mm into the brain parenchyma over 1 min (269). Next, the 

needle was left for 2 min prior to removal to prevent significant loss of B16F10 cells. 

Stainless steel clips were used to close the incision. Clips were removed seven to ten 

days post-surgery.  

 Five days post-engraftment, 1x108 PFU of Ad-hDCT were administered to 

anaesthetized mice via intramuscular injections. 50 µL of PBS containing the Ad-hDCT 

was administered into each hamstring and biceps for a total volume of 200 µL 

containing 1x108 PFU of Ad-hDCT. Fourteen days post-engraftment, 1x109 PFU of VSV-



 

 

 

 

94 

hDCT in 200 µL of PBS was administered intravenously into the tail vein. Mice that 

were in the multi-dosing categories received a second dose 48 hours later. Mice were 

monitored daily and euthanized when endpoint was reached. 

3.2.6 In vitro Studies 

 Naïve eight-week-old female mice were used for in vitro experiments. Blood was 

acquired via periorbital sinus bleeds prior to euthanization. Spleens were dissected 

from euthanized donor naïve mice and processed in Hank's Balanced Salt Solution 

(HBSS; HyClone) into single cell suspensions by pressing between sterile glass 

microscope slides (Figure 10A). Bone marrow was flushed from femurs using HBSS and 

an 18-gauge needle. Epiphyses were crushed and filtered using a 45 µm strainer to 

obtain marrow from the ends of the bones. All processed splenocytes and blood 

samples were treated with ammonium-chloride-potassium lysis buffer to lyse 

erythrocytes. Cells were plated in a 96 well plate in cRPMI 1640 media (Roswell Park 

Memorial Institute; HyClone) supplemented with 1mL of 50mM ß-mercaptoethanol per 

litre of media (final concentration 50 µM; Gibco, Grand Island, NY), a 100 U/mL 

penicillin-100 µg/mL streptomycin solution (HyClone), and 10% heat-inactivated iron 

BCS (Seradigm). Cells were stimulated for four hours using anti-CD3 (10 µg/mL 

working concentration; BioLegend; Clone 145-2C11, Cat. #100340) and anti-CD28 (2 

µg/mL working concentration; BioLegend; Clone 37.51, Cat. #102116) to stimulate via 
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the T cell receptor (270). Anti-CD3 was added to a 96-well round bottom plate overnight 

to coat the wells and unbound anti-CD3 was removed with three washes with PBS. 

Anti-CD28 was added directly to the media and cells during the four-hour stimulation 

period. Unbound anti-CD28 was then washed off and cells were infected with either 

VSV, VACV, or AOaV-1 (MOI=10) for 18 hours overnight. Flow cytometry was used to 

analyze the cells the next day. 

3.2.7 Flow Cytometry 

 FACS buffer (PBS + 0.5% bovine serum albumin; HyClone) was used to dilute 

anti-CD16/CD32 (Fc block, ThermoFisher Scientific; Waltham MA; Clone 93; Cat. #14-

0161-86) and fluorochrome-conjugated antibodies. Cells were washed between each 

staining step with PBS. Cells were suspended in FACS buffer before running on a 

FACSCanto II (BD; San Jose, CA) flow cytometer. Data were acquired using FACSDiva 

8.0.1 software (BD Pharmingen, Franklin Lakes, NJ). Data were analyzed using FlowJo 

v.10.1 software (FlowJo LLC, Ashland, OR). A variety of monoclonal antibodies were 

used for flow cytometry staining: anti-CD3 BV421(BD Horizon; Clone 1 45-2C11; Cat. # 

562600), anti-CD4 PE (ThermoFisher Scientific; Clone GK1.5; Cat. #11-0043-85), anti-

CD8 BV510 (BD 1060 Horizon; Clone 53-6.7; Cat. #563068), anti-CD45.2 PE-Cy7 (BD Bio; 

Clone 104; Cat. #560696), anti-CD69 APC-Cy7 (BioLegend; Clone H1.2F3; Cat. #104526), 

anti-NK1.1 APC (BD Pharm; Clone PK 137; Cat. #550627), anti-CD138 PE (BD 
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Biosciences; Clone 281-2; Cat. #553714), anti-CD38 AlexaFluor 647 (BD Bioscience; Clone 

90/CD38, Cat. #562789), anti-CD19 APC (BioLegend; Clone 1D3/CD19, Cat. #152410), 

anti-Ly6G PE (BD Biosciences; Clone 1A8; Cat. #551461), anti-CD11c Per-Cp-Cy5.5 

(eBioscience; Clone N418; Cat. #45-0114-82), anti-MHCII APC/Fire 750 (BioLegend; 

Clone M5/114.15.2; Cat. #107652), anti-Ly6C APC-Cy7 (BioLegend; Clone N418; Cat. 

#117324), anti-CD11b BV421 (BioLegend; Clone M1/70; Cat. #101236), and anti-

SIINFEKL dextramer APC (Immudex; Clone H-2 Kb; Cat. #JD-2163-APC), CD62L PE-

Cy7 (eBioscience; Clone MEL-14; Cat. #25-0621-82), and CD127 APC-eFluor780 

(eBioscience; Clone A7R34; Cat. #47-1271-82). 7AAD viability dye was used to stain 

dead cells for downstream removal of non-viable cells (BioLegend; Cat. #420404). 
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3.2.8 Gating Strategy 

 Lymphocytes were initially gated based on physical characteristics using 

forward and side scatter (

 

Figure 11). Subsequently, doublets were excluded base on size and only viable CD45.2+ 

cells were analyzed. CD8+ T cells were defined as CD45.2+CD3+CD8+, while CD4+ T cells 

were defined as CD45.2+CD3+CD4+. NK cells were defined as CD45.2+CD3-NK1.1+ and 

DCs were defined as CD11b+Ly6C+Ly6G+MHCII+. Cells that were considered infected 

with virus were defined as GFP+. Activated cells were defined as being CD69+. 
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Figure 11: Representative dot plots illustrating the gating strategy applied to flow 
cytometry data. 

Splenocytes were taken from a naïve mouse and infected in vitro with VSV-GFP, VACV-
GFP, or AOaV-1 (MOI=10) after a four-hour stimulation period. Lymphocytes were 
gated based on FSC-A vs SSC-A, doublet exclusion (FSC-A vs FSC-W and SSC-A vs 
SSC-W), and dead cell exclusion via the 7AAD viability dye that binds to DNA and 
stains dead cells. Subsequently, leukocytes were gated using the CD45.2+ pan leukocyte 
marker, and T cells were differentiated into CD4+ (CD3 vs CD4) and CD8+ (CD3 vs CD8) 
cells. The early activation marker CD69 and GFP expression were analyzed within each 
T cell subset. 7AAD, 7-aminoactinomycin D; A, area; AOaV-1, avian orthoavulavirus-1; 
FSC, forward scatter channel; SSC, side scatter channel; VACV, vaccinia virus; VSV, 
vesicular stomatitis virus; W, width. 
 

3.2.9 Time-Lapse Study 

 Time-lapse videos were taken every two minutes for 36 hours on a Lumascope 

Bioimager LS460 (Etaluma; San Diego, CA) using Lumaview v.17.11.04.0 software 

(Etaluma; San Diego, CA). Time-lapse videos were created from the 1,080 photos that 
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were generated using iMovie v.10.1.6 (Apple, Cupertino, CA). Bright-field images were 

taken using 14.9% illumination, 3.625 gain, and 15.9 ms exposure. GFP fluorescence was 

captured using the Green channel with 9.0% illumination, 12 gain, and 58.4 ms 

exposure. 

3.2.10 T Cell Sorting 

 Splenocytes were sorted 18 hours post- OV infection (VSV, VACV, or AOaV-1, 

MOI=10) using a FACS Aria II flow sorter (BD; San Jose, CA) using FACSDiva 8.0.1 

software (BD Pharmingen). Sorted cells were plated in cRPMI supplemented with 2x 

antimycotic-antibiotic (Gibco, Grand Island, NY) instead of penicillin-streptomycin to 

prevent contamination from the sorting process. Forty-eight hours later cells were 

stained using 7AAD for viability and were run on the FACSCanto II. For the CD4+ and 

CD8+ T cell sorting experiment, stained lymphocytes were sorted prior to activation and 

infection. Cells were sorted into CD45.2+CD3+CD4+ CD8- populations and 

CD45.2+CD3+CD4-CD8+ populations, or they remained as bulk sorted splenocytes that 

were only sorted based on viability. After cells underwent a stimulation and infection 

protocol, they were stained and quantified on the FACSCanto II 18 hours post-infection.  

3.2.11 In vivo Multi-Dosing Study Design 

 To determine when multi-dosing protocols no longer lead to infection of T cells 

in a prime-boost model, an in vivo multi-dosing experiment was conducted. Mice 
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received a primary vaccine dose of 1x108 PFU of Ad-hDCT intramuscularly on day zero. 

Ten days later an initial heterologous booster dose of 1x109 PFU of VSV-hDCT was 

administered intravenously to mice. Mice subsequently received a second intravenous 

boost dose of VSV, but this time expressing GFP instead of hDCT, seven days, 72 hours, 

48 hours, or 24 hours later (Figure 10B). Control mice were primed with Ad-hDCT and 

then received a single dose of VSV-GFP ten days later. Samples were run on a flow 

cytometer 18 hours after mice received VSV-GFP. 

3.2.12 Collection of Blood Samples from Human Donors 

 Human participants had to self-identify as healthy and be ≥18 years of age to be 

included. Both sexes were included and ages ranged from early 20s to 60s. Blood was 

drawn via a self-administered finger prick into heparin tubes after disinfecting the skin 

with an alcohol swab (BD, Franklin Lakes, NJ). Single-use sterile Unistick3 safety 

lancets were used for the procedure (Owen Mumford, Woodstock, UK). The blood vials 

were stored on ice for up to one hour until all samples were collected. Samples were 

then immediately processed and stained using the same protocol as murine blood 

samples. Human versions of each conjugated antibody were used in the flow cytometry 

staining protocol (BioLegend). 
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3.2.13 Immunofluorescence and Confocal Imaging of Suspension Cells 

 Cells were transferred to microscope slides using a Cytospin centrifuge at 200 

rpm for five minutes. Air dried slides were submerged twice in PBS for two minutes 

and a hydrophobic barrier was drawn around each cell spot using a hydrophobic 

barrier pen. Cells were permeabilized for five minutes using 200 µL of permeabilization 

buffer (0.1% Triton X-100 in PBS) per cell spot. Slides were transferred to a swing rack 

and submerged twice in wash buffer (PBS + 0.05% Tween20) for two minutes. Non-

specific binding was blocked for 10 minutes using 200 µL of blocking solution (5% BSA 

+ 0.1% sodium azide in 1xPBS). Samples were incubated with a CD8-specific antibody 

(1:200, Novus, NBP2-12183) in antibody diluent (1% BSA + 0.01% sodium azide in PBS) 

overnight at 4 °C in a humidified chamber. The following day, the solution containing 

the primary antibody was tapped off and slides were washed twice for two minutes. A 

secondary antibody (1:200, Alexa-fluor-488, goat anti-rat, Abcam, Cat. #ab150157) was 

added for one hour in the dark at room temperature. After washing, samples were 

incubated with a CD4-specific antibody (1: 1,000, Abcam, Cat. #ab183685) in antibody 

diluent overnight at 4 °C in a humidified chamber. The solution containing anti-CD4 

was tapped off, slides were washed and samples were incubated with a secondary 

antibody (1:200, Alexa-fluor-594, donkey anti-rabbit, Abcam, Cat. #ab150076) for one 

hour in the dark at room temperature. After washing, coverslips were added to the 
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slides using ProLong Gold Anti-fade mountant with DAPI (ThermoFisher Scientific, 

Cat. #P36931) and allowed to dry for two hours at room temperature. Slides were stored 

at 4 °C and imaged via oil immersion at 60x magnification using an Olympus FluoView 

Laser Scanning Confocal System v.4.3 (Tokyo, Japan) at consistent high voltage. 

3.2.14 Statistical Analyses 

 GraphPad Prism v.9.0.2 software (GraphPad; San Diego, CA) was used to 

generate graphs and conduct statistical analyses. The Kaplan-Meier method was used to 

analyze survival curves (271). The log-rank test was used to calculate statistical 

significance. Differences between the numbers of infected or viable lymphocytes were 

calculated using a one-way Analysis of Variance (ANOVA) and Tukey’s multiple 

comparison test (272). Error bars denote standard deviation for each experimental 

group, bar graphs denote the mean of each group, and p values ≤ 0.05 were considered 

significant. 

3.3 Results 

3.3.1 Multi-Dosing with VSV Leads to Reduced Efficacy in a Prime-Boost Vaccination 
Model 

 A preclinical prime-boost vaccination model was tested to determine whether 

giving two booster doses of VSV, instead of just one, would improve efficacy in a 

B16F10 intracranial melanoma model. This model involved primary vaccination with of 
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1x108 PFU of Ad-hDCT administered intramuscularly to mice five days after they 

received intracranial injections of B16F10 melanoma cells (199). Fourteen days later a 

secondary vaccine consisting of 1x109 PFU of VSV-hDCT was administered 

intravenously. To determine the effect multi-dosing has on efficacy, a subset of mice 

received a second dose of VSV encoding either hDCT or GFP 48 hours later. Mice that 

received a second dose of VSV, regardless of its encoded transgene, had significantly 

reduced survival compared to the treatment group that only received a single VSV-

vectored booster dose (Figure 12; p = 0.0176 and p = 0.0364, GFP and hDCT, 

respectively). This result suggested that rapid multi-dosing with VSV may abrogate 

efficacy in iterations of OV therapy and prompted an exploration of a possible 

mechanism behind this observation. This therapy depended on effector T cells (210). 

This, combined with previous observations that activated T cells can become 

susceptible to some viral infections (253), led the hypothesis that an initial dose might 

activate T cells, thereby rendering them susceptible to infection and killing by a second 

dose given a short time later. 
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Figure 12: Survival of mice in a B16F10 brain melanoma model. 

Efficacy was significantly reduced in a brain melanoma model being treated with a 
prime boost regimen when VSV was administered using a multi-dosing strategy 
compared to a single dose. C57BL/6 mice received intracranial injections of 1x106 
B16F10 cells suspended in 2 µL of PBS. 1x108 PFU of Ad-hDCT suspended in 200 µL 
was administered (50 µL per hamstring/bicep) on day five. The first 1x109 PFU VSV 
boost dose in 200 µL of PBS was administered intravenously 14 days post-prime, while 
the second 109 PFU dose was administered two days later. A log rank test was used to 
determine significance. Ad, adenovirus; BHG, empty Ad vector; GFP, green fluorescent 
protein; hDCT, human dopachrome tautomerase; VSV, vesicular stomatitis virus. 
 

3.3.2 Activated Splenocytes were Infected by VSV, VACV, and AOaV-1 

 Administering an oncolytic virus activates T cells, thus the role of leukocyte 

activation was explored using the three oncolytic viruses VSV, VACV, and AOaV-1. 

These viruses were chosen to both examine the specific conditions in the above survival 
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curve, as well as to determine whether the same biological phenomenon occurred in 

commonly used but biologically distinct OVs. Time-lapse videos of splenocytes were 

generated to visualize infection by OVs. Extracted splenocytes were stimulated with 

anti-CD3 and anti-CD28 for four hours followed by 18-hour infection with the oncolytic 

viruses VSV, VACV, or AOaV-1 (Figure 13A). Each virus had the GFP transgene 

encoded in the genome, so that cells that were infected and producing the transgene 

would fluoresce. VSV resulted in the most intense fluorescence of the three OVs, which 

began at approximately four hours post viral introduction to the well, and was 

eliminated by 30 hours. In contrast, VACV- and AOaV-1-infected cells had lower 

intensity transgene expression. The VSV time-lapse video conveys that cell complexes 

within the bulk splenocyte mixture appeared to form around the infected cells before 

they were lysed. 
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Figure 13: Activated bulk splenocytes were susceptible to infection by OVs. 

A) C57BL/6 splenocytes from mice were stimulated in anti-CD3 and anti-CD28 for four 
hours, at which timepoint the stimulant was removed and cells were infected at a 
multiplicity of infection of 10. Representative images are presented for VSV, VACV, 
AOaV-1, and an uninfected control. B) Heat map of the percentage of GFP+ CD4+ T cells, 
CD8+ T cells, and dendritic cells. Flow cytometry was used to determine the percentage 
of viable leukocyte subsets that expressed the virus-encoded GFP transgene. 
Percentages of GFP+ cells are overlaid on the heat map, and more intense green 
indicates a larger proportion of cells were infected. A minimum of 10 biological 
replicates were performed per category. AOaV-1, avian orthoavulavirus-1; GFP, 
enhanced green fluorescent protein; VACV, vaccinia virus; VSV, vesicular stomatitis 
virus. 
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3.3.3 Activated CD4+ and CD8+ Lymphocytes and Dendritic Cells from Murine 
Spleens were Susceptible to Infection by VSV, VACV, and AOaV-1 

 Leukocytes were tested in vitro to determine which cell subsets were susceptible 

to infection by the oncolytic viruses VSV, VACV, and AOaV-1. CD4+ T cells, CD8+ T 

cells, and DCs were analyzed using flow cytometry because effector cells are important 

in the prime-boost vaccine model (210), and CD4+ T cells and DCs have previously been 

shown to be infected by VSV (150, 253) (Figure 13B). Most unstimulated control cells 

were unable to be infected by either VSV or AOaV-1 (<0.5%). However, a proportion of 

leukocytes were infected by VACV in the absence of stimulation including CD4+ T cells 

(4.6 ± 3.0%), and CD8+ T cells (4.1 ± 3.0%).  

 Activated CD4+ and CD8+ lymphocytes were analyzed for the viral GFP 

transgene using flow cytometry. A significant proportion of activated CD4+ and CD8+ T 

cells were susceptible to infection by OVs once they had been stimulated with anti-CD3 

and anti-CD28 (Figure 14A & B), which recapitulates signalling through TCR-peptide-

MHC interactions. In particular, VSV led to the largest percentage of infected cells in 

CD4+ and CD8+ T cells (p < 0.0001), while AOaV-1 infected a smaller proportion of T 

cells. VACV did not result in a significant increase in infection rates compared to 

unstimulated controls for either activated CD4+ (p = 0.9271) or CD8+ T cells (p = 0.7730; 

Figure 14B).  
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 Infection of stimulated dendritic cells were tested to determine if previous 

findings on DC infection were reproducible (Figure 13B). Dendritic cells were infected 

by VSV (9.9 ± 1.2%; p = 0.0116), recapitulating previous findings by the Hiscott lab on 

VSV infection of DCs (150). Both VACV and AOaV-1 also infected activated DCs. 

VACV was capable of infecting both unstimulated and stimulated DCs, whereas AOaV-

1 and VSV infected a larger proportion of DCs after stimulation. 
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Figure 14: Splenocytes are significantly infected by VSV, which results in productive 
viral infection and a significant decrease in CD4+ and CD8+ T cell viability. 

A) Percentage of CD4+ and CD8+ T cells that are infected by oncolytic viruses. B) 
Percentage of viable of CD4+ and CD8+ T cells 48 hours post sort. C) Representative flow 
cytometry data of 7AAD viability staining. Experiment was performed in biological 
triplicates and error bars denote standard deviation. D) VSV was titered using the 
TCID50 method. Experiments were performed in biological triplicates and error bars 
denote standard deviations. Timepoints denote intervals between the removal of 
stimulation media and the addition of VSV. Left bar = unstimulated, Right bar = 
stimulated. AOaV-1, avian orthoavulavirus-1; GFP, green fluorescent protein; VACV, 
vaccinia virus; VSV, vesicular stomatitis virus. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 
0.0001; ns = not significant. 
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3.3.4 Infected T Cells have Significantly Reduced Viability after Productive VSV 
Infection 

 A crucial aspect of this study was to determine the fate of T cells that became 

infected by VSV, VACV, or AOaV-1. To test the hypothesis that infection of activated T 

cells would result in their death, these cells were sorted from splenocytes based on their 

expression of GFP, that could only have occurred post-infection. Murine splenocytes 

were stimulated with anti-CD3 and anti-CD28 and treated four hours later with VSV, 

VACV, or AOaV-1. Eighteen hours post-treatment, infected cells were sorted and plated 

in media containing IL-2 to promote the survival of T cells, which otherwise die rapidly 

in the absence of this cytokine. 7AAD staining confirmed that activated and infected 

cells had a significant decrease in viability 48 hours after certain OV treatments (Figure 

14B). VSV infection resulted in the most significant reductions in viability for both CD4+ 

and CD8+ T cells. CD4+ T cells populations that had been stimulated via anti-CD3 and 

anti-CD28 and treated with VSV were decimated from 80.4 ± 8.0% to 7.1 ± 2.2% viability 

(p < 0.0001), whereas viable CD8+ T cells were reduced from 60.3 ± 20.8% to 11.3 ± 1.9% 

(p = 0.0102; stimulated but uninfected vs stimulated and infected respectively). VACV 

significantly decreased the viability of activated CD4+ T cells only. After stimulation, 

CD4+ infected cells had a viability of 41.9 ± 17.4% compared to 74.0 ± 4.0% of uninfected 

stimulated cells (p = 0.0013), whereas CD8+ infected T cells had a modest but 

insignificant decrease in viability (61.6 ± 18.5% versus 52.5 ± 16.2%; p = 0.8844). 
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Intriguingly, cells that were stimulated and infected by AOaV-1 had no significant 

decrease in viability. 

 To test whether the T cell infection resulted in productive viral replication, in 

vitro activated splenocytes were treated with VSV. Every four hours after infection, 

supernatants were harvested to generate single-step growth curves up to 32 hours post 

activation (Figure 14E) using the TCID50 method. Significant increases in viral titers 

compared to unstimulated controls were observed at 20, 28, and 32 hours of infection 

(Figure 14D), indicating the infection of T cells resulted in not just expression of the 

transgene encoding GFP, but the formation of viable viral progeny.  

3.3.5 Isolated and Activated CD4+ and CD8+ T Cells were also Susceptible to Infection 
in the Absence of Signals or Contact from Other Leukocyte Subsets 

 CD4+ and CD8+ T cells were sorted prior to stimulation and OV treatment to 

determine whether the cells were inherently prone to infection when isolated, or 

whether they required interaction(s) with other leukocytes to potentiate infection (Figure 

15). There was no significant difference with the proportion of infected cells between 

bulk splenocytes and isolated T cells by either VACV or AOaV-1. However, sorted T 

cells were infected by VSV at a significantly lower rate than bulk splenocytes (CD4: p = 

0.0116; CD8: p < 0.0001). Therefore, OVs can still infect T cells in the absence of signals 
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from other leukocytes. For VSV, although isolated T cells were still susceptible to 

infection, there was evidence of some potentiation by other splenocytes. 

 
Figure 15: Sorted CD4+ and CD8+ T cells remained susceptible to infection with 
oncolytic viruses. 

Bulk C57BL/6 murine splenocytes were sorted into CD45.2+CD3+CD4+ and 
CD45.2+CD3+CD8+ T cell subsets. Cells were then stimulated by anti-CD3 and anti-CD28 
and infected with OVs for 18 hours. A) Representative sorting graphs of CD4+ and CD8+ 
purity compared to control sorted bulk splenocytes. B) Proportion of cells that were 
CD4+ or CD8+ T cells. Sorting was on average >97% pure for both CD4+ and CD8+ 
populations. Bulk splenocytes were control cells that were passed through the cell 
sorter but contained all cell subsets. C) Proportion of sorted T cells that were GFP+. Both 
sorted CD4+ and CD8+ cells had similar proportions infected compared to T cells 
analyzed from bulk splenocyte controls, indicating that T cells can become infected in 
the absence of other leukocytes, although VSV may become more susceptible to 
infection when in the presence of neighbouring leukocytes. AOaV-1, avian 
orthoavulavirus-1; GFP, green fluorescent protein; VACV, vaccinia virus; VSV, 
vesicular stomatitis virus. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns = not 
significant. 
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 A serendipitous observation was made from the sorting experiment regarding 

the upregulation of CD8 (Figure 16). A subset of sorted CD4+ T cells that were activated 

and treated with VSV upregulated CD8+ to become CD4+CD8lo. This subset was not an 

artifact of sorting because CD4+CD8+ double-positive T cells were excluded from sorting 

prior to infection with OVs (Figure 17). Furthermore, the other sorted wells from the 

same vial that were not treated with VSV did not have this CD4+CD8lo population 

(Figure 16A). This population did not occur in wells treated with VACV or AOaV-1. The 

upregulation of both receptors on a single T cell was confirmed using confocal 

microscopy (Figure 16C). 
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Figure 16: Sorted CD4+ T cells upregulated CD8+ after VSV infection. 

Bulk C57BL/6 murine splenocytes were sorted into separate CD4+ and CD8+ 
populations. Cells were then stimulated by anti-CD3 and anti-CD28 for four hours and 
infected with OVs for 18 hours. A) Proportion of cells that are double-positive 
CD4+CD8lo T cells. Sorting was >97% pure for both CD4+ and CD8+ populations. Bulk 
splenocytes indicate control cells that were passed through the cell sorter but contain all 
cell subsets. CD4+ T cells upregulated CD8+ to become CD4+CD8+ T cells in the presence 
of VSV, however sorted CD8+ T cells did not upregulate CD4+ in the presence of VSV. B) 
Proportion and number of sorted T cells that are CD4+CD8lo. Only stimulated cells 
exposed to VSV created a double-positive population. C) Confocal microscopy of CD4+ 
T cells, CD8+ T cells, and CD4+CD8lo cells. The double-positive cells were imaged after a 
four-hour stimulation and 18-hour infection with VSV. The CD4+ receptor is stained 
green (Alexafluor488) and the CD8+ receptor is stained red (AlexaFluor 594). DAPI was 
used to stain nucleic acid. AOaV-1, avian orthoavulavirus-1; DAPI, 4′,6-diamidino-2-
phenylindole; VACV, vaccinia virus; VSV, vesicular stomatitis virus. *p < 0.05; **p < 0.01; 
***p < 0.001; ****p < 0.0001; ns = not significant. 
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Figure 17: Representative dot plots illustrating the gating strategy applied to flow-
sorted T cell data. 

Flow cytometry T cell gating analysis typical gating strategy for C57BL/6 murine 
splenocytes. Splenocytes were obtained from a naïve mouse and stained before sorting. 
Lymphocytes were gated based on size (FSC-A vs SSC-A), and dead cell exclusion via 
the 7AAD viability dye that binds to DNA and stains dead cells. Subsequently, 
leukocytes were gated using the CD45.1+ pan leukocyte marker, and T cells were 
differentiated into CD4+ (CD3 vs CD4) and CD8+ (CD3 vs CD8) cells, before removing 
CD4+CD8+ double positives. 7AAD, 7-Aminoactinomycin D; A, area; FSC, forward 
scatter channel; SSC, side scatter channel; W, width. 
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3.3.6 A Larger Percentage of T Cells were Infected than can be Captured at a Single 
Flow Cytometry Timepoint 

 Flow cytometry was conducted every four hours for 40 hours to accurately 

quantify the magnitude of the total T cell population susceptible to VSV infection 

(Figure 18). Samples were stimulated with anti-CD3 and anti-CD28 for four hours before 

being exposed to VSV (MOI=10). VSV was selected because it significantly infected and 

killed both CD4+ and CD8+ T cells in previous experiments, compared to VACV and 

AOaV-1. Almost all T cells from wells that received stimulation and virus died by 40 

hours, compared to stimulated uninfected splenocytes (Figure 18A). There were 

significantly fewer stimulated cells due to infection starting at 12 hours. The number of 

CD4+CD8lo T cells spiked at 12 hours, demonstrating the kinetics for the upregulation of 

the CD8 receptor on CD4+ T cells. The number of CD4+CD8lo T cells decreased as time 

progressed, despite the percentage of infected CD4+CD8lo remaining relatively constant 

throughout the experiment (Figure 18B). Absolute numbers of infected GFP+ T cells 

peaked at eight hours and steadily declined as cells died (Figure 18C). 
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Figure 18: Conducting flow cytometry every four hours for 40 hours revealed that 
most T cells were becoming infected with VSV and dying. 

A) CD4+ and CD8+ T cells died at significantly larger proportions than stimulated but 
uninfected controls. B) The proportion of infected T cells remained relatively high 
throughout the time series. C) The highest number of T cells were expressing the viral 
transgene at eight hours post infection and steadily decreased at each subsequent 
timepoint. GFP, green fluorescent protein; Stim, stimulation; VSV, vesicular stomatitis 
virus. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns = not significant. 
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3.3.7 VSV Infection of T Cells can Mechanistically be Explained by the Upregulation 
of LDL-R Coupled with the Rhabdovirus G Protein 

 To elucidate the mechanism for T cell infection, the relationship between T cell 

activation and the LDL receptor (LDL-R) was explored (Figure 19). LDL-R is the viral 

entry receptor for VSV (197) and Maraba virus (273). The G protein is the surface 

glycoprotein used by rhabdoviruses to fuse with the cell membrane and enter the host 

cell (274). Bulk murine splenocytes were activated with anti-CD3 and anti-CD28 and 

infected as previously described. Flow cytometry was used to analyze the levels of 

LDL-R expression. Activated CD4+ and CD8+ T cells upregulated LDL-R at significantly 

higher levels than controls (Figure 19A; p <0.0001), which could contribute to the ability 

for VSV to infect these cells at higher proportions. The observed 10-fold increase in 

LDL-R expression could potentially contribute to the ability for rhabdoviruses to enter 

activated T cells. 
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Figure 19: VSV entry into cells was mediated by the upregulation of the LDL receptor 
on T cells and the rhabdovirus G protein. 

A) Murine bulk splenocytes were stimulated for four hours. The mean fluorescent 
intensity of the LDL receptor was measured immediately after stimulation, as well as 
after a subsequent 18-hour incubation with VSV. Stats represent the significance 
between the stimulated sample and its unstimulated control. B) VSV and Maraba 
infected activated T cells, but Maraba pseudotyped with the G protein from either Lassa 
or Junin virus did not. Infected cells were measured 18 hours post-infection. The Y axis 
was segmented to visualize samples with infections approaching zero. C) Fluorescent 
microscopy images in the FITC channel of Vero cells infected with either Maraba-Lassa 
or Maraba-Junin viruses demonstrated functional GFP transgene expression. GFP, 
green fluorescent protein; MFI, mean fluorescent intensity; VSV, vesicular stomatitis 
virus. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns = not significant. 
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 The importance of the rhabdovirus G protein in activated T cell infection was 

also analyzed, as the LDL-R is not the sole mechanism for rhabdovirus cell entry (Figure 

19B-C). Activated murine bulk splenocytes were assayed in vitro for their ability to 

become infected by the Rhabdoviruses VSV, Maraba virus, Maraba-Lassa virus, and 

Maraba-Junin virus (Figure 19B). The latter two versions of Maraba virus have been 

pseudotyped to express the G proteins from the Lassa and Junin arenaviruses. 

Although both VSV and Maraba virus could infect activated T cells, both pseudotyped 

versions of the Maraba virus were incapable of infecting T cells. The inability to infect 

was not due to the inability of these viruses to successfully produce transgene inside a 

permissive host, as was shown by microscopic images of successful GFP transgene 

expression in a permissive Vero cell line (Figure 19C). If a rapid multi-dosing protocol 

was required for tumour clearance, genetically altering the rhabdovirus G protein 

constitutes an excellent approach to prevent infection of activated T cells. 

3.3.8 Activated Leukocytes were Infected in vivo 24-72 Hours after the Initial 
Oncolytic Virus Dose 

 Naïve C57BL/6 mice underwent prime-boost dosing regimens to confirm if the 

infection of activated leukocytes also occurred in vivo (Figure 10). The initial boost of 

VSV-hDCT acted as the activation step to replace the in vitro anti-CD3 and anti-CD28 

stimulation treatment. Mice received a subsequent dose of VSV-GFP either 24 hours, 48 
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hours, 72 hours, or 7 days later. These time points were selected because these doses 

have all been reported in clinical settings. Infection of CD4+ T cells was observed in the 

bone marrow but not the spleen, whereas CD8+ T cells exhibited the opposite tissue 

tropism (Figure 20A). Mice that had received VSV doses seven days apart had the lowest 

proportion of T cells infected. The proportion of infected CD4+ T cells was the highest at 

48 hours, followed by 72 hours, 24 hours, and a single VSV boost dose. These results 

corroborate the findings from the initial prime boost prime boost survival study, which 

included a 48-hour interval between VSV doses. The infection within the bone marrow 

was visualized by photographing a murine tibia under the FITC channel of a 

microscope (Figure 20B). 



 

 

 

 

122 

 
Figure 20: In vivo murine multi-dosing protocols resulted in CD4+ T cell infection in 
the bone marrow. 

The prime boost multidosing protocol from Figure 12 was recapitulated using a range 
of boost dose timing intervals in naïve C57BL/6 mice. Ad was administered i.m. on day 
five. The first VSV boost dose was administered iv 14 days post-prime, while the second 
dose was administered one to seven days later. A) VSV multi-dosing protocols resulted 
in CD4+ T cell infection within the bone marrow and CD8+ T cell infection within the 
spleen. Experiment was performed in biological sets of four and error bars denote 
standard deviation. B) Microscopy of murine tibia with bone marrow cells expressing 
GFP from a VSV infection after a multi-dosing protocol with a 48-hour interval between 
doses. Ad, adenovirus; GFP, green fluorescent protein, VSV, vesicular stomatitis virus. 
*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns = not significant. 
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3.3.9 Activated Human Leukocytes were Susceptible to Infection by OVs 

 Human volunteers were recruited to donate blood to determine if the off-target 

infection of T cells also occurred in human blood and therefore had clinical relevance. 

Both biological sexes were included in this sampling, in contrast to exclusively female 

mice in the previously described experiments. Blood samples were stimulated with 

anti-CD3 and anti-CD28 for four hours and infected with OVs for 18 hours before 

analyzing cells via flow cytometry (Figure 21A-B).  

 

Figure 21: Stimulated in vitro blood-derived CD4+ and CD8+ T cells were highly 
susceptible to infection with VSV-GFP. 

Whole blood was collected from healthy human volunteers using a self-administered 
finger prick test. Flow cytometry was conducted on samples to ascertain the portion of 
T cell subset that were infected with OVs after a four hour anti-CD3 and anti-CD28 
stimulation period proceeded by an 18-hour in vitro infection. Proportion of A) CD4+ 
and B) CD8+ T cells that were infected by either VSV, VACV, or AOaV-1. Experiment 
was performed in biological sets of minimum 10 depending on volunteer participation 
and error bars denote standard deviation. AOaV-1, avian orthoavulavirus-1; GFP, green 
fluorescent protein; VACV, vaccinia virus; VSV, vesicular stomatitis virus. *p < 0.05; **p 
< 0.01; ***p < 0.001; ****p < 0.0001; ns = not significant. 
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 VSV significantly infected activated T cells (p < 0.0001), whereas VACV only 

significantly infected CD4+ T cells (CD4+: p = 0.0245; CD8+: p = 0.1195; Figure 21A-B). 

AOaV-1infected a significant proportion of human leukocytes and infected the largest 

proportion of inactivated cells (p < 0.0001). More CD4+ cells became infected than CD8+ 

cells in both human and murine samples, except for AOaV-1 infection of CD8+ T cells. 

AOaV-1 infected a larger proportion of leukocytes than was predicted by in vitro studies 

(Figure 14). Indeed, the human: murine ratio of the proportion of infected T cells for 

AOaV-1 was 9.53 for CD4+ T cells and 5.56 for CD8+ T cells, indicating AOaV-1 could 

infect more human cells than their murine counterparts. The human: murine infectivity 

ratios for VSV and VACV infections approached 1 as these viruses infected similar 

proportions regardless of the biological origin of the host immune cell. A previous 

study by Zamarin and colleagues also demonstrated that AOaV-1 can infect human 

cells better than similar murine cells (275), which may be due to the abundance of the 

AOaV-1's cell entry sialic acid receptor N-acetylneuraminic acid (Neu5Ac) on human 

cells compared to mice (276, 277). This key finding demonstrates that the infection of 

activated leukocytes has clinical relevance, and optimal dosing regimens should 

therefore be carefully considered to ensure that oncolytic viruses are administered at 

time intervals to maximize efficacy in patients.  
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3.3.10 Antigen-Specific Effector T Cells were Susceptible to Infection by VSV 

 Mice were vaccinated with Ad-SIINFEKL to generate a SIINFEKL specific T cell 

population to determine whether antigen specific T cells could be infected (Figure 22). 

The vaccination successfully generated an antigen specific subpopulation of CD8+ T 

cells after 10 days (Figure 22A-B). These cells were harvested, stimulated with anti-CD3 

and anti-CD28 for four hours, and infected with VSV for 18 hours prior to flow analysis. 

The majority of the SIINFEKL+ subpopulation were CD62L-CD127- effector cells (Figure 

22C), and were significantly infected by VSV compared to CD62L+ memory T cells (p < 

0.0001; Figure 22C). This observation further supports the initial findings from the 

survival study that demonstrated rapid multi-dosing in a prime-boost model reduced 

efficacy.  
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Figure 22: Antigen-specific effectors cells were infected by VSV. 

A) Representative flow cytometry dot plots of CD8+ SIINFEKL+ cells from an Ad-
SIINFEKL vaccinated and naïve C57BL/6 female mouse. B) Percentage of CD8+ T cells 
that were SIINFEKL+ in mice injected with 1x108 PFU Ad-SIINFEKL compared to a 
naïve mouse. C) Flow cytometry analysis of CD8+ T cell effector subsets and VSV 
infection rates 18-hours post VSV infection. CD62L+CD127- cells are present in 
significantly lower proportions than CD62L-CD127- cells within the CD8+SIINFEKL+ 
population. This results in a significantly higher number of infected effector cells, 
despite the observation that a significantly lower proportion are infected. Stim, 
stimulation; VSV, vesicular stomatitis virus. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 
0.0001; ns = not significant.  
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3.3.11 Recombinant IFN-ß Reduced the Proportion of Cells Infected by VSV 

 To determine the effects of IFN on the off-target T cell infection by VSV, 600 

U/mL or 6,000 U/mL of recombinant IFN-ß were added to the media during a T cell 

infection in vitro experiment (Figure 23). Cells were analyzed via flow cytometry 0, 18, 

and 42 hours post-infection to ascertain the influence of IFN on VSV infection rates. As 

expected, no viral transgene was quantifiable at the zero-hour control timepoint. rIFN-ß 

significantly reduced the CD4+ T cell proportion of cells infected with VSV-WT-GFP at 

18 hours (p = 0.0020; Figure 23A) in WT mice. In contrast, splenocytes from knockout 

mice without an IFNAR were not significantly influenced by rIFN-ß as expected (p = 

0.0974-0.9992; Figure 23B). VSV-∆m51-hDCT infection in CD4+ T cells was significantly 

reduced at both 18-hours (p = 0.0116) and 42-hours post-infection (p < 0.0001). There was 

no significant reduction in VSV-∆m51-hDCT infection in splenocytes from IFNAR-/- mice 

(p = 0.5031->0.9999). 



 

 

 

 

128 

  
Figure 23: Recombinant IFN-ß reduced the proportion of GFP+ activated T cells. 

Murine bulk splenocytes were stimulated for four hours. The proportion of infected T 
cells was measured 18 hours and 42 hours post infection with both VSV-WT-GFP and 
VSV-�m51-GFP. CD4+ T cell analysis within A) WT and B) IFNAR KO mice. CD8+ T cell 
analysis within C) WT and D) IFNAR KO mice. IFN, interferon; IFNAR, interferon 
alpha/beta receptor; KO, knock-out; U, units; VSV, Vesicular stomatitis virus; WT, 
wildtype. Stats represent the significance between the samples that received VSV alone 
vs VSV + rIFN-ß. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns = not significant.  
 
 The influence of rIFN-ß on the proportion of GFP+ activated T cells from two 

strains of VSV was monitored in CD8+ T cells. VSV-WT-GFP infection rates were 

significantly impeded at 18 hours in the presence of 6,000 U/mL rIFN-ß (p = 0.0355), but 
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not 42-hours post infection (p = 0.9468) in WT mice (Figure 23C). VSV-∆m51-hDCT 

infection rates were significantly influenced by rIFN-ß at both 18 hours (p = 0.0128) and 

42 hours (p < 0.0001) post infection. 

3.4 Discussion 

 Determining the optimal dosing regimen for oncolytic virotherapies has the 

potential to improve the efficacy of existing cancer therapies. This study demonstrated 

that activated leukocytes were susceptible to off-target infection by the oncolytic viruses 

VSV, VACV, and AOaV-1 (Figure 13). Murine CD4+ and CD8+ T cells had a significant 

reduction in viability when they were infected with VSV. In contrast, VACV only led to 

a significant viability reduction for CD4+ T cells, whereas AOaV-1 did not seem to kill 

the murine T cells that it infected (Figure 14). This differential capability of the OVs to 

kill infected cells indicates that the optimal dosing protocol will vary across each unique 

oncolytic agent. At least some rapid multi-dosing regimens may compromise efficacy, 

with the intracranial melanoma prime-boost model providing one such example. 

Therefore, the dosing regimen is one additional parameter that researchers should 

carefully consider when preparing optimal treatment guidelines. Indeed, the finding 

that reducing the frequency of doses increases efficacy for certain OVs may result in 

future treatment regimens that are less expensive and result in a higher quality of life 

for patients. Patients prefer treatments that are less invasive and require fewer 
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disruptive visits to hospitals. Optimizing the dosing protocol therefore has the 

possibility to reduce costs while concurrently making the treatment regimen easier for 

patients. Furthermore, optimizing dosing may prove that certain clinical trials that 

previously had underwhelming results may in fact result in potent efficacy if minor 

changes to the dosing protocol are enacted. 

 The upregulation of CD8+ on CD4+ T cells that were infected with VSV 

constitutes a novel observation (Figure 16). To date, T cells that constitutively express 

both CD4 and CD8 have been documented in healthy and diseased individuals (278). 

Indeed, data from mice used in the present study also demonstrated the pre-existence of 

CD4+CD8+ cells (Figure 16). Although previous studies have determined that in vitro 

activated CD8+ T cells are capable of upregulating CD4 at low concentrations resulting 

in increased HIV sensitivity (279, 280), this was not observed for CD8+ T cells with any 

of the tested OVs. Indeed, the double-positive cells observed in this study were 

CD4hiCD8lo. This specific phenotype has been observed in T cells that were cultured in 

IL-4 (281, 282), which was not an exogenous supplement within the media in this study.  

It is possible that VSV induced the secretion of IL-4 by at least some of the infected T 

cells, which then promoted the upregulation of CD8, but this remains to be 

investigated. The CD4+CD8hi double-positive population has been associated with 

chronic inflammatory disorders and autoimmune diseases (278) including myasthenia 
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gravis (283), multiple sclerosis (284), and Kawasaki disease (285). Another implication 

from this double-positive population concerns gating strategies. Studies involving VSV 

that seek to assess cytotoxic T cell responses may, in theory, be gating on all CD8+ T 

cells, which could potentially include CD4+ T cells that have upregulated the expression 

of CD8; especially if a rapid multi-dosing protocol was used. Therefore, studies 

involving VSV should exclude CD4+ cells within the CD8+ population to ensure that 

analyses are limited to bona fide CD8+ cytotoxic T cells. The biological impact of a CD4+ 

T cell upregulating CD8 might be an interesting avenue to explore. 

 The mechanistic explanation for activated T cells being susceptible to 

rhabdovirus infection was explored and a solution provided to prevent the infection. 

Activated T cells upregulated LDL-R (Figure 19). This is a receptor that rhabdoviruses 

such as VSV and Maraba virus use to enter cells (273). The observed 10-fold increase in 

the receptor expression would be expected to increase the ability for rhabdoviruses to 

enter cells. Experimental results revealed that the native G protein was required for 

infection of activated T cells to occur. Genetically engineering oncolytic rhabdoviruses 

to express a different G protein could be a simple modification to prevent the off-target 

infection and killing of T cells, especially in the context of multi-dosing protocols. 

Moreover, in vivo studies demonstrated that multi-dosing 48 hours apart resulted in the 

highest proportion of infected T cells within the bone marrow (Figure 20). Extending the 
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frequency between doses to weekly administrations seemed to pose no problem in the 

context of T cell infection. This could be the result of T cells losing their susceptibility to 

infection due to a cessation of the activation-induced mechanisms. Alternatively, it 

could have been due to the induction of VSV-neutralizing antibodies. Indeed, delaying 

doses up to a week or more in a clinical scenario would have to be weighed against the 

risk of vector-neutralizing antibodies compromising efficacy. 

 The phenomenon of activated T cells becoming highly susceptible to infection 

with VSV extended to humans (Figure 20). VSV infected activated T cells at significantly 

higher proportions compared to inactivated controls. Similar to murine experiments, 

VSV infected a higher proportion of cells than either VACV or AOaV-1. However, 

AOaV-1 infected a larger proportion of cells than would have been expected from the 

murine studies. AOaV-1 interacts with sialic acid to enter cells. The literature reveals 

that human cells have higher proportions of Neu-5Ac (276). These findings 

demonstrated that OV infection of T cells was not relegated to the murine realm, and 

therefore has implications for clinical outcomes. Intriguingly, the volunteer whose 

blood-derived cells that had the highest infection percentage of both CD4+ (91%) and 

CD8+ (53.6%) lymphocytes reported a subsequent cold. All other individuals reported a 

clean bill of health both before and after donation. It is possible that the higher infection 

rate was due to exhaustion or some other type of conditioning of leukocytes prior to the 
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in vitro stimulation of blood. The unstimulated blood-derived T cells from this 

individual did not have higher expression of CD69+ expression than the other donors. 

The same volunteer donated blood several months later, and the proportion of infected 

leukocytes was reduced, becoming similar to other healthy volunteers. Although this is 

a single occurrence, and thus does not provide conclusive evidence without a larger 

study of healthy and ill donors, this case opens the possibility that cancer patients with 

an unrelated viral infection be more susceptible to off-target killing of T cells if they are 

treated with some types of OVs, and merits further research. 

 This study had several limitations that must be considered to accurately interpret 

the findings. A limited number of human volunteers were recruited. Although their T 

cells were all susceptible to infection after stimulation, it is possible that a higher-

powered study would find subsets of humans with varying results. Additionally, all 

volunteers were healthy; the susceptibility of human T cells from cancer patients was 

not assayed. The murine studies also had several limitations. Only C57BL/6 mice were 

tested using a single cancer model. However, this was only used for generating the 

hypothesis for this study. Nonetheless, including both murine and human studies 

clearly demonstrates the potential harmful impact that rapid multi-dosing could have 

on activated effector T cells. It also highlights the variable effects different OVs can have 

on infection and killing of T cells. Justification for the proposed dosing regimen is an 
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additional step that oncolytic virotherapies should provide for OV trials to progress 

into the clinic. 

 These findings lay the foundation for exciting new research. There are additional 

OVs being used in clinical trials and as approved therapies that may benefit from 

scrutinizing the dosing regimen. For example, reovirus, measles virus, and herpes 

simplex virus are all currently used in clinical trials (286) and have not been tested for 

their potential to infect activated lymphocytes. Moreover, this study analyzed the 

efficacy in a B16F10 melanoma model treated with a heterologous prime-boost 

vaccination strategy. However, there are many other immunogenic cancers and OV-

based treatment regimens that may exhibit differential results. Lastly, the ability to 

infect leukocytes creates the possibility of using this phenomenon as a Trojan horse to 

improve delivery of OVs to tumours that are currently inaccessible.  

 The potential for OVs to infect activated T cells has far reaching implications for 

other areas of immunotherapies, in particular Chimeric Antigen Receptor T cell (CAR-

T) therapy. This technique involves genetically engineered patient-derived T cells to 

target cancer cells for destruction, and has been particularly successful in treating 

leukemias (287). A potential combination therapy may involve combining CAR-T cells 

with OVs. Recent research has demonstrated that VSV-mIFNβ infection killed murine 

CAR-T cells in a B16EGFRvIII model (288). Future work will have to carefully analyze 
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dosing regimen options for CAR-T cell and OV combinations. Administering VSV 24 

hours after administering activated T cells to a patient may prove to be ineffective due 

to off-target infection and death of the CAR-T cells. Additionally, another solution may 

involve using OVs that don’t infect activated T cells at substantial frequencies (e.g. 

VACV) or viruses that don’t appear to kill them (AOaV-1); although functionality of 

infected but living T cells would need to be explored first. Careful fine-tuning of OV 

dosing regimens has the potential to discover many effective cancer therapies that had 

previously been classified as ineffective. 

3.5 Conclusions 

 In this study, we demonstrated that the activation of leukocytes renders CD4+ 

and CD8+ T cells susceptible to infection and killing in both in vitro and in vivo settings. 

Administering a second dose of VSV decreased the efficacy of a prime-boost treatment 

for an intracranial B16F10 melanoma model, resulting in a significant decrease in 

survival. Time-lapse videos of activated splenocytes revealed that VSV could infect and 

express its green fluorescent protein (GFP) transgene. Sorting experiments 

demonstrated that infected CD4+ and CD8+ T cells had reduced viability compared to 

stimulated but uninfected controls. VSV led to the highest percentage of infected cells 

and viability reduction compared to VACV or AOaV-1. Kinetics experiments 

subsequently showed that most activated T cells were susceptible to infection with VSV 
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in vitro, and the magnitude of this phenomenon cannot be accurately captured at a 

single timepoint. Sorted CD4+ and CD8+ T cells were still capable of becoming infected 

when isolated from surrounding leukocytes. These experiments revealed that CD4+ T 

cells upregulated CD8+ expression after VSV infection, which does not occur with either 

VACV or AOaV-1 infection. In contrast, CD8+ T cells did not upregulate CD4+ after 

VSV infection. In vivo experiments showed that multi-dosing with VSV led to infection 

of T cells in the bone marrow. Antigen-specific effector T cells were also susceptible to 

infection, which may explain the lower efficacy of the multi-dosing therapy in the in 

vivo melanoma model. Additionally, this phenomenon of activated T cell infection by 

OVs also occurred in human leukocytes, indicating that infection of CD4+ and CD8+ T 

cells is likely to be relevant to human clinical trials. Mechanistically, the most 

predominantly used receptor for entry of rhabdoviruses into cells, LDL, was 

upregulated in activated T cells. Pseudotyped variants of the Maraba rhabdovirus with 

altered G proteins were no longer able to infect activated T cells, providing an 

explanation for how rapid multi-dosing with oncolytic rhabdoviruses could lead to the 

undesirable off-target effect of infecting and killing effector T cells. This body of work 

provides evidence to improve the next generation of OV therapy development to 

prevent off-target infection of activated T cells and improve a range of cancer 

immunotherapies.  



 

 

 

 

137 

CHAPTER 4: AAV-VECTORED EXPRESSION OF THE VASCULAR 

NORMALIZING AGENTS 3TSR AND FC3TSR, AND THE ANTI-ANGIOGENIC 

BEVACIZUMAB EXTENDS SURVIVAL IN A MURINE MODEL OF END-STAGE 

EPITHELIAL OVARIAN CARCINOMA 

 
A version of this chapter will be submitted for peer review in June 2021. 
 
Stegelmeier AA, Santry LA, Guilleman MM, Matuszewska K, Minott JA, Yates JGE, 
Stevens BAY, Thomas SP, Vanderkamp S, Hanada K, Pei Y, Rghei AD, van Vloten JP, 
Major PP, Petrik JJ, Bridle BW, Wootton SK. (2021). AAV-vectored expression of the 
vascular normalizing agents 3TSR and Fc3TSR, and the anti-angiogenic Bevacizumab 
extends survival in a murine model of end-stage epithelial ovarian carcinoma.  

 

4.0 Abstract 

 Epithelial ovarian cancer accounts for approximately 90% of all ovarian 

malignancies and is the deadliest gynecological tumour. The aggressive nature of the 

disease combined with the lack of effective treatments highlights the need for new and 

more effective therapeutic interventions. The aim of this study was to investigate 

whether adeno-associated virus (AAV) vector-mediated expression of vascular 

normalizing agents 3TSR and Fc3TSR and the antiangiogenic monoclonal antibody, 

Bevacizumab, would improve survival in an orthotopic syngeneic murine model of 

ovarian epithelial carcinoma. The three AAV treatments were also combined with 

oncolytic avian orthoavulavirus-1 (AOaV-1; AOaV-1-F3aa-L289A-GFP) to ascertain 

whether survival could be further extended by normalizing tumour vasculature in 
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advance of oncolytic virus (OV) delivery. Flow cytometry conducted on blood samples 

collected 3 and 10 days post OV administration revealed a significant increase in 

activated NK cells in all groups that received AOaV-1, whereas a significant increase in 

tumour specific T cells was only detected in the AAV-Bevacizumab treatment group. 

Immunohistochemical staining revealed that mice who received either AAV-3TSR, 

AAV-Fc3TSR+ AOaV-1, or AAV-Bevacizumab+ AOaV-1 had significantly higher 

numbers of tumour infiltrating CD8+ T cells, whereas AAV-3TSR and AAV-

Bevacizumab monotherapies both resulted in significantly elevated levels of intra-

tumoural B cells. Surprisingly, AAV mediated transgene expression waned much faster 

in tumour-bearing mice than in naïve mice. All three of the AAV therapies resulted in a 

significant extension in survival compared to either PBS or AOaV-1-only controls, with 

AAV-Bevacizumab performing the best. Under the dosing parameters of this 

experiment, AOaV-1 combination therapies did not lead to significant extensions to 

survival compared to the AAV therapies on their own. Additional doses of AOaV-1 

may be required to improve efficacy in this model. Taken together, these results suggest 

that vectorizing anti-angiogenic and vascular normalizing agents is a viable therapeutic 

option that warrants further investigation into optimizing combination therapies. 
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4.1 Introduction 

 Ovarian cancer is a malignancy that consistently remains difficult to treat (289). It 

ranks seventh in cancer diagnoses in women (290), yet has the worst prognosis and 

mortality rate of all cancers (291). In 2020, approximately 314,000 women globally 

received ovarian cancer diagnoses and 208,000 (66%) succumbed to the disease. 

Prognosis remains poor due to late stage diagnosis (289) and the fact that the primary 

tumour easily metastasizes to other organs in the peritoneal cavity (292). Thus, novel 

treatment options need to be developed to more effectively treat advanced stage 

disease. 

 Rapidly growing tumours require their own blood supply to receive nutrients to 

support their high metabolic needs (293). Tumour vasculature is known to be highly 

abnormal due to unbalanced, local overexpression of a small number of growth factors, 

particularly vascular endothelial growth factor-A (VEGF-A) (294). Bevacizumab 

(Avastin, Genentech, Inc.) is an FDA approved treatment for multiple types of cancers 

including lung, colon, glioblastoma, and renal-cell carcinoma (295). In 2018, 

Bevacizumab was approved to treat stage III and IV ovarian cancers in combination 

with the chemotherapeutic agents paclitaxel and carboplatin (296). This humanized 

recombinant monoclonal antibody is traditionally administered to cancer patients via a 

slow intravenous injection. Bevacizumab works by selectively interacting with two 
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binding sites on all circulating isoforms of VEGF-A, thereby inhibiting the binding of 

VEGF-A to the epithelial cell surface receptors, VEGRF-1 and VEGRF-2 (297). When 

VEGF-A cannot bind to its receptors, tumour blood supply and interstitial pressure are 

reduced, while chemotherapy delivery and vascular permeability are increased (298). 

These biological alterations result in Bevacizumab increasing progression free survival 

in human ovarian cancer from 37.3 to 42.2 months (296). Further optimization of this 

useful compound has the potential to result in additional extensions to survival. Thus, 

studying Bevacizumab treatments in conjunction with novel combination therapies 

constitutes a worthwhile endeavour. A concentration–response relationship may exist 

in patients treated with Bevacizumab: pharmacokinetic variability may influence the 

variability in clinical response, as has been observed for cetuximab (299). Administering 

Bevacizumab as a gene therapy in combination with oncolytic viruses (OVs) is of 

interest (300).  

 Compounds that normalize disorganized, tortuous tumour vasculature networks 

have proven efficacious by enabling anti-cancer drugs to effectively reach previously 

inaccessible regions of the tumour (301). Thrombospondin-1 (TSP-1) is a natural 

inhibitor of neovascularization and tumourigenesis that activates transforming growth 

factor beta (TGF- β) and inhibits angiogenesis by interacting with CD36 on endothelial 

cells (302-305). The three type I repeats (3TSR) of TSP-1 been associated with the 
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majority of the anti-angiogenic functions of the protein(306). When administered in a 

mouse model of epithelial ovarian cancer (EOC), 3TSR induces apoptosis, slows 

primary tumour growth, and reduces the number of secondary metastases (307, 308). 

However, the half-life of 3TSR is so short (309) that daily injections are needed to induce 

an optimal biological effect (116). Thus, advances that permit sustained expression of 

3TSR may serve to improve this promising treatment option (308).  

 Adeno-associated viruses (AAV) vectors are a safe (310) and effective option for 

human clinical applications that require stable, long-term transgene expression (183, 

311), including cancer (312-317). Although many serotypes exist, the novel triple-

mutant AAV6 capsid, AAV6.2FF, represents and ideal candidate due to its ability to 

mediate rapid and sustained transgene expression in the muscle (318). Given that 3TSR 

requires daily injections with a short half-life and Bevacizumab has a concentration 

response relationship in cancers, we are proposing that AAV6.2FF mediated expression 

of these humanized compounds will lead to sustained levels in the blood without the 

need for daily or frequent injections and less pharmacokinetic fluctuation.  

 Here we test the hypothesis that vectorizing Bevacizumab, 3TSR, and a modified 

version of 3TSR containing the Fc domain from human IgG (Fc3TSR) will result in more 

consistent and sustained serum expression levels and improved efficacy. Additionally, 

we investigate whether administration of oncolytic avian orthoavulavirus-1 (AOaV-1, 
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also known as Newcastle disease virus/NDV) (134, 264) in combination with the AAV 

therapies will synergize to increase survival in a syngeneic orthotopic mouse model of 

epithelial ovarian cancer.  

4.2 Materials and Methods 

4.2.1 Ethics 

 All animal experimentation was approved by the University of Guelph's Animal 

Care Committee and conducted in accordance with Canadian Council on Animal Care 

(CCAC). Eight-week-old C57BL/6 female mice were purchased from Charles River 

Laboratories (OH, USA) and housed four per cage at the Animal Isolation Facility, 

University of Guelph. 

4.2.2 AAV Vector Construction and Virus Production 

  The heavy (KX119517.1) and light chains of Bevacizumab (KX119516.1), 

separated by a self-cleaving F2A peptide, were synthesized as a full length human IgG 

antibody and cloned into the KpnI-XbaI site of pACASI-MCS-WPRE which contains 

AAV2 inverted terminal repeats. 3TSR (amino acids to 378 to 548) from human TSP-1 

(NM_003246.4) synthesized to contain a 6xHis tag at the C-terminus was cloned into the 

KpnI-XbaI site of pACASI-MCS-WPRE. Fc3TSR was synthesized with a human growth 

hormone (HGH)-signal peptide, hinge, CH2, CH3 domains of hIgG1, a flexible 

(Gly4Ser)4 linker upstream of human 3TSR. All gene synthesis was performed by 
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GenScript (NJ, USA). See Figure 24A for schematic of AAV vector genomes used in this 

study. 

 
Figure 24: Schematic of AAV genomes and kinetics of therapeutic transgene 
expression in the serum and peritoneal cavity of non-tumour C57BL/6 bearing mice. 

(A) Schematic of the three AAV genomes engineered to express 3TSR, Fc3TSR, and 
Bevacizumab. A strong CASI promoter (CASI) was followed by a signal peptide (SP) to 
enable protein secretion. A hinge followed by the hIgG1 Fc domain was cloned 
upstream of human 3TSR to create Fc3TSR. 3TSR has a C-terminal His tag (6xHis). The 
heavy and light chains of Bevacizumab were separated by a furin F2A self-cleaving 
peptide (F2A). All three vector genomes encode a WPRE followed by a simian virus 40 
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polyadenylation signal (pA). Both sides of the genome are flanked by AAV2 inverted 
terminal repeat (ITR) sequences. Fc, fragment crystallizable; 3TSR, thrombospondin-1 
type I repeats; Bev, bevacizumab; VH, variable heavy chain; VL, variable light chain; 
WPRE, Woodchuck Hepatitis Virus Posttranscriptional Regulatory Element. (B-G) 
Naïve mice were injected with 1x1011vg of AAV-3TSR, AAV-Fc3TSR, AAV-
Bevacizumab via the i.m. (A-C) or i.p. (E-G) injection routes. Saphenous bleeds and 
peritoneal washes were conducted over time to monitor transgene expression levels. 
Human IgG ELISA kits were used to monitor Fc3TSR and Bevacizumab, whereas a His-
Tag kit was used to monitor 3TSR. 
 
 AAV genomes were packaged into the AAV6.2FF capsid by co-transfection of 

human embryonic kidney 293 cells (ATCC CRL-1573), confirmed mycoplasma free 

using the MycoAlert mycoplasma detection kit (Lonza Cat. #LT07-118; Morrisville, NC) 

with genome and packaging plasmids as previously described (319). AAV6.2FF vectors 

were purified using heparin columns (320) and vector titers were determined by 

quantitative polymerase chain reaction analysis as previously described (318). 

4.2.3 AOaV-1 Production and Purification 

 The full-length cDNA genome of LaSota AOaV-1was synthesized based on 

GenBank accession AF077761.1 and containing a GFP reporter gene between the P and 

M genes (Warner et al., submitted). An F3AA polybasic cleavage site (321) and leucine 

to alanine mutation at position 289 were introduced into the fusion gene (322) by site-

directed mutagenesis to generate to generate p AOaV-1 (F3aa)-L289A-GFP.  

 Recombinant AOaV-1-GFP was rescued using Modified Vaccinia Ankara (MVA) 

expressing T7 RNA polymerase, a kind gift from Dr. Bernard Moss, as amplified in egg 
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and purified as described previously (264). For each experiment, in vivo quality 

virus aliquots were removed from the −80°C freezer, thawed on ice, and reconstituted to 

the appropriate volume with PBS. Mice were administered AOaV-1-GFP intravenously 

at a dose of 1x108 PFU/mouse. 

4.2.4 Gene Expression Monitoring 

 Eight-week-old female C57BL/6 mice were used to monitor the duration of AAV-

mediated transgene expression in the serum and peritoneal cavity after intramuscular 

(i.m.) or intraperitoneal (i.p.) administration. Four mice were included in each of the 

following experimental groups: AAV-Fc3TSR i.m. injection route, AAV-Fc3TSR i.p. 

injection route, AAV-3TSR i.m. injection route, AAV-3TSR i.p. injection route, AAV-

Bevacizumab i.m. injection route, and AAV-Bevacizumab i.p. injection route for a total 

of 24 mice. Mice were administered 1x1011 vg of AAV, either diluted to a total volume 

40 µL PBS for the i.m. injections or 200 µL total volume for the i.p. injection. Saphenous 

vein bleeds and peritoneal washes were conducted once a week initially, followed by 

once per month after 56 days. The experiment was ended on day 211, although minute 

levels of gene expression remained quantifiable for Fc3TSR and Bevacizumab.  

4.2.5 ID8 Ovarian Epithelial Cancer Model 

 Spontaneously transformed murine ovarian surface epithelial cells (ID8 cells), 

generously provided by Drs. K. Roby and P. Terranova, Kansas State University, 
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Manhattan, KS, USA) were cultured in DMEM supplemented with 10% fetal bovine 

serum (FBS), 2% L-glutamine and 1% penicillin-streptomycin. 1x106 ID8 cells suspended 

in 6 µL PBS were injected directly into the left ovarian bursa of 112 mice as described 

previously (323). 48 of these mice were sacrificed at the day 90 time-point, while the 

remaining 64 mice were evaluated for survival. Mice received two staples at the site of 

incision, and were monitored extensively in the first 14 days to survey incision wound 

healing, body score condition, and weight. Of the 112 mice allotted for this study, one 

died shortly after arrival, one in the AAV-Bevacizumab survival group died post 

operation and another in the Fc3TSR+ AOaV-1group was crushed by her cage mates. 

These mice were therefore removed from the study prior to receiving any treatment, 

leaving 62 mice in the survival study and 47 mice in the 90-day necropsy study. For an 

overview of the experimental design refer to Figure 25. 
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Figure 25: Experimental design of in vivo ID8 ovarian cancer study. 

AOaV-1, avian orthoavulavirus-1; AAV, Adeno-associated virus; PBS, phosphate-
buffered saline mock control group; 3TSR, thrombospondin-1 type I repeats; IFN, 
interferon; TNF, tumour necrosis factor. 
 
 Throughout the following months mice were monitored by the animal care staff 

daily, with additional monitoring conducted by the researchers biweekly including 

weekly recording of weight. Monitoring increased when the first signs of ascites 

appeared in mice (~day 75 in the earliest mice), characterized by expanding torso size. 

Mice with ascites were drained ~1 time per week as needed using a 26-gauge needle, 

and generally reached endpoint after ~5 drains. The ascites was quantified and 
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centrifuged at 5,500 rpm for 5 min. The cell free supernatant was separated and frozen 

at -20°C for future analysis. 

 At day 90, 44 mice were euthanized to quantify disease progression. Three of the 

47 mice reached endpoint prior to day 90 and were not included in the final analysis. 

From each mouse the ascites fluid was harvested and measured, the primary tumour 

was weighed, and the secondary tumours in the peritoneal cavity enumerated. The 

primary tumour and tumour draining lymph node were fixed in 10% formalin 

overnight. The next day tissue samples were rinsed three times in PBS and stored in 

70% ethanol. Fixed samples were embedded in paraffin wax, and sectioned onto slides. 

Each tissue was sectioned with a minimum two sections per slide, seven slides per 

tissue. Slides were stained using the Hydroxyprobe kit according to the manufacturer's 

protocol (HP1-200; Hydroxyprobe Inc., MA, USA) to assess hypoxia in the tumours and 

lymph nodes. Immunohistochemistry was conducted to ascertain CD8+ T cell and B cell 

infiltration.  

 Mice in the survival study were monitored daily, increasing to four times per 

day as disease progressed. Endpoint was defined as a combination of consistent weight 

loss, reduction in movement, lethargy, hunched posture, and ruffled fur. Mice at 

endpoint were humanely euthanized using isoflurane and cervical dislocation and 

necropsies were immediately conducted to characterize disease progression. 
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4.2.6 Flow Cytometry  

 Blood was collected via non-lethal retro-orbital bleeds. One set of samples was 

taken 36 hours after AOaV-1 administration for NK analysis, while a second blood 

draw occurred 10 days post AOaV-1 injection to quantify tumour specific T cells as 

described (324, 325). All centrifugation steps were performed at 500g for 5min at 4°C. 

Blood was mixed with ACK lysis buffer (Per 1L: 8.29g NH4Cl, 1g KHCO3, 37.2mg 

Na2EDTA, H2O to 1L total volume, pH 7.2-7.4) and incubated for 5min at room 

temperature to lyse red blood cells. The mixture was diluted in Hank's Balanced 

Buffered Salt (HBSS; HyClone; Cat. #SH30588.02) solution, centrifuged, and the process 

was repeated one more time. Remaining white blood cells were incubated with Fc block 

(BioLegend; Clone 93; Cat. #101320) for 15min at 4°C. Cells were then rinsed in 

phosphate buffer solution (PBS; HyClone; Cat. #SH30256.02) and centrifuged at 500g for 

5min at 4°C. Surface staining involved diluting antibodies in FACS buffer (500mL PBS, 

2.5g Bovine serum albumin-HyClone; Cat. #SH40015.01) in a total of 50 µL/well and 

incubating for 20min at 4°C. NK cell panel #1 was composed of anti-CD69 FITC (BD 

Biosciences; Clone H1.2F3; Cat. #553236), anti-PD-L1 PE (BD Biosciences; Clone MIH5; 

Cat. #558091), anti-PD-1 PerCp (BioLegend; Clone RMP1-30; Cat. #109120), anti-CD4 

PE-Cy7 (BioLegend; Clone RM4-5; Cat. #100528), anti-NK1.1 APC (BioLegend; Clone 

PK136; Cat. #108710), anti-CD3 BV421 (BioLegend; Clone 145-2C11; Cat. #100336), anti-
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CD8 BV510 (BioLegend; Clone 53-6.7; Cat. #100752; 0.125 µL each). NK cell panel #2 was 

composed of anti-NKp46 PE-Cy7 (BioLegend; Clone 29A1.4; Cat. #137618), anti-NK1.1 

APC (BioLegend; Clone PK136; Cat. #108710), anti-NKG2D BV421 (BD Biosciences; 

Clone CX5; Cat. #562800), anti-CD3 BV510 (BioLegend; Clone 17A2; Cat. #100233). After 

the incubation, wells were rinsed with PBS twice, and centrifuged after each rinse. 

Zombie NIR fixable viability dye (BioLegend; Cat. #423106) was diluted 1:1000 and 100 

µL/well added. Cells were incubated at 4°C for 30 min. Stained cells were rinsed twice 

with PBS and centrifuged. At this stage panel #1 was complete, however panel #2 

required intracellular staining. These samples were fixed in IC fixation buffer 

(BioLegend; Cat. #420801) for 20 min at 4°C, then rinsed in permeabilization buffer 

(BioLegend; Cat. #421002) twice. An intracellular master mix consisting of anti-

Granzyme B-FITC (BioLegend; Clone GB11; Cat. #515403), anti-IFN-γ PE (BioLegend; 

Clone XMG1.2; Cat. #505808) and permeabilization buffer to a total volume of 25 µL 

was added to each well and incubated for 20min at 4°C. Cells were rinsed twice in 

permeabilization buffer and centrifuged for 5min at 4°C after each rinse. All cells were 

resuspended in FACS buffer before being run on the BD FACS Canto and visualized 

using FACS Diva software. 

 The T cell analysis on blood samples collected 10 days post AOaV-1 injection 

followed similar steps to the NK staining with the following deviations. The surface 
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staining panel was comprised of anti-CD69 FITC (BD Biosciences; Clone H1.2F3; Cat. 

#553236), anti-CD4 PE-Cy7 (BioLegend; Clone RM4-5; Cat. #100528), anti-CD3 BV421 

(BioLegend; Clone 145-2C11; Cat. #100336), and anti-CD8 BV510 (BioLegend; Clone 53-

6.7; Cat. #100752). The intracellular panel included anti-TNF-α PE (BD Biosciences; Cat. 

#554419), anti-IFN-γ APC (BioLegend; Clone XMG1.2; Cat. #505808). Samples were split 

into two wells. To determine the number of tumour specific T cells, one set of samples 

was added to a U bottom plate seeded with 5x104 ID8 cells/well were plated 48 hours in 

advance. 100 units murine IFN-γ (eBioscience, SD, USA, Cat. #14-8311-63) was added 

per well in 50 µL complete media. Tumour specific T cells were quantified by 

subtracting the number of TNF-α+IFN-γ+ T cells from cells not plated in the presence of 

ID8 cells, as described in detail previously (324). 

4.2.7 ELISAs 

 Commercial Enzyme linked immunoassays (ELISAs) were used to quantify 

transgene expression levels in mice administered AAV vectors. The Abcam Human IgG 

ELISA kit (ab195215; CT, USA) was used to quantify Fc3TSR and Bevacizumab in the 

plasma and peritoneal washes. The Cell Biolabs His-Tag Protein ELISA (AKR-130; CA, 

USA) was used to quantify 3TSR-6xHis protein concentrations in plasma and peritoneal 

washes. Lavages were collected by administering 3mL of sterile PBS into the peritoneal 

cavity, gently palpating the torso to evenly distribute the liquid, and subsequently 
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removing 1mL of lavage fluid. Serum was collected via saphenous bleeds, followed by a 

centrifugation at 5500rpm for 5 min to obtain serum from the blood sample. All steps 

were followed according to the manufacturers' instructions. 

4.2.8 Statistical Analyses 

 Flow cytometry analyses were conducted using FlowJo v. 10. This software was 

used to define gating (Figure 26), and to export excel files with the proportion and 

numbers of each cell subset. GraphPad Prism v. 9 was used to analyze all data and 

generate graphs. Two way ANOVAs were conducted using the multiple comparisons 

function to calculate significance between experimental groups in the flow cytometry 

experiments. The Log-rank Mantel-Cox test was used to determine which treatments 

led to a significant extension in survival. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; 

ns = not significant. 
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Figure 26: Flow cytometry gating strategy. 

Data was analyzed using FlowJo software. Cells were initially gated based on size. 
Subsequently, doublets were removed as well as non-viable cells based on Zombie NIR 
Fixable Viability Dye Staining. CD4+ T cells were defined as CD3+ CD4+. CD8+ T cells 
were defined as CD3+CD8+. NK cells were defined as CD3-NK1.1+. Each of these three 
immune cell subsets were analyzed for expression levels of the early activation marker 
CD69, and the immune checkpoint proteins programmed death ligand 1 (PD-L1) and 
programmed cell death protein 1 (PD-1). NK cells were further analyzed for expression 
levels of the serine protease Granzyme B, the anti-viral IFN-γ, the NK functional marker 
CD107a, the natural cytotoxicity receptor NKp46, and the cytotoxic activating receptor 
NKG2D. 
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4.3 Results 

4.3.1 AAV-Mediated Expression of 3TSR, Fc3TSR and Bevacizumab Results in 
Sustained Transgene Expression in the Blood and Peritoneal Cavity, with 
Intramuscular Administration Resulting in Higher Expression Levels than 
Intraperitoneal Administration 

 Groups of eight-week old female C57BL/6 (n = 4) were administered 1x1011vg of 

AAV-3TSR, AAV-Fc3TSR, or AAV-Bevacizumab either i.m. or i.p. and transgene 

expression was monitored for over 200 days. Saphenous bleeds and i.p. lavages were 

conducted on days 0, 7, 14, 28, 35, 42, and 56, after which time the collections were 

extended to once per month. All three therapeutic transgenes were expressed at higher 

levels in the serum (Figure 24B-D) following i.m. injection compared to i.p. injection.  

The AAV-mediated expression of 3TSR led to starkly lower expression levels 

(Figure 24B & E) than Fc3TSR and Bevacizumab. 3TSR expression peaked in the serum 

on day 56 at 1.4 ± 1.5 µg/mL, and was undetectable by day 142 (Figure 24B). In contrast, 

3TSR was below the level of detection in the serum following i.m. administration (Figure 

24E) as well as in the serum and peritoneal lavages following i.p. administration of 

AAV-3TSR. Thus, 3TSR had the lowest expression levels and a shorter duration 

compared to the other two vectors. AAV-Fc3TSR administration displayed intermediate 

levels of Fc3TSR expression compared to the other therapeutic transgenes (Figure 24C & 

F). Expression levels peaked on day 56 at 31.2 ± 2.2 µg/mL. Expression was also 

observed in the serum when the vector was administered i.p.; however, hIgG levels 
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were significantly lower. Fc3TSR expression levels in peritoneal lavages of i.m. injected 

mice peaked at day 56, and was no longer detectable on day 211. Fc3TSR expression 

levels in peritoneal lavages of i.p. injection mice peaked on day 42, mimicking the 

trends observed in the serum samples. Bevacizumab expression from AAV was a 

magnitude higher compared to the other two therapeutic transgenes (Figure 24D & G). 

When administered i.m., Bevacizumab expression levels in the serum peaked at 306.5 ± 

55.2 hIgG µg/mL on day 35, and slowly decreased to 52.8 ± 12.9 IgG µg/mL by day 211. 

When administered i.p., lower serum levels were quantified compared to i.m. 

Peritoneal lavages for both injection routes demonstrated similar trends. Based on these 

results we administered AAV-Bevacizumab at dose of 1x1010vg in the ID8 ovarian 

cancer experiments so that serum expression levels were of the same magnitude of the 

other gene therapeutics.  

4.3.2 ID8 Tumour-Bearing Mice Expressing Vectorized Fc3TSR and Treated with 
Oncolytic AOaV-1 had Significantly Increased Numbers of IFN-γ+ NK Cells 36 Hours 
Post Treatment 

 The ID8 orthotopic mouse model of EOC was employed to evaluate whether 

AAV-mediated expression of antiangiogenic compounds 3TSR, Fc3TSR, and 

Bevacizumab either alone or in combination with oncolytic AOaV-1 would improve 

efficacy in this model of late stage ovarian cancer. AAV-3TSR (1x1011 vg/mouse), AAV-

Fc3TSR (1x1011 vg/mouse), and AAV-Bevacizumab (1x1010 vg/mouse to correct for 
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magnitude higher transgene expression levels), were administered i.m. 40 days post ID8 

tumour cell implantation. Twenty days post AAV injection AOaV-1-F3aa-L289A-GFP 

was administered i.v. (1x108 PFU/mouse) to half of the mice. Retro-orbital blood 

samples were taken 36 hours post AOaV-1 administration, at the peak of the NK cell 

response, to investigate whether AAV-mediated expression of 3TSR, Fc3TSR or 

Bevacizumab increased the magnitude of the NK cell response. Mice administered 

AOaV-1 showed evidence of OV induced leukopenia as observed previously (Figure 

27A) (325). There was a significant reduction in the proportion of NK cells in the blood 

when AOaV-1 was administered for all treatments (p < 0.0001-0.0265) except for AAV-

3TSR (p = 0.4819).  
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Figure 27: NK cell analysis 36 hour post AOaV-1 injection. 

Blood was obtained via retro-orbital bleeds 36 hours post AOaV-1 injection. Red blood 
cells were lysed and remaining cells were stained were analyzed via flow cytometry. A) 
Percentage of CD45+ cells that are NK cells. Percentage of NK cells expressing B) the 
early activation marker CD69, C) the immune checkpoint protein programmed cell 
death protein 1 (PD-1), D) the immune checkpoint protein programmed death ligand 1 
(PD-L1), E) the cytotoxic activating receptor NKG2D, F) the natural cytotoxicity 
receptor NKp46, G) the NK functional marker CD107a, H) the serine protease 
Granzyme B, I) IFN-γ. AOaV-1, avian orthoavulavirus-1; AAV, Adeno-associated virus; 
PBS, phosphate-buffered saline mock control group; 3TSR, thrombospondin-1 type I 
repeats; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns = not significant. Error bars 
denote standard deviation. 
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 Administration of AOaV-1 significantly increased expression of multiple surface 

receptors. Post AOaV-1 administration, the early activation marker CD69 was 

significantly upregulated on NK cells (p < 0.0001; Figure 27B). PD-1 expression had a far 

less prominent shift in AOaV-1 treated mice, with a significant upregulation only in the 

AAV-Fc3TSR group (p = 0.0481) (Figure 27C). In contrast, there was significant 

upregulation of PD-L1 on NK cells for all treatments (p < 0.0001; Figure 27D). Likewise, 

the cytotoxic activating receptor NKG2D was upregulated in combination therapies (p < 

0.0001) (Figure 27E). The natural cytotoxicity receptor NKp46 was also significantly 

upregulated (p = 0.0240-0.0015) in all combination therapies except for AAV-3TSR (p = 

0.1206) (Figure 27F). The NK functional marker CD107a decreased in monotherapies, 

however this change was only significant in the AAV-3TSR combination therapy (p = 

0.0473). This marker has been correlated with the ability for NK cells to lyse target cells 

and secrete cytokines (326). 

 The intracellular compounds Granzyme B and IFN-γ had varying levels both 

between mono- and combination therapies, as well as between the combination 

therapies (Figure 27H & I). Granzyme B was highly upregulated AOaV-1 was 

administered, which was a significant change for all treatments (p < 0.0001-0.003). 

However, there was also significant differences between combination therapies. Mice 
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that received only AOaV-1 had significantly higher levels of Granzyme B than any of 

the gene therapy combinations (p < 0.001-0.003). There was no significant difference 

within the three gene therapies (p = 0.2166-0.9994). IFN-γ was also distinctly 

upregulated after AOaV-1 administration (p < 0.001-0.003). Within the combination 

therapies, AAV-Fc3TSR had a significantly higher proportion of IFN-γ+ NK cells than 

either AAV-3TSR (p = 0.0029) or AAV-Bevacizumab (p = 0.0137). 

4.3.3 Tumour Specific TNF-α+IFN-γ+CD8+ T Cells were Significantly Increased in the 
AAV-Bevacizumab+AOaV-1 Treatment Group 

 Flow cytometry was conducted on blood samples harvested 10 days post AOaV-

1 administration to quantify tumour specific T cell responses. There were no statistically 

significant differences in the number of tumour specific CD4+ T cell responses among 

any of the treatment groups (Figure 28A). AAV-Bevacizumab+AOaV-1 treatment group 

had the greatest number of tumour specific CD8+ T cells compared to all other treatment 

groups that also received AOaV-1 (Figure 28B). There were no statistically significant 

differences between the number of tumour specific CD4+ T cells or CD8+ T cells within 

the AAV monotherapy groups. In contrast to CD8+ T cells, there was no statistically 

significant difference between the number of CD4+ TNF-α+IFN-γ + T cells (p = 0.1026-

0.9968).  
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Figure 28: Tumour specific T cell analysis 10 days post AOaV-1 administration. 

Blood was obtained vis retro-orbital bleeds 10 days post AOaV-1 injection. Red blood 
cells were lysed, and remaining cells were stained and analyzed via flow cytometry. A-
B) The number of tumour specific TNF-⍺+IFN-!+ CD4+ and CD8+ T cells. C) Mean 
fluorescent intensity (FITC channel) of tumour specific antibodies. AOaV-1, avian 
orthoavulavirus-1; AAV, Adeno-associated virus; PBS, phosphate-buffered saline mock 
control group; 3TSR, thrombospondin-1 type I repeats; *p < 0.05; **p < 0.01; ***p < 0.001; 
****p < 0.0001; ns = not significant. Error bars denote standard deviation. 
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4.3.4 AAV-3TSR Monotherapy Resulted in Significantly Higher Tumour-Specific 
Antibodies Compared to Other Therapies 

To quantify the number of tumour specific antibodies in the serum of treated mice, 

blood samples were taken 30 days post AOaV-1 administration and analyzed using a 

previously described flow cytometry assay (van Vloten et al submitted; Figure 28C). 

These data demonstrate that the AAV-3TSR treatment yielded the highest concentration 

of tumour specific antibodies in the serum based on the mean fluorescent intensity of 

the FITC channel (MFI = 14608), indicating more tumour specific B cell activation in the 

AAV-3TSR treatment group. 

4.3.5 Analysis of Disease Progression at 90 days Post Tumour Cell Implantation  

 A subset of mice (n = 6) from each treatment group were euthanized 90 days post 

tumour cell implantation and the primary tumour weight (Figure 29A), number of 

secondary lesions (Figure 29B), and volume of ascites (Figure 29C) measured. Primary 

tumour mass measurements lacked statistical significance between experimental groups 

due to large variation in the standard deviation. The treatment group AAV-

3TSR+AOaV-1 had primary tumours that were on average 22.1% reduced compared to 

the PBS control, while the AAV-3TSR monotherapy had a 19.7% reduction, and AOaV-1 

an 11.8% reduction. Although these reductions were not statistically significant, it is 

possible a one fifth reduction in tumour size by day 90 could contribute to extensions to 
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survival. The PBS control group had 4.5x more metastases than the AAV-

Bevacizumab+AOaV-1 treatment (p = 0.0300). There were no significant differences in 

ascites volume between the various treatment groups (Figure 29C). 

 
Figure 29: Disease progression at 90 days post ID8 tumour cell implantation.  

48 mice were analyzed 90 days post ID8 injections to characterize the disease burden of 
the murine epithelial carcinoma model. A) Primary ovarian tumours weight in grams. 
B) The number of secondary tumours enumerated in the peritoneal cavity. Metastases 
were observed on the peritoneal cavity wall, diaphragm, liver, kidney, spleen, stomach, 
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intestine, and pancreas. C) Ascites was aspirated from the cavity of each mouse using a 
22-gauge needle and the fluid volume recorded. D) Analysis of primary tumour 
hypoxia. Vascular normalization was analyzed using an Hydroxyprobe kit, injecting 
mice intraperitoneally 2 hours prior to euthanization. E) Immunohistochemistry 
analysis of intratumoural CD8+ T cells and F) B cells. Primary tumours and tumour 
draining lymph nodes were preserved in 10% formalin and paraffin embedded. CD4+ 
and CD8+ T cell infiltration were also analyzed. AOaV-1, avian orthoavulavirus-1; AAV, 
Adeno-associated virus; PBS, phosphate-buffered saline mock control group; 3TSR, 
thrombospondin-1 type I repeats; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns = not 
significant. Error bars denote standard deviation. 
 

 The primary tumours and tumour draining lymph nodes were removed and 

paraffin embedded, generating a library of 616 tissue sections from the 44 mice. These 

sections were used to conduct histological analyses. A Hydroxyprobe kit was used to 

quantify hypoxia, while sections were also stained to enumerate CD8+ T cell and B cell 

infiltration. The hypoxia analysis confirmed that the gene therapies were reducing 

hypoxia as expected. The PBS control had the greatest percentage of hypoxic cells (53.7 

± 17.2%) (Figure 29D). Staining for CD8+ T cells demonstrated that the PBS and AOaV-1 

controls had the lowest numbers of CD8+ T cells in tumour sections (18.1 and 16.5 per 

field of view respectively; Figure 29E). The AAV-3TSR monotherapy (105.2, p = 0.0003), 

AAV-Fc3TSR+AOaV-1 (126.9, p < 0.0001), and AAV-Bevacizumab+AOaV-1 (86.4, p = 

0.0110) treatments all had significantly higher levels of CD8+ T cells than the controls. 

Likewise, the PBS and AOaV-1 controls also had the lowest numbers of infiltrating B 

cells in tumour sections (6.2 each) (Figure 29F). The monotherapy treatments AAV-3TSR 
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(45.1, p = 0.0700), and AAV-Bevacizumab (56.5, p = 0.0002) had significantly higher 

infiltrating B cells per field of view. 

4.3.6 Serum Expression Levels of Transgenes Diminished More Rapidly in the 
Ovarian Cancer Model Compared to in Naïve Mice 

 AAV-mediated expression of therapeutic transgenes in ID8 tumour bearing mice 

were measured from serum samples on days 21, 30, 42, and 50 post AAV-

administration (Figure 30). Unexpectedly, there was a more rapid decline in transgene 

expression compared to earlier expression kinetics of the same AAV vectors in naïve 

mice (Figure 24). AAV-Fc3TSR exhibited the highest serum IgG concentration on day 42 

(13.44 ± 1.48 µg/mL), followed by a rapid decline by day 50 (4.62 ± 1.42 µg/mL). The 

combination therapy AAV-Fc3TSR+AOaV-1 likewise had average serum IgG 

concentrations peak on day 42 (12.45 ± 1.38 µg/mL), and rapidly decline by day 50 (3.92 

± 0.59 µg/mL). AAV-3TSR and AAV-Bevacizumab had expression levels that decreased 

significantly as time progressed, peaking at day 21 and further decreasing with each 

sampling timepoint (Figure 30B & C). Unexpectedly and in contrast to AAV-Fc3TSR, the 

AAV-Bevacizumab combination therapy treatment group had significantly lower 

expression at day 21 compared to the monotherapy (p < 0.0001), despite doses being 

administered at the same time from the same vial. There was no significant difference 

between the two therapies as time progressed and the monotherapy lost expression 
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over time (p = 0.2130). AAV-3TSR monotherapy had a persistent decline in expression, 

being significantly lower at day 30 (p = 0.0091), day 42 (p = 0.0018), and day 50 (p = 

0.0004) compared to day 21. There was a significant difference between the AAV-3TSR 

monotherapy and combination therapy only at day 21 (p = 0.0170), which dissipated as 

time progressed and AAV-3TSR expression decreased (p = 0.8612). 

 



 

 

 

 

166 

 
Figure 30: Serum expression levels of AAV-vectorized 3TSR, Fc3TSR, and 
Bevacizumab in ID8 tumour bearing mice. 

 
A) Quantification of AAV-expressed 3TSR, Fc3TSR and Bevacizumab in serum samples 
from ID8 tumour bearing mice. AOaV-1, avian orthoavulavirus-1; AAV, Adeno-
associated virus; PBS, phosphate-buffered saline mock control group; 3TSR, 
thrombospondin-1 type I repeats; Bev, Bevacizumab; im, intramuscular injection; i.p., 
intraperitoneal cavity injection. 
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4.3.7 All Three AAV Treatments Significantly Extended Survival in the ID8 Murine 
Ovarian Cancer Model with AAV-Bevacizumab Resulting in the Greatest Extension 
in Survival 

 A survival study was conducted (n = 8 mice per treatment group) to determine 

which of the three AAV gene therapy treatments resulted in the longest extension in 

survival in the ID8 orthotopic ovarian cancer model (Figure 31). The three monotherapy 

treatment options were AAV-3TSR, AAV-Fc3TSR, and AAV-Bevacizumab. The three 

combination therapies involved combining the three AAV therapies with oncolytic 

AOaV-1, which was administered 20 days after the gene therapies to ensure sufficient 

time for the transgenes to mediate their antiangiogenic functions. Additionally, PBS and 

AOaV-1 only controls were included as controls. 
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Figure 31: Survival of mice in a murine epithelial carcinoma cell model. 

A) 64 mice received 1x106 ID8 ovarian epithelial carcinoma cells in the ovarian bursa. 
Mice were monitored daily for signs of ruffled fur, hunching, reduction in movement, 
and body score. Ascites was drained ~1 time per week as needed. The survival curve 
from panel A was separated into subcategories to facilitate comparisons of the gene 
therapies alone and in combination with AOaV-1. Statistics adjacent to the figure 
legends denote statistical significance between the specific treatment and PBS. B) 
Monotherapies. C) Combination therapies. D) AAV-3TSR. E) Fc3TSR. F) AAV-
Bevacizumab. AOaV-1, avian orthoavulavirus-1; AAV, Adeno-associated virus; PBS, 
phosphate-buffered saline mock control group; 3TSR, thrombospondin-1 type I repeats; 
*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns = not significant. 
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 All three of the AAV therapies resulted in a significant extension to survival 

(Figure 31A). There was no significant difference between either the PBS or AOaV-1 

controls. The median numbers of days survived for the PBS group was 96 days, with 

the final mouse reaching endpoint at day 119. The median survival for the AOaV-1 

control group was higher than PBS at 112.5 days, however the final mouse reached 

endpoint only a day later than PBS, at 120 days. A single dose of AOaV-1 did not 

significantly extend overall survival in this ovarian cancer preclinical model (p = 0.0822). 

The monotherapies AAV-3TSR, AAV-Fc3TSR, and AAV-Bevacizumab resulted in 

median survivals of 115.5, 121.5, and 131 days respectively with the final mouse 

reaching endpoint on days 131, 135, and 159. The combination therapies with AOaV-1 

resulted in similar median survivals of 118.5, 119, and 118.5 days, respectively with the 

final mouse reaching endpoint at day 148, 124, and 135. Thus, the AAV-Bevacizumab 

monotherapy was the most effective within the parameters of this specific experiment (p 

= 0.0003). 

 With the current parameters of this experiment, the comparisons between the 

monotherapies and combination therapies were unexpected. There was no significant 

difference between the AAV-3TSR therapeutic options (p = 0.5094), nor the AAV-

Fc3TSR versions (p = 0.1617). However, AAV-Bevacizumab alone performed 
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significantly better than when it was combined with AOaV-1 (p = 0.0496). Therefore, 

contrary to our hypothesis, AOaV-1 did not have any benefit in combination with 

vectorized antiangiogenic agents, despite the earlier reported significant differences it 

caused to NK cells and tumour specific T cells upon administration demonstrating that 

it was biologically active. Additional doses of AOaV-1 may be required to increase 

efficacy compared to the monotherapies. 

4.4 Discussion 

 This study analyzed the effects of expressing two vascular normalizing agents 

and one anti-angiogenic compound from AAV vectors to treat an advanced stage 

ovarian epithelial carcinoma in a pre-clinical mouse model. These therapeutics were 

tested both as monotherapies and in combination with oncolytic virus AOaV-1 (Figure 

25). This survival study (Figure 31) was combined with gene expression data in both 

naïve and diseased mice (Figure 24 & Figure 30) as well as immunological and 

pathological data on the blood, lymph nodes, and primary tumour (Figure 27 & Figure 

28 & Figure 29). All three of the tested therapies led to a significant extension in survival. 

Under this experiment's dosing schedule, the AAV-Bevacizumab monotherapy resulted 

in the longest extension of up to two months of additional life. 

 Preliminary studies in naïve mice demonstrated that all three AAV vectors 

resulted in sustained transgene expression (Figure 24). AAV-Fc3TSR and AAV-



 

 

 

 

171 

Bevacizumab both were expressing the genes of interest by day 211 in naïve mice, 

although the expression level had decreased from peak expression, which occurred 

approximately 42-56 days post AAV administration. In contrast, AAV-3TSR had lower 

expression levels that were undetectable by day 142. This may be partially attributed to 

the fact that a different ELISA with lower sensitivity had to be used to quantify 3TSR 

and, due to its small size, 3TSR is rapidly cleared from circulation. Unexpectedly, the 

same expression duration was not observed when the AAV vectors were administered 

to ID8 tumour bearing mice (Figure 30). These differences in gene expression existed 

despite the gene therapies being from the same AAV6.2FF production batch. This 

observation has widespread implications for gene therapeutics for cancer models. There 

are several possibilities that could be hypothesized to explain this observation. 

Tumours have a higher metabolism (327, 328), and it is plausible that this resulted in a 

quicker turnover of the vascular normalizing/antiangiogenic agents. Another possibility 

is that the primary tumour acted as a sink for the gene therapeutics, resulting in their 

more rapid turnover (329). Biodistribution studies of antibodies against the VEGF 

receptor NRP1 have concluded that saturation of non-tumour sinks was required to 

improve tumour exposure to the compound of interest (330). Prostate cancer research 

has shown the link between total tumour volume and tumour sink effects for 

radioligand therapy (331). Researchers aiming to use gene therapy vectors therapeutic 
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transgene expression for any cancer model should therefore closely monitor transgene 

expression, as a second dose may be warranted sooner than in a naïve mouse. A 

detailed paper on AAV2 gene expression compared expression levels in the brain, heart, 

kidney, liver, lung, muscle, and spleen in naïve and HeyA8 ovarian cancer bearing mice 

(332). The authors noted several variations in expression between administering the 

same vectors to naïve and tumour bearing mice. Thus, it is likely a widespread 

phenomenon that tumour burden may impact levels of therapeutic transgene 

expression compared to studies conducted in naïve mice. 

 Results demonstrated that the immune system was highly responsive to the 

various therapies analyzed (Figure 27 & Figure 28 & Figure 29). AAV-3TSR had the 

highest level of tumour specific antibodies in the blood, paired with increased B cells 

and CD8+ T cells in the tumour microenvironment. The AAV-Fc3TSR therapy resulted 

in the highest levels of IFN-γ+ NK cells, but had decreased levels of tumour specific Abs 

compared to 3TSR. AAV-Bevacizumab therapies had the highest levels of TNF-α+IFN-γ+ 

T cells in the serum, and increases in tumour infiltrating CD8+ T cells and B cells. AOaV-

1 had a significant impact on NK cells, dramatically increasing activation levels and 

creating an effector phenotype. The decrease in Granzyme B+ NK cells in the serum in 

all gene therapies may potentially be attributed to the cells trafficking to other 

anatomical regions including the tumour after vascular normalization had occurred. 
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Future depletion studies of NK cells would be effective at solidifying their role in this 

treatment model. 

 A notable unexpected result from this study was the conclusion that with this 

specific dosing schedule, AOaV-1 combination therapies did not perform better than 

the monotherapies (Figure 31), in stark contrast from the virus historically causing 

beneficial extensions to survival when utilizing non-gene therapeutic versions of the 

vascular normalizing agents (116). The AOaV-1 that was administered was confirmed 

to be bioactive by flow cytometry data taken 36 hours post AOaV-1 injection (Figure 27). 

Leukopenia was observed in the blood, characterized by a decrease in immune cell 

subsets from the blood. Within the NK cell population, numerous markers were 

upregulated for all combination therapies, notably CD69, PD-L1, NKG2D, NKp46, 

Granzyme B, and IFN-γ. NK cells thus had an activated phenotype upon AOaV-1 

administration. Upregulation of NKG2D can result in increased cytotoxicity function; 

this receptor mediates both downstream activation and inhibition in the form of 

peripheral tolerance (333). NKp46 can be involved in recognition of both tumour cells 

and viruses (334). AAV-Bevacizumab in combination with AOaV-1 led to a significant 

increase in the number of tumour specific TNF-α+IFN-γ+CD8+ T cells, which have 

previously been shown to be a beneficial subset in cancer immunotherapies. In the case 

of the AAV-Bevacizumab and AAV-3TSR combination therapies, there was a significant 
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decrease in the expression levels of the vascular normalizing agent in conjunction with 

AOaV-1, despite the doses being administered at the same time and from the same vial.  

 One possible explanation for the lack of combination therapy survival extension 

and accompanying IHC and day 90 necropsy results may be attributed to large 

differences in serum concentrations of the vascular normalizing agents between the 

gene therapeutics versus when the drugs are administered daily as recombinant 

proteins. Noted differences in the serum concentrations of the vascular normalizing 

agents exists between historically dosed injections (Figure 32) and the vectorized 

version. For example, when Fc3TSR was administered to mice as a recombinant protein, 

the serum concentrations were much lower (ng/mL concentrations compared to µg/mL 

quantities), and decreased significantly within 7 days post injection. A major reason for 

testing the gene therapy versions of each compound was to avoid the need for daily or 

weekly injections, as a single dose mediating long-term sustained expression would be 

a preferable option for patients. It is possible that our administration of AAV-3TSR and 

AAV-Fc3TSR at 1x1011vg/mouse i.m. and Bevacizumab at 1x1010vg/mouse i.m. (lower 

injection to mimic the same magnitude of transgene expression as the other two vectors) 

led to expression levels that were higher than the optimal dose for tumour reduction, 

thus exceeding the narrow U-shaped optimal therapeutic window of TSP-1 and 

endostatins (306, 335-337). Perhaps in the case of this ovarian cancer model, less is more. 
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It is possible that either administering the same gene therapies i.p. at these 

concentrations or administering i.m. at a half or 1/10 dose may have resulted in further 

extensions to survival and reductions in tumour size and secondary metastases at day 

90. Testing the effects of i.p. administration in combination with AOaV-1, as well as 

lower doses of i.m. in combination with AOaV-1, constitutes a very promising area of 

future research. 

 
Figure 32: Serum levels of Fc3TSR. 

The recombinant protein version of the drug Fc3TSR was injected via intraperitoneal 
administration. Serum levels were monitored over 7 days to quantify the gradual 
decline in serum concentrations. i.p., intraperitoneal administration route; 3TSR, 
thrombospondin-1 type I repeats. Error bars denote standard deviation.  
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 In conclusion, this study set out to test three different gene therapies expressing 

antiangiogenic agents from AAV to treat advanced stage ovarian epithelial carcinoma, 

using an orthotopic preclinical mouse model. All three gene therapies led to a 

significant extension in survival, including combination therapies that use the oncolytic 

virus AOaV-1. Indeed, the monotherapy Bevacizumab resulted in mice living up to two 

months longer than the PBS controls. Although the combination therapies did not result 

in a significant improvement upon the monotherapies, our data suggest that future 

studies combining lower doses of the gene therapeutics with additional doses of AOaV-

1 may result in further improvements to therapeutic efficacy. These data provide critical 

information for pre-clinical studies of ovarian cancer, and will help inform future study 

designs to eventually improve the lives of cancer patients living with this difficult 

disease. 
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CHAPTER 5: CONCLUSIONS, IMPACT, AND FUTURE DIRECTIONS 

 

5.0 Conclusions 

 This thesis explored the impact cancer immunotherapy dosing regimens have on 

leukocytes and cancer treatment efficacy. Chapter 2 investigated how neutrophils 

responded to various dosing regimens of VSV. Chapter 3 analyzed how rapid multi-

dosing protocols result in the off-targeted infection of T cells, delving into both the 

mechanisms for this phenomenon to occur as well as solutions to prevent this undesired 

consequence. Chapter 4 described the use of AAV gene vectors to deliver sustained 

expression levels of the vascular normalizing agents 3TSR, Fc3TSR, and Bevacizumab. 

Selected gene therapies were tested both as monotherapies as well as in combination 

with the oncolytic AOaV-1 in a murine model of EOC. This body of research expanded 

our knowledge of both the innate and adaptive immune system responses to oncolytic 

viruses, as well as the impact of gene therapies on an orthotopic ovarian cancer 

preclinical model. 

 Neutrophils are the most prevalent white blood cell. They are first responders, 

rapidly trafficking to regions of infection or inflammation. We conducted in vivo 

experiments in C57BL/6 female mice to determine how VSV administration influences 

this cell population. Neutrophils in the bone marrow rapidly responded to VSV 
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administration. Subsequently, neutrophils in the blood upregulated the chemokine 

receptor CXCR2 and accumulated in the lungs. This receptor is involved with 

neutrophil trafficking from the bone marrow (206). Neutrophil surface expression was 

significantly altered, including MHCII. Neutrophils with higher expression levels of 

MHCII have greater antigen presenting potential. Previous cancer studies have shown 

that MHCII expression levels on tumour-associated leukocytes localize to different 

regions of a tumour, and may have a phenotypic difference (338). The cytokine IL-12 

was also significantly upregulated in neutrophils post VSV-administration. IL-12 is a 

strong adjuvant in cancer immunotherapies. Upregulation of IL-12 in neutrophils may 

increase the efficacy of VSV therapies in addition to the virus' direct tumour lysing 

capabilities (339). Lastly, a detailed in vivo experiment demonstrated that administering 

VSV-GFP as either a single dose or two doses 24 hours apart resulted in GFP viral 

transgene expression within the neutrophil population in the spleen. Dosing two to 

seven days apart did not result in detectable transgene expression. These findings 

expand our knowledge of neutrophil biology in the context of intravenous VSV 

administration. 

 The interactions between oncolytic virus dosing regimens and immune cell 

responses was subsequently extended to the adaptive immune system. A prime boost 

intracranial melanoma model tested the efficacy of one or two boosting doses of VSV-
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hDCT administered 48 hours apart. Unexpectedly, two doses resulted in significantly 

lower efficacy than a single boost. This observation led the researchers to closely 

examine the biological mechanisms that would explain this phenomenon. When 

splenocytes are activated either in vivo after VSV administration, or in vitro using anti-

CD3 and anti-CD28 stimulation antibodies, they become more susceptible to infection 

to VSV and AOaV-1. VACV infected the same proportion regardless of activation 

status. In particular, both activated CD4+ and CD8+ T cells became readily infected. VSV 

resulted in the highest rates of infection out of the three tested OVs tested, followed by 

AOaV-1, and VACV. In fact, VACV could infect a similar proportion of T cells 

regardless of whether they were activated or not. Sorting experiments demonstrated 

that most of these lymphocytes died after infection. Moreover, sorted T cells become 

infected in the absence of other leukocytes, indicating the infection does not rely on 

signals from other leukocytes to be able to occur. Serendipitously, the sorting 

experiments demonstrated that CD4+ T cells infected with VSV upregulate the CD8 

receptor. This receptor is not upregulated during VACV and AOaV-1 infections, nor are 

CD8+ T cells capable of upregulating CD4+ T cells under these experimental parameters. 

Detailed flow experiments conducted every four hours over two days elucidate the 

kinetics of VSV infection. Almost all T cells die from this infection, which cannot be 

fully captured at a single flow cytometry timepoint. Mechanistically, activated T cells 
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upregulate LDL-R. This is the receptor that VSV predominantly uses to infect cells (197). 

LDL-R upregulation explains one method whereby infection rates increase in activated 

T cells. Genetically engineering the G protein of Maraba virus demonstrated that the G 

protein is essential for infection to occur. The G protein interacts with LDL-R during 

VSV cellular entry (197). This important finding provides a simple solution to fix the 

problem of unwanted T cell infections: engineering VSV to express either the Lassa or 

Junin G protein prevents T cell infection while allowing rapid multi-dosing protocols to 

occur. This study was further expanded to determine whether in vitro findings were 

corroborated in vivo. Mice that were subjected to a multi-dosing VSV protocol possessed 

infected T cells. Indeed, dosing 24-48 hours apart resulted in a significant infection of 

murine tibia bone marrow, as confirmed via microscopy. Blood obtained from human 

volunteers demonstrated that activated human T cells were also susceptible to infection. 

VSV and VACV resulted in similar infection rates to the initial murine studies. AOaV-1 

in contrast exhibited an even higher infection rate of human lymphocytes than what 

was recorded in mice. The reduction in efficacy of the original intracranial melanoma 

model can further be explained by demonstrating effector T cell subsets are infected and 

killed. A reduction in effector T cells can explain the reduction in the prime boost model 

efficacy, as CD8+ T cells are critical contributors to promising cancer prognoses (340-

342). Lastly, recombinant IFN-β was also able to reduce VSV infection in WT mice. 
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rIFN-β has been used as a therapeutic option, with some success in preventing 

hepatocellular carcinoma reoccurrence (343) and tolerance in non-operable non-small 

cell lung cancer (344). Although rIFN-β has been used in human cancer regimens, its 

inhibition of VSV replication (345) may also extend to an inhibition of replication in 

cancer cells. However, experiments with a VSV that was genetically engineered to 

express the IFN-β transgene demonstrated that VSV can still replicate in tumours in the 

presence of IFNs (346). In conclusion, this expansive study analyzed a significant off-

target infection caused by rapid multi-dosing, determined the mechanism of action, and 

provided a solution that can aid clinicians in improving oncolytic virotherapies. 

 The final primary research chapter modified ovarian cancer therapeutics into 

AAV gene therapies. The compounds 3TSR, Fc3TSR, and Bevacizumab have all been 

previously shown to reduce primary tumour grown (116, 296, 307). However, these 

compounds, in particular 3TSR, have a short half-life and require frequent 

administration. AAV gene therapies are a safe option to produce a transgene in vivo, 

essentially turning the host into a protein factory leading to sustained transgene 

expression levels. Initially, the gene therapies were constructed and tested in naïve 

mice. All three gene therapies resulted in sustained transgene expression in both the 

blood and peritoneal cavity lasting longer than 200 days. Intramuscular administration 

resulted in higher expression levels compared to intraperitoneal injections. Thus, 
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intramuscular injections were selected for subsequent studies in the EOC mouse model. 

A study involving 112 mice was executed: 64 mice were included in the survival study 

while 48 mice were included in sampling studies that would terminate at day 90. 

Administering AOaV-1 had a profound effect on the NK cell population. Regardless of 

the AAV vector classification, AOaV-1 increased cell surface expression of NGK2D, 

influenced NK cell numbers in the blood, and increased IFN-γ+ NK cells 36 hours post 

treatment. NKG2D expression levels have been a focus of NK mediated 

immunotherapies, because of this receptor's strong capability to activate effector NK 

cells and interactions with tumour cells (347). The impact on T cell was also analyzed 10 

days post AOaV-1 administration. The combination therapy of AAV-

Bevacizumab+AOaV-1 resulted in the highest increase in tumour specific TNF- α+IFN-γ+ 

T cells. IFN-γ competent mice studies have revealed that CD8+ T cell transfers in the 

presence of functional IFN-γ+ inhibits angiogenesis (348), which may act synergistically 

with the gene therapies. The AAV-3TSR monotherapy resulted in the highest levels of 

tumour-specific antibodies. These results indicate that both T cell and B cell populations 

are involved in these vascular normalizing immunotherapies. Analysis of the 48 mice 

included in the 90-day experimental group demonstrated that all the monotherapies 

and combination therapies reduced intra-tumoural hypoxia levels. AOaV-1 treatment 

alone did not impact tumour hypoxia. Unexpectedly, the AAV transgene expression 
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levels were significantly reduced when administered in an EOC tumour model instead 

of naïve mice. Although gene therapies do not require as frequent administration as the 

recombinant protein versions do, nonetheless a single dose is not sufficient to 

completely eradicate the primary tumour or eliminate secondary metastases. 

Additionally, AOaV-1 did not significantly expand survival rates compared to the 

monotherapies, despite the increase in tumour specific T cells. Additional doses may 

allow AOaV-1 to synergistically act upon the changed tumour vasculature from AAV 

gene therapies. In conclusion, the monotherapy AAV-Bevacizumab resulted in the 

longest extension in survival under the specific dosing strategy employed.  

5.1 Impact 

 This research significantly advances the scientific community's knowledge of 

cancer immunotherapies. Cancer encompasses over 200 distinct diseases and is the 

leading cause of death in Canada. In 2019, the population death rate was 757 per 

100,000. Cancers caused 213 of these deaths per 100,000 (28.1%), whereas cardiovascular 

disease caused 189 deaths per 100,000 (25.0%) (349). It is expected that cancer-related 

mortalities will continue to increase, in part due to an ageing population. Thus, more 

research is needed to advance our knowledge of these diseases. 

 Immunotherapies constitute a relatively new form of cancer therapy. Techniques 

encompass a range of strategies including monoclonal antibodies, oncolytic viruses, and 
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gene therapeutics. The first immune checkpoint inhibitor was approved by the FDA in 

2011 when the CTLA-4 inhibitor Ipilimumab was licensed for the treatment of 

metastatic melanoma (350). Within the last decade, 70 novel drugs entered clinical trials, 

and over 1000 unique clinical trials are ongoing (351). It truly is the golden age of 

immunotherapy research. However, despite the vast research effort and research and 

development investment, only 15-20% of patients obtain durable results from their 

immunotherapy treatments (351). Clearly, more progress is needed to improve the 

proportion of patients that benefit from immunotherapies. 

 One strategy to efficiently improve the efficacy of cancer therapies is to delve 

into pre-existing treatments and investigate strategies to improve their efficacy; 

evaluating dosing strategies is a worthy endeavour. The three primary research 

chapters in this thesis are united in their evaluation of how dosing strategies influence 

immunotherapies. Neutrophils are an innate immune subset that are rarely 

characterized in immunotherapy research. Our work demonstrates that neutrophils are 

highly responsive to VSV injections. Altering the dosing protocol resulted in differential 

trafficking and possession of the viral transgene GFP. This study significantly expanded 

our knowledge of neutrophil biology, as well as the influence of OVs on the innate 

immune system.  



 

 

 

 

185 

 The analysis of multi-dosing protocols on T cell infection has the potential to 

significantly improve the efficacy of a range of pre-existing therapeutics. A simple 

modification to dosing protocols may improve the efficacy of multiple distinct oncolytic 

virotherapies. This chapter provided the fundamental mechanistic data required to 

explain why some dosing strategies are infective. A strength of this study was the 

inclusion of different OVs including a rhabdovirus, a poxvirus, and an avian 

paramyxovirus. Each OV had a differential ability to infect activated T cells. The 

inclusion of human blood samples greatly improved the impact of the study by 

extending the findings to a clinically relevant setting. Lastly, the finding that a G protein 

modification prevents VSV infection of activated T cells provides an elegant solution to 

the problem of unwanted off-target infections.  

 The epithelial ovarian cancer study expands our concept of dosing to include the 

use of AAV gene therapy vectors to express transgenes in vivo to reduce the overall 

number of injections required to maintain therapeutic concentrations. AAV has an 

excellent safety profile (352), and has the potential to deliver a range of cancer 

immunotherapeutics. Strengths of this study include utilizing three different AAV 

monotherapies in an orthotopic murine model of EOC that closely mimics disease 

progression in humans. Although none of the treatments resulted in durable cures, the 

extension in survival is a promising result that can be expanded upon in future studies. 
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 Dosing parameters are a key aspect of immunotherapies that deserve thorough 

analysis. Cancer patients currently undergo debilitating treatment regimens to survive. 

At the Summit for Cancer Immunotherapy hosted by BioCanRx in 2019, I had the 

honour of being a part of the patient-researcher panel "The Learning Institute". This 

experience endowed important knowledge that cannot be learned in a lab or lecture 

hall. Patients want scientists to improve both the quantity and quality of their life, and 

they want to be included in research decisions. Research that extends life is impactful. 

Research that reduces the number of painful injections and arduous trips to the hospital 

is also impactful. Therefore, the evaluation of the impact immunotherapy dosing 

strategies has on both basic immune biology and efficacy is a worthwhile endeavour. 

5.2 Future Directions 

 The body of research outlined above expands our knowledge of cancer 

immunotherapies and creates the possibility for numerous exciting future directions. 

The three primary research chapters covering neutrophil biology, multi-dosing 

protocols, and ovarian cancer gene therapy strategies each have natural extensions for 

future scientists to elucidate.  

 More studies are needed to fully characterize the role of neutrophils during 

oncolytic virotherapies. My research showed how administering varying dosing 

protocols of the oncolytic VSV changed their anatomical trafficking and surface receptor 
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expression. However, VSV is only one of many oncolytic virotherapies. There are a 

wide range of OVs that are currently being used in clinical settings including AOaV-1, 

Maraba virus, and Vaccinia virus. A natural extension from this study is to repeat the 

experiments with a wide range of common OVs to determine if neutrophils respond 

differently to varying viral stimuli. Moreover, this research was conducted in a naïve 

mouse model. Characterizing how VSV based therapies change neutrophil populations 

within a tumour bearing model is an important step towards developing next 

generation cancer immunotherapies that take into consideration neutrophil biology. 

Neutrophils traffic to sites of inflammation, so it would be expected that intra-tumoural 

injections of VSV would cause neutrophils to traffic towards the tumour 

microenvironment. Tumour model experiments could include a range of murine 

models including melanoma, epithelial ovarian cancer, and lung cancer. 

 The conclusions within the multi-dosing chapter have the potential to impact 

when oncolytic viruses are administered. We have demonstrated that rapid succession 

dosing of VSV and AOaV-1 within 24-48 hours results in the off-target infection of T 

cells and a reduction in efficacy. This infection occurs both in the presence and absence 

of a tumour model. Thus, studies should be conducted in other cancer models to 

determine whether the phenomenon of off target T cell infection is further exacerbated. 

Moreover, certain treatment strategies require a multi-dosing protocol to rapidly debulk 
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large invasive tumours. Instead of concluding that all multi-dosing protocols of 

oncolytic viruses are subpar, we encourage researchers to find ways in which they can 

multi-dose OVs while avoiding the off-target T cell infection. Our finding that changing 

the G protein of the virus is an elegant solution to this problem. Maraba viruses 

possessing the G protein from the Lassa and Junin viruses were not capable of infecting 

activated T cells. Moreover, our data suggests that simply extending the dosing interval 

to weekly administration prevents off-target infection. Another strategy to prevent the 

off-target infection of T cells would involve adding an FDA-approved therapeutic that 

is known to reduce viral infections. One promising option is to use antioxidants that 

prevent viral infection of T cells (353). Within the realm of HIV research, the compound 

N-acetyl L-cysteine prevents HIV infection of T cells (354, 355), while replenishing 

protective glutathione levels (356) and T cell function (357). The antioxidant catalase 

also protects T cells from oxidative stress and may be protective against viral infections 

(358). In contrast, the oxidant hydrogen peroxide increases HIV replication in T cells 

(359). Our lab has already been researching the role of antioxidants in viral infection as 

an extension to the multi-dosing project, with promising results (360). Pairing a multi-

dosing protocol with a drug that reduces T cell infection rates has the potential to select 

the most efficacious therapeutic option compared to extending VSV monotherapeutic 

dosing intervals. 
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 The multi-dosing chapter presents the opportunity to explore scenarios where 

infection of T cells would be beneficial. The research presented here considers infection 

of T cells as an off-target negative consequence of rapid multi-dosing protocols. Indeed, 

destroying a healthy immune system reduces the efficacy of immunotherapies, and is 

fairly similar to an HIV infection of CD4+ T cells (361). In the context of cancer 

immunotherapies, this infection is to be avoided. However, with some creativity one 

could contemplate scenarios where a T cell infection would be both desired and 

efficacious. For example, T cell lymphomas are a rare neoplasm that would benefit from 

an expansion in therapeutic options (362). Rapid dosing of OVs constitutes a novel, 

targeted approach to rapidly killing activated T cells, and should be explored further in 

murine models of T cell neoplasia (363). Additionally, several autoimmune diseases are 

influenced by aberrant T cells, including hypothyroidism, polymyositis, and multiple 

sclerosis (364). Autoimmune disease research may benefit from a targeted reduction in 

activated T cells. Experiments should be conducted using rapid dosing protocols of OVs 

to determine if this strategy ameliorates disease progression. Lastly, the infection of T 

cells could potentially be used as a Trojan horse technique to deliver genetically 

engineered oncolytic viruses to a previously unreachable anatomic location (365). 

Infecting T cells with a virus may allow an OV expressing a transgene of interest to 

disseminate into difficult to target regions such as the bone marrow. 
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 The research involving gene therapies to target epithelial ovarian cancer also 

created several exciting avenues of future research. Determining which commonly used 

cancer therapeutics have a short half-life would generate a list of potential transgenes 

that could be encoded into AAV vectors. Expanding the range of gene therapeutics may 

enable cancer regimens to be less arduous on patients due a reduction in the number of 

injections. Additionally, gene therapies may be conducive to targeting other cancer 

subtypes besides ovarian cancer. Within the EOC model, future researchers should 

determine if a reduction in AAV dose would further improve efficacy. We postulate 

that testing 3TSR and Fc3TSR at 5x1010 or 1x1010 vg would further extend survival in the 

murine model. Additionally, within this study's dosing parameters, the AOaV-1 

combination therapy unfortunately did not extend survival. However, AOaV-1 has 

been successful in previous studies (116, 325). Increasing the number of AOaV-1 doses 

may enable the combination therapy to be more efficacious than the current 

monotherapies. 

 Another area of future research involves translating preclinical studies to a 

clinical setting. The ultimate goal of this research was to develop effective therapies that 

improve the health outcomes of human cancer patients. The multi-dosing study 

demonstrated that similar infection results occurred in human blood samples. Multi-

dosing VSV results in high levels of infection to circulating human CD4+ and CD8+ T 
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lymphocytes. Indeed, AOaV-1 exhibited a larger magnitude infection rate in humans 

than it did in preclinical murine studies. Thus, clinical studies that use oncolytic 

virotherapies are encouraged to test multiple dosing regimens to select the option that 

results in both rapid tumour debulking while minimizing off target infection of T cells. 

There may be numerous pre-existing clinical trials that would perform even better if a 

simple modification to the dosing strategy was employed. We hope that our findings on 

dosing strategies will be taken into consideration by clinicians who are analyzing a 

range of cancer subtypes.  

 The field of cancer immunotherapy is rapidly evolving. Harnessing the power of 

the immune system to eliminate tumours is a promising therapeutic approach. 

Clinicians need the next generation of therapeutics to both extend patient survival and 

reduce the debilitating side effects of the excruciating current regimen of therapeutics. 

Careful consideration of neutrophil populations, dosing regimens, and utilizing AAV 

gene therapies to maintain more stable drug concentrations in the blood constitute 

powerful tools. Ultimately, this research explored how dosing strategies are integral to 

innate cell trafficking, to adaptive immune cell viability, and to maintaining consistent 

therapeutic transgene expression levels. A global concerted research effort is required to 

complete our understanding of the complex interactions between the tumour, the 

immune system, and the patient. This body of research advanced our knowledge of 
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cancer immunotherapies, one dose at a time, to improve the health outcomes of cancer 

patients. 
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Appendix 1: MYELOID CELLS DURING VIRAL INFECTIONS AND 

INFLAMMATION 

 

This chapter was published in Viruses in February 2019. 

 

Stegelmeier AA, van Vloten JP, Mould RC, Klafuric EM, Minott JA, Wootton SK, Bridle 
BW, Karimi K. (2019). Myeloid cells during viral infections and inflammation. Viruses. 
11 (2): 168. 

A 1-1: Abstract 

 Myeloid cells represent a diverse range of innate leukocytes that are crucial for 

mounting successful immune responses against viruses. These cells are responsible for 

detecting pathogen-associated molecular patterns, thereby initiating a signaling cascade 

that results in the production of cytokines such as interferons to mitigate infections. The 

aim of this review is to outline recent advances in our knowledge of the roles that 

neutrophils and inflammatory monocytes serve in initiating and coordinating host 

responses against viral infections. A focus is placed on myeloid cell development, 

trafficking and antiviral mechanisms. Although known for promoting inflammation, 

there is also a growing body of literature, which demonstrates that myeloid cells can 

also play critical regulatory or immunosuppressive roles, especially following 

elimination of viruses. Additionally, the ability of myeloid cells to control other innate 

and adaptive leukocytes during viral infections situate these cells as key, yet under-



 

 

 

 

244 

appreciated mediators of pathogenic inflammation that can sometimes trigger cytokine 

storms. The information presented here should assist researchers in integrating myeloid 

cell biology into the design of novel and more effective virus-targeted therapies. 

 

A 1-2: Introduction 

 The ability of the immune system to recognize invading pathogens and tissue 

damage, and subsequently respond in a targeted and reproducible manner bestows 

longevity to our existence. Within the diverse cellular network of the immune system, 

recent research has shown that myeloid cells deserve new-found attention due to their 

ability to detect and mitigate viral infections and promote inflammation. Upon viral 

infection, there are a number of myeloid cell subsets that play various roles in the 

subsequent inflammatory, cellular, and humoral responses. Myeloid cells are 

granulocytic and phagocytic leukocytes that traverse blood and solid tissues. When 

they recognize virus-infected cells or tissues damaged by viruses, these sentinels 

rapidly initiate an innate immune response (366). This multifaceted response involves 

cellular activation (367), signaling cascades (368), and the release of cytokines (369) to 

guide leukocytes to mount an effective response. Evidence is accumulating that two 

myeloid cell subsets, in particular, are playing a larger role in recognizing and halting 

viral infections than was previously thought. Researchers are discovering that both 
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neutrophils and inflammatory monocytes are intertwined in the immune system’s anti-

viral response. Moreover, they play unique immuno-regulatory roles post-infection, 

and are critical for restoring homeostasis.  

 Neutrophils are the most abundant leukocyte subset in mammals, ranging from 

40-70% of white blood cell counts (370). They are responsible for both pro-inflammatory 

and anti-viral responses, and therefore constitute a first line of defense against invading 

pathogens and cell damage (371). Neutrophils are effector innate cells that live for a 

relatively brief five days (372) and exist in one of three states: quiescent, primed, or 

active. Although they are predominantly considered cells that target extracellular 

organisms such as bacteria via phagocytic uptake, their control of other cell subsets 

enables them to play important indirect roles in clearing viral infections and 

modulating inflammation. 

 Monocytes are large mononuclear leukocytes that are involved with 

inflammation and clearance of pathogens. These non-dividing cells are able to further 

differentiate into other myeloid subsets such as dendritic cells (DCs) and macrophages. 

Monocytes constitute a heterogeneous population that are endowed with a high degree 

of plasticity, allowing them to respond to environmental cues in tissues. Current 

research is uncovering the role inflammatory monocytes have during inflammation and 

viral infections. This subset preferentially traffics to inflamed regions, where they 
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secrete inflammatory cytokines (373). However, they can also function as regulatory 

cells (374). For example, alveolar monocytes have been shown to protect against viral 

damage caused by inflammation mediated by a type I interferon (IFN) response (373).  

 Evidence exists that both neutrophils and monocytes can contribute to viral 

clearance or exacerbate pathological damage depending on the context of the infection 

(Figure 33). In terms of myeloid cells contributing to virus-induced pathologies, a 

linkage can be made between induction of cytokine storms and dysregulated type I IFN 

responses. In cases where these cells are beneficial, they can be therapeutically boosted, 

whereas they can also be depleted when viruses have commandeered them towards 

destructive fates. Exploring the pronounced involvement myeloid subsets have in 

mitigating viral replication and pathology, therefore, has the potential to create novel 

therapeutics that are more efficacious against viral infections. 

The aim of this review is to explore recent advances in our understanding of the 

role neutrophils and inflammatory play during viral infections. Although previous 

reviews have provided comprehensive coverage on the impact these myeloid subsets 

have during bacterial infections (74, 366, 375), there is no current review with an 

extensive focus on their contribution to mitigating viruses. This review therefore 

provides a novel amalgamation of key information that will be of use to virologists and 

immunologists. 
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Figure 33: Schematic of myeloid cells highlighting their ability to respond to 
pulmonary viral infections via the initiation and modulation of anti-viral 
inflammatory activity.  

Lung-resident myeloid cells, such as alveolar macrophages, utilize a complex sensory 
system to integrate disturbances of pulmonary tissues by viruses such as respiratory 
syncytial virus (RSV), into the activation of local effector leukocytes. (A) RSV enters and 
infects the lungs. Viral PAMPs, such as double-stranded RNA, or DAMPs are detected 
by PRRs in or on sentinel cells in the lungs, like TLR3 in the endosomes of lung-resident 
macrophages. TLR stimulation activates the NF-κß signaling cascade resulting in the 
release of chemokines and inflammatory cytokines. A chemokine gradient forms 
between the lungs and bone marrow. (B) Homeostatic bone marrow tends to retain 
CXCR4+ neutrophils and monocytes through endogenous expression of high levels of 
CXCL12. However, the release of PAMPs, as well as the secretion of cytokines and 
chemokines as a consequence of pulmonary RSV infections are sensed by cells in the 
bone marrow, which in turn allow recruitment of new neutrophils and monocytes from 
the bone marrow into the lungs. Specifically, G-CSF downregulates CXCR4 on 
neutrophils, triggering their release. Similarly, CCL2 is produced in the bone marrow 
by endothelial cells following TLR signaling in infected lungs, which is crucial for 
inflammatory monocyte release into the bloodstream. Once in the bloodstream, these 
cells sense disrupted endothelium from the viral infection, which triggers a complex 
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adhesion cascade. Activated Ly6Chi inflammatory monocytes are recruited to the site of 
infection by a variety of chemokine receptors including CCR1, 5 and 6 as well as CXCR2 
binding to their respective ligands. (C) Once at the site of infection, they differentiate 
into dendritic cells and macrophages that initiate an inflammatory cascade that includes 
copious amounts of inflammatory cytokines, in particular IL-12 and IFN-γ, which are 
potent inducers of Th1-biased immune responses. Once these dendritic cells and 
macrophages acquire viral antigens, they home to lymph nodes via chemokine 
receptors, including CCR7. Monocyte-derived dendritic cells that home to lymph nodes 
present viral antigens to naïve CD4+ and CD8+ T-cells that are required to kill infected 
cells. (D) The basic neutrophil function of clearing an inflamed area by removing killed 
pathogens and host cells contributes to reduced inflammation and wound debridement. 
Neutrophils are also capable of promoting tissue repair and increased angiogenesis. 
Further, monocytes can suppress lymphocytes in various clinical scenarios. In lungs, 
myeloid cells are able to inhibit pro-inflammatory tissue-resident leukocytes through 
direct cell-to-cell contact through galectin9:TIM3 and TGF-B:NKp30 interactions to 
regulate T-cells and NK cells, respectively. Myeloid cells can also exert suppressive 
functions through secretion of soluble factors such as IL-10, arginase-1 and indoleamine 
2,3-dioxygenase. (E) We speculate that disruption of cellular sensing of type I IFN 
responses can result in excessive production of pro-inflammatory cytokines, including 
IFN-γ, IL-1, IL-6 and TNF-α leading to a toxic cytokine storm. The fatal outcome of 
severe lung infections is shown to be correlated with the early persistent production of 
inflammatory cytokines and chemokines that recruit neutrophils and monocytes. While 
inflammatory cytokines and chemokines are essential for effective control of viral 
infections, they can also contribute to the severity of disease and tissue damage. 

A 1-3: Development of Myeloid Cells 

 Multiple progenitor cell types arise from self-renewing multi-potent 

hematopoietic stem cells that become committed in the bone marrow to lineage-specific 

myeloid cells of the immune system (376). Clonogenic myeloid-primed precursors 

(CMPs) give rise to myeloid cells, which then further differentiate into 

granulocyte/monocyte progenitors (GMPs) (377). Subsequently, GMPs undergo 

multiple stages of differentiation before they are terminally differentiated into 
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neutrophils or monocytes in bone marrow (214). Monocytes require the growth factor 

colony-stimulating factor-1 to develop (378) and high levels of the transcription factor 

PU.1 to steer GMPs to commit to a monocyte lineage (379). Monocyte-DC progenitors 

(MDPs) create descendants that are destined to become either DCs or monocytes (380). 

Recent exciting discoveries have greatly expanded our understanding of neutrophil 

development. Advances in isolation techniques have elucidated that neutrophils are 

derived from unique CD11b+Ly6GloLy6BintCD115− precursors that possess proliferation 

capabilities (381). Indeed, transcriptional profiling coupled with mass cytometry has 

provided additional information on the process required for GMPs to differentiate into 

neutrophils (382). Researchers determined the bone marrow possessed three distinct 

subsets: the aforementioned proliferative precursor cells, as well as non-proliferative 

immature and non-proliferative mature neutrophils. Precursors required the 

transcription factor C/EBPε to differentiate from GMPs. As precursors further shift into 

non-proliferative populations they exchange proliferation capacity for increases in 

effector function and migration (382). Further experiments on neutrophils precursors 

demonstrated their ability to expand in the presence of cancer such as melanoma and 

suppress regulatory T cells (383). Although the role of precursor neutrophils during 

viral infections has not been determined, future studies exploring this novel subset have 



 

 

 

 

250 

the potential to expand our understanding of the effect of viral infections on neutrophil 

hematopoiesis.  

 Once viruses such as influenza virus or respiratory syncytial virus (RSV) manage 

to infect a tissue (Figure 33A), type I IFNs are released from the infected cells and 

stimulate the expression of hundreds of genes (384), appropriately known as IFN-

stimulated genes (ISGs), in neighboring cells, which induce an antiviral state within 

minutes to hours that is characterized by reduced transcription and translation (385), 

induction of enzymes that degrade viral RNAs and proteins, and even sensitization of 

cells to apoptosis (386). Products of ISGs, including cytokines and chemokines, also 

recruit leukocytes, including neutrophils and monocytes to the virally infected tissue 

(387). Induction of the IFN response following viral infections fundamentally changes 

the bone marrow microenvironment (Figure 33B), leading to enhanced differentiation of 

myeloid cells (387) and emigration of neutrophils and monocytes to the site of infection, 

which is facilitated by chemokine gradients interacting with their cognate receptors 

(Figure 33A) (206). 

 Murine Ly6Chi monocytes originate from bone marrow and travel to sites such as 

skin, lungs, and lymph nodes (388), whereas Ly6Clow monocytes typically scan 

vasculature and the endothelial cells lining the lumen for damage. The human 

counterparts to these subsets are CD14+CD16- and CD14lowCD16+ monocytes, 
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respectively (389). Monocytes require Kruppel-like factor-4 to differentiate into 

inflammatory monocytes in vivo (390). A recent advance by Yáñez and colleagues 

demonstrated that GMPs and MDPs can independently generate functionally distinct 

monocytes (391). GMPs and MDPs are both derived from CMP-Flt3+ progenitors but 

differentiate into the above subsets when either the Toll-like receptor (TLR)-4 agonist 

lipopolysaccharide (LPS) or the TLR9 agonist CpG DNA, respectively, are injected into 

mice. Ly6Chi monocytes can be derived from either subset (391). Therefore, the innate 

pathogen-associated molecular patterns (PAMPs) and their cognate receptors, known as 

pattern recognition receptors (PRRs), will dictate which monocyte subset is 

preferentially generated.  

 Infections can affect hematopoiesis and influence the proportions of cell subsets. 

Human immunodeficiency virus (HIV) is capable of infecting bone marrow 

microvascular endothelial cells and provoking hematopoietic dysfunction (392). A 

plethora of regulatory signals required to differentiate and release myeloid cells, 

including granulocyte-colony-stimulating factor and interleukin (IL)-6, can be 

suppressed by HIV. Human T-cell leukemia virus (HTLV)-1 has recently been shown to 

infect several lineages of hematopoietic stem cells in addition to T-cells (393). Both 

neutrophil and monocyte lineages were permissive to infection, as evidenced by the 

viral Tax protein in neutrophils and the ability of monocyte progenitors to become 



 

 

 

 

252 

infected. Indeed, these infected monocytes were capable of differentiating into DCs and 

spreading the infection to T-cells. Moreover, four subsets of neutrophils have been 

characterized in infants with viral respiratory infections (394). These subsets include 

suppressive, progenitor, mature, and immature neutrophils, which are present in the 

blood of infected individuals. However, CD16highCD62Llow suppressive neutrophils were 

only observed in patients with bacterial co-infections.  

 Strikingly, viral dysregulation of hematopoiesis can lead to numerous diseases 

(387). For example, Epstein-Barr Virus (EBV) causes infectious mononucleosis, 

characterized by a dramatic increase in white blood cells in the bloodstream. In rare 

instances this virus can cause pancytopenia, which is a severe reduction in the number 

of platelets, red, and white blood cells (395). Pancytopenia has also been found in 

patients who have contracted hepatitis C virus (HCV) (396). Reducing the number of 

progenitor cells available to differentiate into lymphoid and myeloid cells may be a 

reasonably common viral strategy to avoid clearance by the immune system. The 

functional capacity of myeloid cells to respond to viral particles is influenced by the 

origin of their precursors. Defining the molecular and cellular mechanisms underlying 

myeloid cell precursor development in viral illnesses will provide a better 

understanding of the susceptibility of patients to different viruses and the 

immunological events that ultimately may be exploited for therapeutic benefit. Indeed, 
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progenitor cells constitute a promising gene therapy target to treat HIV infections 

because they can differentiate into multiple cell lineages, all possessing a therapeutic 

transgene such as an anti-HIV ribozyme (397). Other viral infections that, in theory, 

may be successfully treated by targeting HSCs with gene therapies include viruses that 

dysregulate hematopoiesis, such as HCV or EBV. 

A 1-4: Recognition of Danger Signals and Pathogens by Myeloid Cells 

 The human body relies on a robust innate sensory system to quickly eliminate 

many viruses. PRRs are present in and on a variety of cells including neutrophils and 

monocytes to recognize PAMPs (Figure 33A). TLRs are a subset of PRRs that recognize 

PAMPs. There are multiple TLRs in and on neutrophils and monocytes that specifically 

recognize viral PAMPs or danger associated molecular patterns (DAMPs) released from 

virus-damaged cells. The nucleic acid from RNA and DNA viruses constitutes a 

predominant source of viral PAMPs that can be recognized either via phagocytosis of 

cellular debris such as epithelial cells, or in cases where viruses infect myeloid cells. 

Within endosomes, TLR3 recognizes dsRNA from viruses (dsRNA constitutes the 

genome of one family of viruses, but is also generated during the life cycle of many 

viruses) (398), ssRNA is recognized by TLR7 and TLR8 (399), whereas TLR9 recognizes 

DNA viruses while distinguishing from host DNA (400). Monocytes are activated via 

signaling through surface-bound TLR2 during Varicella-zoster virus (369), measles 
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(401), and type 1&2 HSV infections (402). TLR2 can recognize a wide range of viral 

PAMPs including the glycoproteins gB and gH/gL from HSV (403) and hemagglutinin 

from measles (401). TLR stimulation after phagocytosis activates the NF-κB signaling 

cascade resulting in the release of inflammatory cytokines such as TNF-a, IL-1 and IL-6 

from monocytes (369) to control virus infections by direct antiviral mechanisms and 

recruitment of other leukocytes. Direct antiviral mechanisms of monocytes and 

neutrophils, including phagocytosis and oxidative burst, were reduced in patients who 

had contracted HCV and were taking IFN-based therapies (404). Neutrophils also use 

TLRs to conduct anti-viral surveillance, and express ten out of eleven known human 

TLRs (they lack TLR3) (405). The endosomal TLR7 is essential for recognition of 

influenza viruses by neutrophils via sensing viral single-stranded RNA when they 

phagocytose cell debris (367). Lack of TLRs is associated with increased mortality 

during viral infections. For example, blocking TLR4 leads to increased mortalities 

associated with influenza virus infections by disrupting phagocytosis of infected cells 

(406). Although influenza viruses do not contain LPS, TLR4 activation is also involved 

with delaying fusion between lysosomes and phagosomes, thereby preventing virus 

entry, and thus has an additional role in innate immunity besides recognition of PAMPs 

(407). Multifaceted functions of TLRs should, therefore, be studied in greater detail to 
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determine if additional TLRs have unappreciated mechanisms to mitigate viral 

infections. 

 Another method for host recognition of viruses involves retinoic acid inducible 

gene-I (RIG-I) and melanoma differentiation factor 5 (MDA5) (408). To clear viral 

infections, RIG-I-like receptors and MDA5 recognize cytosolic viral RNAs via the 

helicase domain (409). In contrast to TLRs that are predominantly present in leukocyte 

subsets, these receptors are ubiquitous in human cells. Neutrophils and monocytes 

themselves can become infected by viruses (410), and therefore possess cytoplasmic and 

endosomal mechanisms to recognize them, including RIG-I and MDA5 signaling 

cascades in the cytoplasm and endosomal TLRs. In fact, the double-stranded RNA 

mimetic poly(I:C) stimulates neutrophils to increase many antiviral genes, including 

type I IFN mRNA transcripts, IFN-responsive genes, TNF-α, and IFN regulatory factor 

(IRF)7 (411). When infected with encephalomyocarditis virus, MDA5-deficient mice 

mount significantly reduced TNF-α and IFN-β responses (411). Similar results were also 

observed after infections with Coxsackie B virus (412) and West Nile virus (413). 

Notably, TNF-α and IFN-β have the capacity to upregulate the expression of major 

histocompatibility complex molecules on antigen-presenting cells, which would make 

viruses more susceptible to T-cell-mediated clearance. 
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 DAMPs are endogenous molecules that are released in response to tissue 

damage from trauma, including cells killed by viruses, and, like PAMPs, trigger an 

immune response (Figure 33A). DAMPs can be derived from a variety of cellular 

components, including the nucleus, cytoplasm, exosomes, plasma, or the extracellular 

matrix (414). DAMPs that promote inflammation and immunogenic cell death (108) 

include the chromatin protein high mobility group box 1 (HMGB1) and mitochondrial 

DAMPs such as mitochondrial DNA and formyl peptides (415). HMGB1 interacts with 

neutrophils and monocytes (416) by binding to the inflammatory receptor for advanced 

glycation end-products (RAGE). This DAMP causes monocytes to secrete pro-

inflammatory cytokines, including IL-1 and TNF-α, reorganize their cytoskeleton, and 

increases migration across epithelial barriers. Monocytes are also capable of secreting 

HMGB1 themselves when lysosome exocytosis is induced by the inflammatory lipid 

lysophosphatidylcholine (417). Neutrophils, in turn, have upregulated transcription of 

genes for pro-inflammatory molecules involving the NF-κB, p38 MAPK, and ERK1/2 

pathways in response to recognition of HMGB1 (418). Cell damage from viral infections 

leads to a release of DAMPs and subsequent detection by myeloid cells. For example, 

infection of epithelial cells with dengue viruses results in the release of HMGB1 from 

necrotic cells (419). The interaction between viral PAMPs and PRRs in or on myeloid 

cells can play an essential survival role in the response to viral infections but may 



 

 

 

 

257 

simultaneously be responsible for tissue injury associated with severe virus-induced 

inflammation. In theory, mechanisms involved in the recognition of danger signals by 

neutrophils and monocytes could be targeted selectively to enhance protection against 

detrimental viral infections while simultaneously preventing exaggerated, pathological 

innate immune responses. 

A 1-5: Myeloid Cell Migration and Trafficking 

 Chemokines and their receptors play a critical role in dictating the migration and 

positioning of myeloid cells. An extensive list of chemokines, their receptors, and their 

various functions has been described (420). Neutrophils and monocytes begin their 

journey to a site of infection by first leaving the bone marrow (Figure 33B). Neutrophil 

and monocyte retention in the bone marrow is dictated by steady signaling between the 

chemokine (C-X-C motif) receptor 4 (CXCR4) and its ligand CXCL12 expressed on bone 

marrow stromal cells. During maturation, these cells downregulate CXCR4 and become 

less sensitive to CXCL12, causing their release into the bloodstream (421). CXCR1, and 

mainly CXCR2 expression, on neutrophils grant an additional form of chemotaxis away 

from the bone marrow via their respective ligands CXCL1 and CXCL2 (206), which are 

produced by macrophages and mast cells at the site of infection (422). However, 

retention is typically favored in the steady state, as CXCL12 appears to be constitutively 

expressed in bone marrow. Inflammation mediated by viral infections that induce G-
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CSF enhances CXCL2 release and decreases CXCR4 expression on bone marrow-

resident neutrophils, tipping the balance in favor of neutrophil release (206). Ly6Chi 

inflammatory monocytes appear to require chemokine receptor 2 (CCR2) signaling to 

efficiently exit the bone marrow and travel to sites of inflammation, whereas CCR2 

signaling appears to be contextually dependent for monocyte emigration from 

circulation into virus-infected tissues (423). More research needs to be conducted to 

ascertain if CCR2 signaling is required to respond to viral infections of various tissues. 

CCR2 signaling via CCL2 binding to receptors on monocytes causes a downregulation 

of CXCR4 and renders the monocytes less sensitive to CXC12, causing their release from 

the bone marrow (424). Interestingly, low concentrations of circulating TLRs cause 

rapid CCL2 release by mesenchymal stem cells and their progeny in the bone marrow, 

which trigger the release of monocytes (425).  

 The dissemination of neutrophils and monocytes to virally infected tissues 

involves many complex processes (Figure 33B) (420, 426, 427). Generally speaking, 

myeloid cell migration to infected tissues relies on transmigration through vascular 

endothelium from the blood. This transmigration is dictated by a milieu of cytokines, 

and chemokines produced by tissue injury and resident sentinel cells in response to 

DAMPs and viral PAMPs. The disruption of homeostasis confers a change to the 

vascular endothelium near sites of infection (428). The multitude of changes to the 
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endothelium can happen rapidly, and have been reviewed extensively elsewhere (429). 

In brief, endothelial changes that start and subside within minutes are known as type I 

activation and can be mediated by factors such as histamine (430)). Alternatively, type II 

activation can last hours to days with substantial changes in gene expression profiles 

mediated by tumor necrosis factor (TNF)-α (431). Both forms of activation cause 

increased blood flow, vascular leakage of plasma proteins, and recruitment of 

leukocytes (431). These disruptions in endothelium homeostasis can trigger a leukocyte 

adhesion cascade (432) that, in harmony with various cytokines released by inflamed 

endothelium, such as IL-8 and monocyte chemoattractant protein (MCP)-1 (433), initiate 

selectin-mediated rolling of leukocytes along the surface of endothelial cells. Trafficking 

of neutrophils and monocytes through the endothelium towards the site of infection is 

then facilitated by crawling via macrophage-antigen-1 (Mac-1/CD11b) expressed on 

monocytes and intercellular adhesion molecule-1 (ICAM-1/CD54) expressed on 

endothelial cells (434). Crawling appears to facilitate paracellular (between cells) 

transmigration of neutrophils and monocytes, which is generally the preferred method 

of trafficking (occurring 70-90% of the time), as opposed to transcellular (through cells) 

transmigration (432).  

 The dissemination of neutrophils and monocytes from the vasculature into 

infected tissues is critical for viral clearance. Neutrophils are initially recruited to sites 
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of infection by their ability to recognize tissue damage via sensing of H2O2, DNA, N-

formyl peptides, adenosine triphosphate, uric acid, and other DAMPs (435). Further 

guidance to sites of infection is provided by a family of CXCL8 chemokines originating 

from concentrated sites of PAMPs and DAMPs, including CXCL1, CXCL2, CXCL3, 

CXCL5, CXCL6, CXCL7, and CXCL8 (IL-8), which are sensed by CXCR1 and CXCR2 on 

neutrophils and monocytes (435). Within the context of virus infections, experimental 

data from mice infected with Theiler murine encephalomyelitis virus has demonstrated 

that CXCL1 released from epithelial cells, macrophages, and neutrophils recruits both 

neutrophils and monocytes to sites of infection (436). Macrophages infected with 

rotaviruses release CXCL2 to recruit neutrophils (437) and Nipah virus C protein is 

capable of inducing the release of numerous chemokines, including CXCL2, CXCL3, 

and CXCL6, from endothelial cells (438). PAMPs from viruses tend to amplify 

neutrophil recruitment. The inflammatory Ly6Chi subset and the “patrolling” 

Ly6ClowCX3CR1hi subset migrate along luminal and endothelial cell surfaces, with the 

latter being able to respond rapidly to infections in a CX3CR1-dependent fashion (439). 

Migration of inflammatory monocytes to tissues is CCR2-dependent. However, as 

mentioned above, this tends to only be required to exit the bone marrow. Nonetheless, 

CCR2 signaling appears to be critical for inflammatory monocyte recruitment in cases of 

West Nile virus-induced encephalopathies, and influenza virus infections (366, 427). In 
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summary, a range of trafficking signals and endothelial barrier regulatory molecules 

shape myeloid cell recruitment to virally infected and inflamed tissues. 

A 1-6: Anti-Viral/Pro-Inflammatory Properties of Myeloid Cells During Viral 
Infections 

 Neutrophils are able to lyse and phagocytose virus-infected cells (406), and are 

one of the first leukocyte subsets to enter inflamed tissues (Figure 33C). The magnitude 

of the neutrophil response is a predictor of the host’s ability to clear an influenza virus 

infection with minimal damage (440). Depleting neutrophils causes greater viral spread 

and host mortality (440), and neutrophils are also crucial to mitigate corneal infections 

with HSV type-1 in a murine model (441). Moreover, Tate and colleagues demonstrated 

that neutrophils are critical for limiting the replication of influenza viruses (442) and 

that a loss of neutrophils increases disease severity. Thus, the antiviral response of 

neutrophils contributes to clearing viral infections. 

 Neutrophils can directly mediate innate immune responses, activate adaptive 

immunity and recruit lymphoid cells to sites of viral infections (443, 444). A key 

mechanism of action that enables neutrophils to neutralize invading viruses is the 

production of neutrophil extracellular traps (NETs) (443). NETs are strands of DNA and 

granule proteins secreted by neutrophils that form around viral particles, preventing 

their spread (445). Poxvirus infections in mice were mitigated in liver microvasculature 
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via this mechanism (443). In addition to physical containment of infections, NETs are 

coated with antiviral enzymes that enable neutrophils to concentrate lethal 

antimicrobial proteins such as histones at sites of infection (445). Neutrophils are also 

capable of mediating antibody-dependent cellular cytotoxicity (ADCC) or antibody-

dependent phagocytosis, which involve the release of cytolytic granules or 

phagocytosis, respectively, after binding antibodies via Fc receptors (446). These 

antibody-dependent processes are critical in the clearance and neutralization of certain 

viruses like HIV (446). ADCC responses peak quickly (i.e. within four hours) and are 

controlled by the FCγR family of receptors and can also utilize the extracellular release 

of reactive oxygen intermediates (446). Reactive oxygen intermediates are also involved 

in other pathological responses including exocytosis. Exocytosis is a cellular active 

transport process whereby membrane-bound vesicles transport molecules to the cell 

surface. Neutrophils emit an array of compounds including myeloperoxidase to control 

sepsis (447), antiviral lysozyme with anti-HIV properties (448), and N-formyl-

methionyl-leucyl phenylalanine (fMLF)-stimulated superoxide release in the presence 

of periodontitis pathogens (449). Exocytosis therefore expands the neutrophil arsenal to 

neutralize the array of pathogens they encounter. 

 Neutrophils are incredibly diverse in their functions. In addition to trafficking to 

sites of infection to phagocytize viruses and form NETs, they also stimulate virus-
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specific adaptive immune responses (444). Neutrophils that have detected viral antigens 

can home to draining lymph nodes dependent on IL-1R, where they can act as antigen-

presenting cells (444, 450). Neutrophils present processed viral antigens to naïve CD8+ 

T-cells via major histocompatibility complex I and T-cell receptor interactions, along 

with expression of CD80 and CD86 to provide co-stimulation, thereby providing the 

two signals required to activate T-cells (444). Furthermore, neutrophils are responsible 

for the recruitment of effector CD8+ T-cells to sites of viral infections. The mechanism by 

which they recruit T-cells during influenza virus infections has been linked to CXCL12 

deposits left behind like a “trail of breadcrumbs”. CD8+ T-cells follow this 

chemoattractant trail left behind by neutrophil uropods to the sites of influenza virus 

infections (451).  

 RSV causes lung infections that are characterized by neutrophils contributing to 

host damage (452). RSV is capable of delaying apoptosis of neutrophils and eosinophils, 

which is hypothesized to delay antigen presentation and increase tissue damage. IL-6 

and TLR7/8 binding was determined to contribute to this delay and depended on NF-

κB and PI3K activation. The authors of this study did not directly examine whether this 

delay resulted in an increase in host tissue damage in their model, but hypothesized 

this was the case, constituting an area of future study. During an RSV infection, 

neutrophils migrate through infected airway epithelial cells (194). These neutrophils are 
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characterized by increased expression of myeloperoxidase and CD1b, and their 

migration promotes epithelial shedding and airway tissue damage. Aside from 

delaying apoptosis, RSV infection has also been shown to increase eosinophil 

recruitment and degranulation based on macrophage inflammatory protein (MIP)1-α 

and eosinophil cationic protein concentrations measured in lower respiratory airway 

secretions (453).  

Ly6Chi monocytes migrate to injured sites, induce inflammation, and eliminate the 

cause of tissue injury (Figure 33C) (454). For instance, type I IFNs amplify the 

production of monocyte chemoattractant protein 1 (MCP-1), the primary chemokine 

responsible for recruiting inflammatory monocytes to the lungs during influenza virus 

infections (455). These monocytes have been implicated in influenza virus-induced lung 

injury (456). Importantly, elevated MCP-1 levels have been associated with severity of 

illness in pediatric influenza virus infections (457). In mice, recruitment of monocytes to 

lungs was shown to be accompanied with an increase in type I IFN production, NLRP3 

inflammasome activation, and alveolar epithelial barrier dysfunction (458). It has been 

identified that increased pro-inflammatory monocytes are a major immunological 

determinant of severity of disease in previously healthy adults with life-threatening 

influenza virus infections (459). This provides a possible mechanistic cause for disease 

severity in these patients, a potential early identifier and a modifiable immune pathway 
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for therapeutic targeting. However, there is no role for recruited monocytes in the lungs 

of mice infected with the natural rodent pathogen, pneumonia virus of mice (460), 

indicating pathogen-specific functions of these cells. Interestingly, monocytes have been 

proposed to be educated in the bone marrow to promote their tissue-specific functions 

at sites of persistent challenge (461). Long-lasting epigenetic alterations in monocyte 

precursors may account for the “trained immunity” phenomena (462). Indeed, 

monocytes have an immunological memory of past insults. Thus, this evidence shows 

that neutrophils and inflammatory monocytes participate in inflammation that is 

needed for an effective immune response against viruses. A shared feature of 

neutrophils and monocytes is their ability to synthesize pro-inflammatory cytokines 

that help the host overcome viral diseases. However, these responses can also be overly 

robust, thereby contributing to virus-induced tissue damage. Future research directions 

should include a focus on furthering our understanding of the diverse antiviral arsenal 

of myeloid cells.  

A 1-7: Regulatory/Suppressive Properties of Myeloid Cells During Viral Infections 
and Inflammation 

 Robust immune responses are critical for protecting hosts against lethal viral 

infections. It is equally important that immune responses are of adequate magnitude 

and duration. The capacity for a host to resolve inflammation and return to homeostasis 
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has important consequences for health (Figure 33D). The induction of an immune 

response that is too severe or the failure to return to homeostasis can result in 

immunopathology (463), including tissue and organ damage (426), cytokine storms 

(Figure 33D) (464), chronic inflammation (465), and autoimmune diseases (466). As 

innate immune responders, myeloid cells are key players in orchestrating appropriate 

inflammatory responses and the return to homeostasis following virus infections. The 

role of myeloid cells in regulation of immune responses is complex and involves 

specialized cellular subsets, suppressive receptors, and cytokines. In addition, much of 

what we know about the regulatory and immunosuppressive effects of myeloid cells 

originates from research investigating bacterial, fungal, and sterile inflammation 

models, but have implications for virus infections.  

 Neutrophils possess multiple mechanisms to control inflammation, despite their 

predominantly pro-inflammatory role (Figure 33D) (467). One mechanism involves the 

formation of NETs (468). These NETs function via serine proteases to degrade excess 

cytokines and chemokines in areas with high densities of neutrophils (468). Neutrophils 

are also capable of reducing lung injury during influenza virus infections (440). A 

neutrophil depletion study in a H3N2 murine model demonstrated that their absence 

led to weight loss, viremic spread, and increased inflammation. The basic neutrophil 

function of clearing an inflamed area by removing killed pathogens and host cells 
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contributes to reduced inflammation and wound debridement (467). They are also 

capable of healing mucosal regions of the intestine (469), and increasing angiogenesis 

(469). A recent advance in our knowledge of neutrophils concerns their ability to de-

prime (470). Originally considered an irreversible process, neutrophils are capable of 

returning to quiescence. Neutrophils can be spontaneously de-primed in the circulatory 

system via the degradation of a superoxide anion response (471), with a de-priming 

half-life of approximately forty minutes (472), or retained in the bone marrow (473) to 

limit the number of primed cells that can traverse the body and cause damaging effects 

such as lung injury (474).  

 Recent experimental data has demonstrated that inflammatory monocytes are 

capable of exhibiting suppressive properties. Inflammatory monocytes are recruited to 

sites of vaccine-mediated inflammation via MCP-1 (475). Within the vaccine draining 

lymph node, monocytes sequester cysteine, resulting in T-cell suppression (475). 

Blocking monocyte suppression in this context may prove to be an effective mechanism 

to improve vaccine effectiveness. Monocytes are also capable of suppressing B cells. In 

vitro studies have demonstrated that monocytes suppress B cell differentiation, 

proliferation, and Ig class distribution (476). Monocytes, therefore, represent a prime 

example of a cell type that can be both pro-inflammatory and suppressive, depending 

on the context.  
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 The resolution of immune response is an active regulatory process, which is 

initiated via the release of soluble mediators such as cytokines and chemokines, as well 

as through cell-to-cell interactions mediated by surface-expressed ligands and receptors 

(477). Evidence has revealed that monocytes that are part of inflammation also can be 

reprogrammed to cells that are highly anti-inflammatory and contribute to resolution of 

inflammation (477). Moreover, during sepsis, human monocytes have been shown to 

undergo a transition from a pro-inflammatory to an anti-inflammatory status (478), 

although it remains unclear whether the conversion of monocytes from pro-

inflammatory to a regulatory phenotype occurs in viral diseases. Further studies are 

needed to understand the mechanisms to explain how monocytes can be switched into 

suppressor/anti-inflammatory cells during a viral infection, which in turn would allow 

intervention with targeted therapeutics to control and down-modulate excessive 

inflammation in viral diseases. 

 An additional myeloid subset of interest is the myeloid derived suppressor cells 

(MDSCs). MDSCs can exert suppressive capabilities in numerous anatomical 

environments including the tumour microenvironment, virally infected tissues, and 

sites of inflammation. The subset of MDSCs with neutrophil-like properties have been 

designated PMN-MDSCs or G-MDSCs, while their myeloid counterparts have the 

nomenclature M-MDSCs. Viral infections can induce MDSCs, as is the case with HCV 
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(479). CD33+ MDSCs were upregulated upon co-culture with HCV infected hepatocytes, 

resulting in T cell suppression mediated by reactive oxygen species. Moreover, NK cells 

are also suppressed by MDSCs during HCV infection (480). The production of MDSC 

derived arginase-1 resulted in a decrease in NK cell IFN-γ production. The suppression 

of key effector cells contributes to viral persistence. HCV is not the only virus to control 

MDSCs to evade the immune system. Patients with HIV-1 have M-MDSC populations 

that suppress helper T cells (481), and elevated levels of these myeloid cells were 

correlated with increased viral load. Future research should focus on determining if 

other viruses controls MDSCs to prolong infection. Additionally, more research is 

required to fully determine the position these subclasses have in myeloid cell 

differentiation. Although a recent review concluded that MDSCs constitute bona fide 

alternate lineages (482), future studies will be required to cement their status within the 

field of immunology. 

A 1-8: Modulation of Innate Lymphoid Cells by Myeloid Cells During Viral 
Infections and Inflammation 

 Myeloid cells are able to translate micro-environmental cues into an effector 

profile that initiates lymphocyte responses (483). Innate lymphoid cells (ILCs) react to 

pathogens indirectly through myeloid or epithelial cell-derived cytokines and other 

inflammatory mediators including IL-12, IL-23 and IL-33 (484). ILCs are derived from a 
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lymphoid progenitor but do not contain either a B or T-cell receptor due to the absence 

of the recombination-activating gene (485). There are three major of subsets of ILCs: 

groups 1, 2 and 3. Group 1 ILCs include cells that produce IFN-γ and TNF-α and is 

predominantly composed of classical natural killer (NK) cells. ILCs that require GATA3 

and RORα to develop and express the cytokines IL-5 and IL-13 are denoted as group 2, 

while intestinal ILCs that express NKp46 and depend on RORγ compromise group 3 

(486). Since evidence shows ILCs are tissue-resident cell types with limited capacity to 

directly recognize PAMPs (483), myeloid cells may play a crucial role in controlling ILC 

homeostasis and function (487). 

 In the steady state, monocytes enter tissues and replenish macrophages and DCs 

(488). However, during viral infections they are recruited to infected tissues and 

mediate direct antiviral activities (489). For instance, in mice infected with murine 

cytomegalovirus, inflammatory monocytes are recruited to the liver and produce 

macrophage inflammatory protein-1 (MIP-1α), which recruits NK cells (490). NK cells 

are relevant to viral infections because they target infected cells for destruction. NK cells 

are cytotoxic ILCs that require IL-15 to develop, differentiate, and survive (491). IL-15 is 

secreted by several cell types, including monocytes after viral recognition (492), which 

therefore places NK cells under the control of myeloid cells. IL-15 upregulates the NK 

cell surface receptors NKG2D and MHC class I polypeptide-related sequence A, 
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increases the extracellular signal-regulated kinases 1 and 2 and signal transducer and 

activator of transcription-1 phosphorylation, and increases effector molecules located in 

the cytoplasm, including perforin and TNF-related apoptosis-inducing ligand (493). 

Increased expression of these activating receptors and effector compounds increases the 

killing potential of NK cells. Many viruses down-regulate expression of MHC on 

infected cells to escape detection by CD8+ T-cells (494). Therefore, IL-15 secretion by 

monocytes constitutes a mechanism to upregulate multiple cell receptors. Changes in 

granzyme regulation were not documented in these studies, but represent an area of 

future investigation due to the role of this compound in apoptosis of virus-infected 

cells. Human monocytes express membrane-bound IL-15 constitutively, with its 

expression increased in the presence of IFN-γ (495). Monocyte-mediated production of 

IL-15 was increased in the presence of the anti-inflammatory cytokine IL-10, but was 

unaffected by IL-4 or IL-13 (495). IL-15 also influences monocytes and can transform 

them into DCs in airway epithelia (496), which has implications for improving 

presentation of viral antigens, suggesting a cross-talk between NK cells and myeloid 

cells under viral inflammatory conditions. Recently, Ashkar and colleagues (497) 

showed that type I IFNs produced during a viral infection stimulated vaginal MCP-1 

production, which is a chemoattractant that is responsible for inflammatory monocyte 

migration to inflamed sites. Once recruited, type I IFNs stimulate inflammatory 
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monocytes to produce IL-18, which then signals through the IL-18 receptor expressed 

by NK cells to induce their production of IFN-γ. Interestingly, the cytokine IL-12 also 

promotes secretion of IFN-γ by NK cells (498) and neutrophils (499). Neutrophils can 

also increase IFN-γ production by NK cells using multiple pathways. The first method 

is to interact with DCs via ICAM-1 to further upregulate IL-12p70 (500), creating a 

positive feedback loop. Direct co-stimulation of NK cells also occurs with CD18 and 

ICAM-3 binding on neutrophils and NK cells, respectively (500). Our unpublished data 

(personal observation by Karimi K and Bridle B) demonstrated that induction of 

viremia in mice, which induces release of high concentrations of inflammatory 

cytokines into the circulation, is accompanied by increased numbers of pulmonary ILC 

subsets and accumulation of multiple myeloid cell subsets that, interestingly, were type 

I IFN-dependent (data not shown). Additionally, we demonstrated that induction of 

inflammation by concanavalin A in mice, which occurs due to macrophage activation 

downstream of rapid stimulation of T-cells, led to increased numbers of ILC2 

populations in all organs examined, including the bone marrow, spleen, and liver (501) 

(unpublished data). Recently, Mortha and Burrows (483) discussed how feedback 

communication between ILCs and myeloid cells contribute to stabilize immunological 

homeostasis. Further studies are needed to dissect cell-to-cell interactions between 

myeloid cells and ILCs other than NK cells in viral inflammatory conditions.  
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A 1-9: Modulation of Adaptive Immune Responses by Myeloid Cells During Viral 
Infections 

 The concept that neutrophils can initiate, amplify and/or suppress adaptive 

immune effector responses by establishing direct bidirectional cross-talk with T-cells 

has garnered attention in the past few years (502). A Th1 response can be induced by 

neutrophils in a murine model (223), which increases the number of CD8+ cytotoxic T-

cells available to lyse virally infected cells. Indeed, in vivo murine studies have 

demonstrated that neutrophils can cross-present ovalbumin to CD8+ T-cells in a TAP 

and proteasome dependent manner (503). Neutrophils can further impact the adaptive 

immune response by inducing DC maturation, which in turn increases antigen 

presentation to adaptive cells (224). Neutrophils have been observed to cluster with 

immature DCs and bind their Mac-1 to DC-specific intercellular adhesion molecule-3-

grabbing non-integrin (DC-SIGN). DC-SIGN is also referred to as CD209 and is a PRR 

that recognizes and binds to mannose residues, a conserved PAMP associated with a 

variety of viral infections. However, neutrophil depletion studies have demonstrated an 

increase in antigen presentation to CD8+ T-cells. The mechanism by which this 

phenomenon occurs is thought to be a reduction in competition for viral antigens 

between neutrophils and DCs (504).  

 There are extensive demonstrations that neutrophils in humans and mice can 

also suppress T-cell responses (Figure 33D). Suppressive neutrophils that express low 
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levels of CD62L are induced after acute inflammation arising from either viral infections 

or tissue injury (505). They have been shown to impair T-cells by releasing hydrogen 

peroxide into an immunological synapse, which impairs T-cell migration via the 

CXCL11 chemokine gradient. Ball and colleagues have shown that CXCL11-induced 

migration to sites of infection decreases as the concentration of hydrogen peroxide 

released into the immunological synapse is increased. Results demonstrate impaired 

recruitment of Th1 and CD8+ T-cells to the periphery. Ultimately, the mechanistic 

consequence pertains to defective migration mechanisms rather than TCR:MHC signal 

transduction. It is also important to note that this interaction required Mac-1 (CD11b). 

Additional research has demonstrated that Mac-1-expressing neutrophils are crucial in 

limiting pathology caused by T-cells in a murine model of infection with influenza 

virus, presumably by suppressing T-cell proliferation (506). We have demonstrated that 

a subset of neutrophils function as negative regulators of excessive cytokine production 

in a mouse model of viremia, in which type I IFN signaling has been disrupted (Karimi 

K and Bridle B, unpublished data). Altogether, these findings allow us to envision the 

therapeutic potential of subsets of neutrophils. However, one of the major challenges 

would be heterogeneity of immunosuppressive or regulatory neutrophils. Future 

studies taking advantage of flow cytometry technology and next-generation sequencing 
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to phenotypically and functionally define neutrophil subsets will extend our knowledge 

about the immunoregulatory role neutrophils play in viral infections and inflammation.  

 Neutrophils also have an indirect mechanism to modulate T cells during a viral 

infection. The bacteria M. tuberculosis is capable of delaying neutrophil apoptosis, which 

delays an adaptive CD4+ T-cell response (507). Although this has not been demonstrated 

via a viral infection, it nonetheless demonstrates a key effect neutrophils have on 

controlling a CD4+ T helper cell response. This response may be delayed because DCs 

ingest whole infected neutrophils (508) to acquire antigens and present them to T-cells. 

Additionally, DCs that ingest neutrophils possessing pathogen-derived antigens can 

migrate to lymph nodes more efficiently (509). Differentiation of inflammatory 

monocytes into CD11b+ pulmonary DCs is triggered by the presence of respiratory 

viruses such as influenza virus (510). Defects in this differentiation delay the clearance 

of influenza viruses and significantly reduce the activation of CD8+ T-cells (366). 

 While inflammatory monocytes are key regulatory cells in maintaining 

macrophage and DC populations in healthy tissues, a function of homeostasis, they are 

quintessential in the clearance of infections due to their ability to induce adaptive 

immunity and prime a variety of lymphocytes, including T-cells (Figure 33C) (510). 

Upon viral infection, inflammatory monocytes in the blood are recruited to the primary 

site of infection or the draining lymph node. Cells that traffic to the primary site of 
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infection play a critical role in the recruitment of T-cells and thereby activation of 

inflammatory responses and cellular immunity (511). However, inflammatory 

monocytes that traffic to draining lymph nodes acquire a DC phenotype that enables 

them to present viral antigens to naïve T-cells (511). In particular, studies have shown 

that inflammatory monocytes stimulate a Th1-biased immune response characterized 

by the priming of CD8+ T-cells and release of IFN-l and IL-12 (511). Th1 immunity is 

critical in the defense against intracellular pathogens, such as viruses (511).  

 Although memory is traditionally considered a hallmark of the adaptive immune 

response, recent advances have shed light on the contributions of innate memory. 

Innate memory, also referred to as trained immunity, is a multifaceted response. A 

recent component of trained immunity involves its modulation of hematopoiesis (512). 

Although myeloid cells have a circulatory short lifespan, administration of the agonist 

ß-glucan resulted in myeloid progenitor expansion and subsequent improved responses 

to a secondary challenge with the agonist LPS. Trained immunity was able to reduce 

myelosuppression from chemotherapy, and was associated with metabolic shifts in 

cholesterol biosynthesis and glucose metabolism (512). Other benefits of innae myeloid 

memory have been elegantly reviewed by Netea and colleagues (513). In brief, 

monocytes are influenced by vaccination and viral infections, and are more responsive 

upon rechallenge. This innate memory response helps mitigate pathogens via 
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upregulated cytokine production and pathogen elimination response times. This 

exciting new field may allow vaccines to be created for viruses that are not part of the 

current vaccination schedule, by specifically targeting the innate memory response. 

 Clearly, the cross-talk that is occurring between monocytes, neutrophils, and T-

cells constitutes a crucial bridge between innate and adaptive immunity. Future 

investigations are encouraged to examine the full extent of communication between 

these cells, further elucidate the mechanisms, and the anatomical locations of these 

interactions. Depletion assays will be beneficial to determine which cell subsets can 

mount effective anti-viral responses, not just by T-cell and APC interactions, but also by 

direct interactions with neutrophils and monocytes. 

A 1-10: Type I IFNs, Myeloid Cells and Cytokine Storms During Viral Infections 

 Extensive studies have highlighted the role type I IFNs play in initiating an anti-

viral state in cells through the inhibition of viral replication (514). In some cases, 

disruption of this response results in excessive production of cytokines, leading to a so-

called cytokine storm that can be very toxic (Figure 33E) (515). This is a cause of 

mortality in cases of severe acute respiratory syndrome (SARS) (516), infection with 

some strains of influenza viruses (368), Ebola virus (517), and Dengue virus (464). 

During viral infections, the regulation of cytokine networks and the mechanisms by 
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which the cytokines may interact with neutrophils and monocytes, are poorly 

documented.  

 The fatal outcome of severe influenza infections is shown to be correlated with 

the early persistent production of inflammatory cytokines and chemokines that recruit 

neutrophils and monocytes (426, 518). Lethal outcomes of infections of humans with 

H5N1 influenza viruses correlated with early excessive innate immune response, 

involving type I IFNs followed by prolonged inflammatory responses, and were 

associated with high viral loads and hypercytokinemia (426, 518). While inflammatory 

cytokines and chemokines are absolutely essential for effective control of viral 

infections, they can also contribute to the severity of disease (519, 520). Other fatal viral 

infections that are hallmarked by dysregulated type I IFN responses and cytokine 

storms are hantaviruses (521) and West Nile virus (463, 522). Given the dynamic nature 

of cytokines, the complexity of signaling pathways they interact with, and the fact that 

their excessive production is often associated with some of the worst clinical outcomes 

of viral infections, there is a need for much more research into the mechanisms by 

which virus-induced cytokine storms are triggered or controlled. 

Investigation into the mechanisms involved in host responses to viral infections 

demonstrates a complex and carefully balanced interaction between type I IFNs and 

inflammatory neutrophils and monocytes. Recent analysis of mRNAs in the blood of 
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humans responding to infections with influenza viruses revealed that early gene 

expression patterns of anti-viral molecules, such as the genes encoding for myxovirus 

resistance protein-1 (MX1) and ISG-15, are correlated with heightened production and 

activation of type I IFNs after viral infections (523). Late gene expression patterns were 

also induced by type I IFNs, but in contrast to patterns of antiviral molecules being 

observed, transcriptional profiles of patients in the late stages of infections were highly 

reflective of neutrophil and inflammatory molecule activation (523), suggesting an 

important interplay between secretion of type I IFNs and the activation of neutrophils 

and inflammatory monocytes. 

It is important to study the receptors mediating the neutrophil antiviral response to 

reduce aberrant host responses and damage. Nlrp12 is a nucleotide-binding domain 

leucine-rich repeat protein that is expressed on blood-derived leukocytes, including 

monocytes, and modulates neutrophil recruitment by increasing the chemokine CXCL1 

via the IL-17-Nlrp12 axis and increasing vascular permeability (524). Another activator 

and recruiter of neutrophils is produced by liver cells and is entitled serum amyloid A 

(SAA) (525). Injections of SAA increased phagocytosis of influenza viruses by 

neutrophils, resulting in the release of IL-8. Modulating these protein concentrations 

might represent a promising therapeutic strategy to achieve ideal neutrophil responses 

to promote elimination of influenza viruses without excessive bystander damage to 
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tissues. Neutrophil-mediated antiviral responses have varying effects on the outcome of 

influenza virus infections, depending on strain of virus (526). Neutrophils contributed 

to terminating infections with H3N2 influenza virus strains of intermediate virulence 

and H1N1 strains that were highly virulent, while they did not limit the severity of 

disease during infection with an H3N2 strain of low virulence. 

Early production of virus-induced type I IFNs has been observed to upregulate 

genes in neutrophils that encode pro-apoptotic molecules, such as IFN-induced dsRNA-

activated protein kinase, and the oligoadenylate synthase-like proteins and the RNase L 

system (523). Experiments with IRF-3-/- x IRF-7-/- double-knockout mice and West Nile 

virus (527) concluded that viral induction of cellular IFN-β secretion depends on 

interferon-β promoter stimulator-1-mediated signaling without requiring the IFN 

transcription factors IRF3/7, suggesting the essentiality of immediate and optimal 

activation of the type I IFN response. SARS-coronaviruses are highly pathogenic and 

cause alveolar damage, fibrin deposition, and tissue necrosis (528). Delayed expression 

of the type I IFN response in mice infected with SARS-coronaviruses was implicated in 

the promotion of inappropriate and chronic inflammatory responses, such as excessive 

inflammatory monocyte, neutrophil and cytokine accumulation, and impaired virus-

specific T-cell responses due to augmented T-cell apoptosis, leading to lung damage 

(529). In contrast, an early type I IFN response reduced the immunopathological 
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damage observed, linking early activation of the type I IFN response to the control of 

overly robust inflammation. Additionally, type I IFNs have been implicated in the 

regulation of myeloid cell migration during initial exposure to viral infections, 

heightening inflammatory and virus-specific B and T-cell responses (373, 451). The 

production of type I IFNs by sentinel leukocytes, in particular that of plasmacytoid DCs 

that serve as a potent source of IFNs, upon viral infection initiates a type I IFN-

dependent secretion of neutrophil and inflammatory monocyte chemoattractants like 

CXCL2 and IL-1b (530), highlighting role of virus-induced type I IFNs in the regulation 

of neutrophil and monocyte trafficking. Pollara et al. demonstrated that secretion of 

type I IFNs by HSV-1-infected myeloid DCs results in activation of uninfected DCs. 

This process enables the adaptive immune system to become activated even during a 

viral infection that targets myeloid cells and prevents their maturation, such as in the 

case of HSV (531). 

 The protective functions of type I IFNs have been associated not only with 

recruitment of neutrophils and inflammatory Ly6Chi monocytes to sites of viral 

infections, but also with the prevention of excessive monocyte and neutrophil 

activation, thereby controlling inflammation caused by type II IFNs, such as IFN-γ 

(530). The interplay between type I and II IFNs was crucial for mitigating damage 

stemming from influenza A virus-induced inflammation in Rag2-/-, Ifnar1-/-, Ifngr1-/-and 
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Stat1-/- C57BL/6 mice (530). Both IFNs were required to prevent excessive numbers of 

neutrophils trafficking into lungs. STAT1 was experimentally determined to coordinate 

inflammation via type I and II IFN receptors. When type I IFNs were absent, Ly6Clo 

monocytes transitioned to being more inflammatory than Ly6Chi monocytes. In the 

absence of type I IFN signaling, Ly6Clo monocytes traditionally associated with tissue 

re-modeling, became phenotypically and functionally more pro-inflammatory during 

infection with influenza A viruses (530). Notably, infection of trophoblasts with Zika 

virus induced a lower secretion of type I IFNs, and higher immunopathological 

inflammatory immune responses when compared to trophoblasts infected with Yellow 

fever virus and dengue virus (532). Measurement of immune mediators in nasal fluids 

from RSV-infected infants indicated that severe disease caused by heightened 

inflammatory responses was also associated with diminished type I IFN responses 

(533), furthering the idea that a link between type I IFNs and promotion versus 

suppression of virus-induced inflammation exists. Taken together, these findings 

suggest that type I IFN signaling drives a balance of pro- and anti-inflammatory effects 

on the functions of monocytes and neutrophils in response to viral infections; providing 

protective immunity while simultaneously limiting immunopathology. These results 

suggest that administration of type I IFNs at optimized time points and doses could 

prove beneficial in the limitation of toxic cytokine storm onset and control of excessive 
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immunopathological damage. Indeed, in vitro evidence suggests that administration of 

exogenous type I IFNs can mitigate excessive cytokine production induced by SARS-

coronoviruses (534). Determining the means by which type I IFNs control excessive 

inflammation while ensuring effective anti-viral responses is required.  

A 1-11: Conclusions and Future Directions 

 Neutrophils, inflammatory monocytes, and their roles in mitigating bacterial 

infections have been extensively studied and well characterized. Exciting new research 

in immunology and virology have demonstrated that these first responders of the 

innate immune system are also crucial in limiting viral infections, replication, and 

associated off-target pathological damage. A multifaceted range of tactics are utilized to 

combat an equally diverse range of viruses, including phagocytosis, the formation of 

extracellular traps, the production of cytokines such as IFNs, and modulation of ILCs 

and lymphocytes. 

 Despite rapid advances in the field, many exciting unknown aspects of the 

involvement of neutrophils and inflammatory monocytes in combating viral infections 

remain to be clarified. Current research has documented the impact of 

neutrophil/monocyte retention in the bone marrow as it pertains to viral infections, but 

we still do not completely understand all mechanisms by which myeloid cells are 

recruited from the blood stream to the primary sites of infection. Future studies should 
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aim to elucidate the specific signaling cascades that recruit myeloid cells into infected 

tissues and the mechanistic consequences of disruptions in these cascades via the 

chemokine gradient as well as depletions of specific ligands. If the scientific community 

can determine how different cell subsets can influence the production of chemokine 

populations and hone in on the essential ligands required for migration into the 

primary sites of infection, drugs could potentially be developed to exploit this localized 

production of chemokines. The discovery of pharmaceuticals that could fine-tune 

myeloid cell trafficking could prove beneficial to inducing rapid antiviral responses. 

Differential ligation vs. blockade of PRRs associated with protective vs. pathological 

inflammation constitutes another strategy to balance rapid viral clearance and minimize 

host damage. Current knowledge from myeloid cell studies in bacterial diseases 

demonstrated that neutrophils are essential for monocyte recruitment and function. 

Additionally, it has been shown that the ratio of neutrophils to lymphocytes is higher in 

bacterial than viral infections among patients hospitalized for fevers (535). It is plain 

that neutrophils and monocytes work in concert to enhance immune responses against 

bacterial pathogens. However, future studies are needed to explore the mechanisms by 

which these myeloid cells collaborate with each other to control viral infections with the 

aim of gaining new insights into how they function in virus-infected 

microenvironments to regulate cell-to-cell communication within the innate and 
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adaptive arms of the immune system. Gaining a better understanding of the role of 

myeloid cells in the pathogenesis of viral diseases will facilitate the design of better 

therapies.  

 Importantly, viruses and virus-mediated tissue damage stimulate both 

neutrophils and monocytes, triggering a cascade of cytokine/chemokine-mediated 

innate immune responses. This antiviral activity is not always beneficial for a host and, 

when improperly regulated, may contribute to immunopathologies such as cytokine 

storms that have been observed in many severe viral infections and could be related to 

type I IFN signaling. Mechanisms, including the potential relationship between type I 

IFN signaling and the regulation of excessive cytokine responses, should be further 

examined to develop strategies to minimize detrimental tissue damage by neutrophils 

and monocytes, while maximizing their beneficial anti-viral features. 
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Appendix 2: TYPE I INTERFERON-MEDIATED REGULATION OF ANTIVIRAL 

CAPABILITIES OF NEUTROPHILS 

 

This chapter was published in the International Journal of Molecular Science in April 
2021. 
Stegelmeier AA, Darzianiazizi M, Hanada K, Sharif S, Wootton SK, Bridle BW, Karimi 
K. (2021). Type I interferon-mediated regulation of antiviral capabilities of neutrophils. 
International Journal of Molecular Sciences. 22 (9): 4726. 
 

A 2-1: Abstract 

 Interferons (IFNs) are induced by viruses and are the main regulators of the host 

anti-viral response. They balance tissue tolerance and immune resistance against viral 

challenges. Like all cells in the human body, neutrophils possess the receptors for IFNs 

and contribute to antiviral host defense. To combat viruses, neutrophils utilize various 

mechanisms such as viral sensing, neutrophil extracellular trap formation, and antigen 

presentation, all mechanisms that have also been linked to tissue damage during viral 

infection and inflammation. In this review, we present evidence that a complex cross-

regulatory talk between IFNs and neutrophils initiates appropriate antiviral immune 

responses and regulates them to minimize tissue damage. We also explore recent 

exciting research elucidating the interactions between IFNs, neutrophils and severe 

acute respiratory syndrome-coronavirus-2, as an example of neutrophil and IFN cross-

regulatory talk. Dissecting the IFN-neutrophil paradigm is needed for well-balanced 
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antiviral therapeutics and development of novel treatments against many major 

epidemic or pandemic viral infections, including the ongoing pandemic of the 

coronavirus disease that emerged in 2019. 

A 2-2: Introduction 

 Neutrophils are the largest proportion of any cell subset within the innate 

immune system (372) and have traditionally been thoroughly characterized as an 

effective component of bacterial pathogen clearance, while research in the past decade 

has emphasized the expanding role of these innate cells in viral clearance (191, 192, 536). 

The aim of this review is to highlight the interactions predominantly between IFNs and 

neutrophils in combatting viral infections. A focus will be placed on recognition of and 

response to viral pathogen-associated molecular patterns (PAMPs) by neutrophils, 

interactions between neutrophils and IFNs, and the complex regulatory interactions 

that take place between these two components of the innate immune system. The 

authors aspire to provide the justification that neutrophils are integral to antiviral 

responses, and thus should be targeted in developing effective antiviral therapeutics. 

A 2-3: Recognition of Viral PAMPs by Neutrophils 

Innate immune responses are initiated by recognition of PAMPs by a limited array 

of specific pattern recognition receptors (PRRs) expressed in and on sentinel cells. 

Recognition of viral PAMPs by PRRs expressed by hematopoietic and non-
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hematopoietic cells of the immune system results in the activation of intracellular 

signaling pathways mediated by several interconnected adaptor proteins. Toll-like 

receptors (TLRs), which are an important class of PRRs, signal through a range of 

adaptor proteins. These virus-induced intracellular signaling pathways eventually 

converge on IFN regulatory factor (IRF)-mediated upregulation of IFNs and IFN-

stimulated genes (ISGs) (Figure 34). 

 
Figure 34: Virus-induced inflammatory responses. 

Recognition of viral pathogen-associated molecular patterns (PAMPs) by innate cells of 
the immune system results in inflammatory responses. Activation of innate leukocytes 
via pattern recognition receptors (PRRs) that recognize viral PAMPs in different cellular 
compartments, gives rise to a number of intracellular signaling cascades mediated by 
various interconnected adaptor proteins. This results in interferon regulatory factor 
(IRF)-mediated upregulation of interferons (IFNs) and interferon-stimulated genes 
(ISGs), as well as nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB)-
mediated induction of inflammatory cytokines and chemokines. Further, sensing of 
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viral PAMPs by NOD-like receptor family pyrin domain containing 3 (NLRP3), retinoic 
acid-inducible gene I (RIG-I), absent in melanoma 2-like receptors (AIM2), and/or IFN-
inducible protein 16 (IFI16) potentiates the formation of inflammasome complexes, 
which ultimately result in the induction of inflammatory cytokines such as interleukin 
(IL)-1β and IL-18. Other abbreviations: cGAMP: cyclic guanosine monophosphate–
adenosine monophosphate, cGAS: cyclic guanosine monophosphate–adenosine 
monophosphate synthase, DAI: deoxyribonucleic acid (DNA)-dependent activator of 
interferon regulatory factors, ds: double-stranded, ER: endoplasmic reticulum, ISRE: 
interferon-sensitive response element, MAVS: mitochondrial antiviral signaling protein, 
MDA5: melanoma differentiation-associated protein 5, MyD88: myeloid differentiation 
primary response 88, NOD: nucleotide-binding oligomerization domain, PKR: protein 
kinase R, pol: polymerase, RNA: ribonucleic acid, ss: single-stranded, STING: 
stimulator of interferon genes, TIRAP: Toll/interleukin-1 receptor (TIR) domain-
containing adapter protein, TLR: toll-like receptor, TRAF: tumor necrosis factor 
receptor–associated factor, TRAM: TIR-domain-containing adapter-inducing IFN-β 
(TRIF)-related adaptor molecule. 
 Neutrophils express a broad repertoire of PRRs and respond to PRR ligation 

during viral infection and inflammation. Neutrophils express all TLRs except for TLR3 

(537). Granulocyte-macrophage colony stimulating factor (GM-CSF), which controls 

different cell functions in inflammation, can also promote neutrophil survival and 

trafficking and up-regulate oxidative burst, phagocytosis, formation of extracellular 

traps (538), and increase both TLR2 and TLR9 expression in neutrophils (537). TLR4, 

which recognizes lipopolysaccharide (LPS). was shown to be required for neutrophil 

migration to the lungs (539). Indeed, neutrophils frequently travel to the lungs after a 

range of viral infections including those caused by respiratory syncytial virus (RSV), 

highly pathogenic avian influenza virus, influenza A virus (IAV) (1), and vesicular 

stomatitis virus (VSV) (540). Yet, neutrophils are still capable of killing a range of 



 

 

 

 

290 

pathogens independent of the TLRs (541). For instance, it has been shown that 

neutrophil-derived IFN-γ is required for TLR-independent host protection against 

intracellular pathogens (542).  

 Studies have been conducted on the interactions between viruses and neutrophil 

TLRs (543). Neutrophils quickly upregulate TLR2 expression after exposure to IAV 

(544), and neutrophils treated with IAV increased their ability to phagocytize other 

pathogens. The single-stranded RNA recognition receptors, TLR7 and TLR8, are also 

involved in the neutrophil response to IAV (367). TLR4 signaling in plasmid-transfected 

neutrophils results in expression of IFN-β (545). Similar production of IFN- β was 

documented for a wide range of pathogens, including human adenovirus serotype 5. 

The TLR4 agonist LPS resulted in additional upregulation of IFN-β transcripts (545) and 

multiple research groups have elucidated a link between TLRs and the production of 

antiviral interferons. It is unclear if the TLR/type I IFN axis could somehow be 

modulated in a way to gain an appropriate antiviral immune response while 

minimizing tissue damage.  

A 2-4: Interferons 

 Interferons are a large family of pleiotropic cytokines that play an essential role in 

host antiviral defenses and they have been classified into three distinct groups: type I, 

type II, and type III IFNs. These classifications are based on sequence identity, cognate 
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receptors, biological functions, and sources of origin (546-549). Almost all nucleated 

cells can produce type I IFNs. However, the natural IFN-producing cells, also known as 

plasmacytoid dendritic cells (pDCs), produce more type I IFNs on a per-cell basis than 

any other cells in the body (550). Type I IFNs are produced upon viral infection and 

exert antiviral effects through interaction with the IFN-α/β receptor (IFNAR), which is 

expressed on almost all cells (551-553). The type II IFN family has a single member, IFN-

γ that interacts with the interferon gamma receptor (IFNGR), which is expressed on a 

broad range of cell types. In contrast to type I IFNs, IFN-γ is mainly produced 

by leukocytes (554). Type III IFNs include four subtypes: IFN-λ1 (IL29), IFN-λ2 (IL28A), 

IFN-λ3 (IL28B) and IFN-λ4.  Like type I IFNs, they are induced by viruses. However, in 

contrast to the broad tropism of type I IFNs, the antiviral activity of type III IFNs 

appears to be more specialized for protection of epithelial cells (555). The tissue-specific 

effects of these cytokines can be explained by the distribution of their receptor, IL28RA, 

which is mainly expressed on epithelial cell surfaces [116]. These cytokines have been 

shown to be important primarily in protection of the respiratory tract and the gut 

epithelium against viral infections (550, 556-560). Despite signaling through different 

receptors, type I and III IFNs trigger similar downstream signaling cascades and, 

therefore, mediate comparable biological functions (561, 562).  
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 A triphasic (early, intermediate, and late) model of type I IFN responses has been 

proposed from extensive murine studies (563-565) (Figure 35). As depicted earlier, viral 

recognition by innate cells of the immune system results in the induction of intracellular 

signaling pathways culminating in upregulation of IFN-β and ISGs (566-569) (Figure 

35A). Autocrine feedback of IFN-β with IFNAR on virus-infected cells mediates the 

intermediate phase of the response beginning with the activation of 

the Janus kinase/signal transducer and activator of transcription (JAK/STAT) signaling 

pathway, leading to formation of an IFN-stimulated gene factor 3 (ISGF3) 

transcription factor complex, whose complex is composed of phosphorylated 

STAT1/STAT2 and IRF9. Binding of ISGF3 to IFN-stimulated response elements in the 

promoter region of ISGs upregulates numerous IFN target genes, including interferon 

regulatory factor 7 (IRF7). Like IRF3, activated cytoplasmic IRF7 translocates to the 

nucleus to induce the induction of IFN-α genes (570-573) (Figure 2B). The late phase of 

the IFN response is mediated by a positive feedback loop, through which IRF7 and IRF3 

cooperate to induce robust induction of IFN-α and -β genes, respectively. This, in turn, 

leads to the induction of numerous ISGs mediating type I IFN-driven antiviral 

responses (558, 572, 574-578) (Figure 35C). Amplification of IFN α/β genes in the late 

phase of the type I IFN response is associated with boosted pro-inflammatory 

responses, resulting in increased infiltration of type I IFN-producing-effector cells and 
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thereby further amplification of inflammatory responses. Ultimately, type I IFNs not 

only promote apoptosis of virus-infected cells but also prevent virus spread into 

uninfected neighboring cells via paracrine interaction with IFNAR on the surface of 

those cells, decrease protein translation and synthesis, induce MHC class I and II 

expression, and degrade RNA (573, 575) (Figure 35D). While IRF3 is essential for both 

early and late phases of the IFN response, IRF7 is a critical component of the positive 

feedback loop during the late stage of the IFN response. Unlike IRF3, which is 

constitutively expressed in uninfected cells, IRF7 is a transient, short-lived protein that 

is produced and phosphorylated in response to IFN-α/-β signaling within virus-infected 

cells (576). 

  



 

 

 

 

294 

 

 

 

Figure 35: The Triphasic Model of Induction of Type I IFN Genes. 

(A) The expression of the interferon (IFN)-β gene is immediately upregulated following 
recognition of viral pathogen-associated molecular patterns (PAMPs). If the virus is 
successfully eliminated, no additional IFNs are induced. (B) Otherwise, further 
production of interferon regulatory factor (IRF)-3-induced IFN-β results in continual 
IFN-α/β receptor (IFNAR) signaling and thereby IRF-7-mediated upregulation of the 
IFN-α gene. (C) Subsequently, in the late phase of viral infection, the newly produced 
IRF7, in cooperation with IRF3, activates a positive feedback loop to amplify the 
induction of IFN-α/β genes to efficiently eliminate the invading virus. (D) Via paracrine 
interaction with IFNARs, type I IFNs create an antiviral state in bystander cells and, 
therefore, reduce or prevent virus spread to neighboring cells. (E) In a steady state, 
basal expression and signaling of IFN-β through IFNARs in uninfected cells is 
speculated to intrinsically provide protection against the potential for viral infections. 
Other abbreviations: ATF: activating transcription factor, GP: glycoprotein, ISGF: 
interferon-stimulated gene factor, JAK: Janus kinase, NA: neuraminidase, NF: nuclear 
factor, P: phosphate, STAT: signal transducer and activator of transcription. 
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 In a steady state and in the absence of a viral invasion, the intrinsically expressed 

transcription factors IRF1, nuclear factor (NF)-κB, activating transcription factor 2 

(ATF2)/c-Jun, and IRF3 induce a basal expression of IFN-β and a subset of their target 

genes known as ISGs (579-582). Indeed, IRF3 was shown to be constitutively expressed 

in uninfected mouse embryonic cells. At this stage, IRF7 has been found to be expressed 

at a very low level as a result of constitutive, basal signaling of IRF3-induced IFN-β 

(572, 581, 583). Given that IRF7 induces IFN-α gene expression, it is speculated that a 

basal expression of IFN-α and -β provides an uninfected cell with some level of intrinsic 

protection against an invading virus (Figure 35E). However, a constitutive and IRF-

3/IRF-7-independent expression of IFN-α and -β genes in uninfected cells has been 

reported to enhance the positive feedback mechanism upon viral infection (573).  

 Type I IFNs have been implicated in the promotion of multiple viral (584, 585) 

and non-viral infection-associated pathologies (586, 587), as well as immune-mediated 

inflammatory diseases (588). The beneficial viral clearance outcome of type I IFN 

response or detrimental consequences of sustained activation of immune responses has 

been found to be context-dependent and duration and magnitude of the response 

appear to be critical for this (589-594). In other words, a protective IFN response 

requires an intricate balance between stimulatory and modulatory responses. While it 

promotes effective clearance of infections, it also needs to facilitate a return to 



 

 

 

 

296 

homeostasis. 

 Intrinsic low-level expression of ISGs during homeostatic, uninfected conditions, 

have been shown to protect hosts from viral infections (590). Such constitutive 

expression of ISGs appears to determine susceptibility of a host to infection with viruses 

(529) such as IAV (595) and reovirus (596). This can result in diminishing the 

accumulation of type I IFN response-inducing viral PAMPs, thereby reducing the risk 

of developing systemic inflammatory responses and associated immunopathology. This 

phenomenon was demonstrated in an in vivo study evaluating the treatment efficacy of 

IFN-α and IFN-λ in the setting of respiratory IAV infection (456). Treatment with 

exogenous IFN-α exacerbated infection-associated pathology. Specifically, viral 

replication was limited but concentrations of inflammatory cytokines in 

bronchoalveolar lavage fluids were augmented and associated with increased 

infiltration of inflammatory cells, including pDCs and inflammatory monocytes, into 

lungs, and increased apoptosis of airway epithelial cells. On the other hand, 

administration of exogenous IFN-λ was shown to reduce viral spread without 

inflammatory side effects. This protective effect was attributed to restriction of IAV 

replication and IFN-λ-induced responses of pulmonary epithelial cells, as well as an 

inability of IFN-λ, unlike IFN-α, to directly stimulate cells of the immune system. 

 Regarding host IFN-dependent and -independent antiviral responses, 
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peroxisomal and mitochondrial antiviral-signaling proteins have been shown to 

function in a consecutive manner towards establishment of type I IFN-dependent and-

independent antiviral states, respectively. In the event of viral invasion, peroxisomal 

antiviral-signaling proteins launch an immediate antiviral cascade from the membranes 

of peroxisomes leading to induction of early, IFN-independent genes restraining viral 

replication until a robust and sustained antiviral response is initiated via MAVS, with 

delayed kinetics of IFN-α/-β gene expression. In addition to this, the IFN-independent 

peroxisomal antiviral-signaling pathway is thought to be important in restraining 

viruses that interfere with cellular type I IFN responses such as VSV. In line with this 

notion, cells expressing only MAVS showed the same susceptibility to VSV infection as 

MAVS-deficient cells (597, 598). Additionally, epithelial cells have an antiviral pathway 

that is activated prior to IFN pathways. Neutrophils can respond to viral infections 

using a CXCR-3-dependent mechanism after epithelial CXCL10 is released (599). 

 A consecutive order of local and systemic antiviral responses has also been 

reported in the case of IAV that preferentially invades and replicates in the epithelial 

cells of mammalian upper respiratory tracts (600). IFN-λ has been shown to establish a 

local, non-inflammatory defense against IAV within the epithelial cells, which could be 

followed by a systemic, inflammatory, and potentially pathogenic type I IFN response 

(601). The IFN-mediated inflammatory responses were then proposed to occur 
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predominantly in compartments beyond the epithelial cells. Consistent with this 

proposition, IFN-λ has recently been found to be more important than IFN-α/β in 

preventing the spread of influenza viruses from the upper respiratory tract into the 

lungs of infected mice (602). In addition, ISGs have been reported to not only exert their 

antiviral effects via both IFN-mediated and IFN-independent pathways (603), but also 

independently of these cytokines (579, 604-609). These findings together suggest how 

early, local antiviral mechanisms controlling early stages of a viral infection can prevent 

pathological outcomes of systemic type I IFN responses against viruses.  

A 2-5: Regulation of IFN Signaling in Neutrophils 

 Neutrophils' ability to produce IFNs in conjunction with recognition of viral 

PAMPs suggests they are critical for innate antiviral host defenses. Using a range of 

stimulatory compounds demonstrated that messenger RNAs encoding IFN-α, -β, and -

γ were constitutively expressed in neutrophils (537). The presence of type I IFNs 

reduces the concentration of lipid A, a TLR4 agonist that is required to induce TRIF-

dependent genes, demonstrating a link between TLR4 and IFNs (610). Neutrophils can 

use helicase recognition to activate a robust antiviral response (411). The viral double-

stranded RNA mimetic poly(I:C) can be recognized by neutrophils despite them not 

possessing TLR3. Constitutive expression of MDA5 and RIG-I aids neutrophils in 

recognizing the viral genetic material and subsequently producing type I IFNs, IFN-
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responsive genes (IRGs), and immunoregulatory cytokines. These findings were 

reinforced in experiments using encephalomyocarditis virus in MDA5-deficient mice, 

which have a reduction in IFN-β production (411).  

 Mature neutrophils are predominantly responsible for neutrophil-mediated IFN 

responses, as immature neutrophils do not express IFNARs and have lower IRG 

expression levels (611). Immature neutrophils are also incapable of effectively 

phosphorylating STAT1 and are not primed effectively by IFNs. Likewise, studies of 

immature neutrophil gene regulation illustrated limited IFN ability to control immature 

neutrophil proliferation. Although IFNs did not have an effect on immature 

neutrophils, IFN-α does influence their precursor haematopoietic stem cells by 

activating dormant cells (612). In contrast, mature neutrophils express genes to enable 

them to respond to both type I and II IFNs (611). IFN-α primes mature neutrophils, 

enabling them to form neutrophil extracellular traps (NETs) to bind to pathogens 

(Figure 36). In a positive feedback loop, these traps that are composed of primarily of 

DNA, high mobility group box protein 1 (HMGB1), and the cathelicidin antimicrobial 

peptide LL37 subsequently activate pDCs, which in turn produce more IFN-α via DNA 

binding to TLR9 (613). Interferon-deficient mice have reduced production of NETs and 

reactive oxygen species (ROS), while recombinant IFN-β treatment restored NETosis 
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(614). Controlling this feedback loop may be a method warranting further examination 

in diseases that are exacerbated by excessive formation of NETs. 

 
Figure 36: Interferon (IFN)-mediated regulation of neutrophils upon viral infection of 
a host. 

Viral infections induce many changes to neutrophil biology. Toll-like receptor (TLR) 
expression increases after viral exposure, resulting in increased production of type I 
interferons (IFNs). Neutrophils possess receptors for all three interferon subsets. A 
positive feedback loop occurs during the production of neutrophil extracellular traps 
(NETs). IFN⍺ results in NET production, which in turn activates plasmacytoid dendritic 
cells (pDCs). Binding of deoxyribonucleic acid (DNA) from the NETs to TLR9 produces 
more IFN⍺, which in turn can result in excessive NET production. IFN pathways result 
in both a pro-inflammatory response and immunoregulation. Although neutrophils are 
integral for hosts to successfully eliminate certain viral infections, certain viruses have 
adapted mechanisms to hijack the IFN response to cause unwanted neutrophil-induced 
host damage. Excessive production of cytokines can lead to fatal immune-mediated 
over-reactions to the viral threat. Other abbreviations: CXCR2: CXC chemokine receptor 
2, MMP: matrix metalloproteases, NAMPT: nicotinamide phosphoribosyltransferase, 
ROS: reactive oxygen species. 
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 Certain viruses are capable of infecting neutrophils. During IAV infection, 

neutrophils initiate a multifaceted immune response. Type I IFNs are expressed, along 

with ISGs and upregulation of PRRs (367). Viral entry was required for this to occur, but 

replication was not essential. The virulent H3N2 influenza strain also infects 

neutrophils and induces a robust type I IFN signaling and regulatory response starting 

at three hours post-infection (543). Lungs experiencing a viral infection have a different 

immunological environment compared to a bacterial lung infection, composed of type I 

IFNs and their resulting ISGs. It thus follows that neutrophils entering this virus-

conditioned microenvironment would respond differently than to a bacterial infection. 

Viruses also possess genes to suppress type I IFNs to mediate their survival. IAVs 

express a non-structural protein (NS1) that prevents induction of IFN-β (615). 

Experiments in ferrets using NS1 from the pandemic-causing strain of IAV from 1918 

determined that this protein significantly delayed the type I IFN response (616). 

Moreover, the USSR/90/77 strain of IAV mediated a less pronounced delay in the IFN 

response. Additional research in ferrets showed mild influenza infections had robust 

innate responses, while severe disease was associated with reduced type I and type II 

IFN responses (617). A genetically altered variant of IAV with NS1 deleted restored the 

IFN-α and IFN-β responses, coupled with increased NF-κB activation (618). Influenza 

virus-infected neutrophils initiate the adaptive immune system by transitioning into 



 

 

 

 

302 

antigen-presenting cells and subsequently activating effector antiviral CD8+ T cells 

(444). Depleting neutrophils decreased the magnitude of virus-specific CD8+ T cells, 

although it did not impact T cell trafficking in the context of a pulmonary influenza 

infection (619). 

 Type I IFNs are integrally intertwined in most aspects of a neutrophil's existence, 

mediating both neutrophil production and cellular regulation. Type I interferons 

regulate nicotinamide phosphoribosyltransferase (NAMPT) signaling, which in turns is 

involved in survival and maturation of neutrophils (620). Specifically, IFNs suppress 

NAMPT, as demonstrated in IFN-deficient animal models. Deficiency of IFN leads to an 

increase in NAMPT during neutrophil progenitor maturation in the bone marrow. 

During development, NAMPT increases early progenitor survival and later slows down 

neutrophil differentiation. During later life stages when mature neutrophils are 

recruited to infected regions, IFN alongside G-CSF and TNF prolong neutrophil 

survival (191). Interferon-α delays neutrophil apoptosis by inducing cellular inhibitors 

of apoptosis 2 (cIAP2) via STAT in a similar manner to G-CSF (621). Synthesis of cIAP2 

is dependent on Janus kinase 2-STAT3 activation. Type I IFNs downregulate G-CSF, 

which is involved throughout the neutrophil lifecycle (622-624). G-CSF causes STAT3-

dependent changes within the bone marrow, influencing neutrophil migration (625). By 

downregulating key neutrophil migratory control signals, IFN production can control 
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the magnitude of neutrophil-mediated responses to viral infections. Interferon-β 

initiates phosphatidylinositol-3 kinase-dependent survival for neutrophils, thus 

preventing apoptosis (626). In the context of cancers, IFN-β was needed to maximize 

neutrophil cytotoxicity (623). 

 Neutrophils can produce type II IFNs under multiple conditions. During renal 

ischemia-reperfusion injuries, neutrophils produce IFN-γ, a phenomenon that is 

dependent upon activation of natural killer-T cells in the kidneys within three hours of 

reperfusion (627). IFN-γ was also produced by Gr-1+CD11b+ cells in the context of early 

islet graft rejection of the pancreas, again reliant on NKT cells (628). Pathogens are also 

capable of initiating IFN-γ responses by neutrophils, as observed in Streptococcus 

pneumoniae experiments (629). Clearance of pathogens mediated by neutrophil-derived 

IFN-γ is reliant on Nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, 

Ras-related C3 botulinum toxin substrate 2 (Rac2), and Hck/Lyn/Fgr Src family tyrosine 

kinases. Type II IFN production within neutrophils requires these compounds to be 

produced and the proposed clearance mechanism was NETs (630). Detailed analysis 

illustrated that MyD88 was also critical for IFN-γ production by neutrophils, although 

TLRs and TRIF were not apparently involved (629). Neutrophils subsequently can 

respond to IFN-γ by upregulating expression of genes and oxidative burst capabilities. 

Clearly, the traditional definition of neutrophils being terminal phagocytes has been 
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altered by research demonstrating fine-tuned neutrophil protein synthesis in response 

to external stimuli (631). 

A 2-6: Walking on a Knife's Edge: Host Neutrophils Associated with both Protection 
and Severe Adverse Events Following Viral Infection 

 Early recruitment of innate inflammatory cells into virus-infected sites is not only 

required for promoting inflammatory responses, but also for tissue regeneration and 

establishment of a homeostatic state after ultimate control of an infection. Neutrophils 

are the first subset of leukocytes mobilized to sites of virus infection (632). In IAV-

infected mice, pulmonary accumulation of neutrophils was observed one day post-

infection and persisted for seven days (633). Neutrophils trafficking to inflamed tissues 

are followed by infiltration of other cells of the immune system, including 

macrophages, dendritic cells, natural killer cells, and B and T lymphocytes (634-636). 

Neutrophils and macrophages are major effector cells involved in promotion of 

inflammatory responses against a viral infection while also being involved in 

immunomodulation and establishment of a homeostatic state following successful 

clearance of viruses (444, 637-641). In addition to infiltrating cells, residential cells such 

as lung- and liver-resident myeloid cells, particularly alveolar macrophages and 

Kupffer cells, play a major role in promotion of antiviral responses and restoration of 
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lung homeostasis following clearance of a viral infection by restraining lung-infiltrating 

inflammatory cells and subsequent resolution of inflammation (373, 639, 640, 642, 643).  

 Despite their critical role in promotion of host antiviral responses, excessive 

infiltration of inflammatory cells into virus-infected and/or inflamed sites and persistent 

production of inflammatory cytokines create an extreme inflammatory environment 

that can lead to a severe condition where the exaggerated host immune response, rather 

than viral cytopathic effects, can cause fatal tissue/organ damage (644-649). Comparison 

of HIN1 and H3N2 infections versus highly pathogenic pandemic IAV strains, 

including H5N1, revealed that early excessive inflammatory responses and massive 

infiltration of pro-inflammatory cells into the lungs were found to determine the lethal 

outcome of infection with the H5N1 strain, compared with non-lethal H5N1 and 

seasonal IAV strains (368, 650, 651). As mentioned, myeloid cells, including neutrophils 

and macrophages, are amongst the first leukocytes that are recruited to sites of 

infection. They are key contributors to overly robust host inflammatory responses that 

can cause substantial tissue/organ damage after some viral infections (652-656). 

Moreover, a massive increase in concentrations of inflammatory cytokines in plasma, 

particularly IL-6, and chemokines that attract neutrophils (e.g. CXCL 8) and monocytes 

(e.g. CXCL10 and monocyte chemoattractant protein 1 [MCP-1]) were found to underlie 

the fatal outcome of an array of viral infections (193, 426, 595, 653).  
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 A range of inflammatory mediators, including cytotoxic cytokines, ROS, lipid 

mediators, and cationic proteins, released by neutrophils and macrophages have been 

reported to contribute to tissue damage during viral infections (Figure 36) (657). Recent 

data demonstrate that matrix metalloproteases (MMPs) can cause irreparable 

pulmonary damage during IAV infections (655) (655, 658). MMPs are proteolytic 

enzymes primarily produced by neutrophils (659) and are involved in remodeling of 

the extracellular matrix during physiological and pathological events. Under 

inflammatory conditions, however, substantial release of MMPs by infiltrating 

leukocytes can contribute to pathogenesis, including in the pulmonary system (426, 

660). Accordingly, substantial release of MMP9 and membrane type I (MT1)-

MMP/MMP-14 enzymes by neutrophils and myeloid cells, respectively, have been 

reported to significantly contribute to IAV-induced pathology and mortality (657, 661). 

The importance of neutrophil-derived MMP9 had already been addressed in lung 

pathogenesis secondary to induced pancreatitis in rats (662). Fatal consequences of 

infection with IAV have been shown to be independent of viral or bacterial burden but 

arise from host failure to tolerate or repair the massively damaged lung tissue.  

 Host innate antiviral responses are largely controlled by type I IFNs, which exert 

their antiviral and immunomodulatory effects by interaction with IFNAR (662-665). As 

intracellular obligatory parasites, viruses have strategies to compromise host type I IFN-
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mediated antiviral responses. Despite their well-established protective roles against 

invading pathogens (666, 667), virus-induced aberrant type I IFN responses have been 

associated with toxic inflammatory responses and development of immunopathology 

(529, 590, 607, 668-676). IAV-induced type I IFN responses have been associated with 

cytokine storms, characterized by high levels of inflammatory cytokines/chemokines 

and massive infiltration of inflammatory cells resulting in widespread tissue damage 

and increased fatalities (675). Indeed, cytokine storms occur when viruses interfere with 

transcriptional responses of a range of both chemokines and cytokines (677). While the 

pathogenic role of type I IFNs has been demonstrated in the setting of IAV infection 

(521, 529, 678), protective virus-induced type I IFN responses have also been reported in 

the context of infection with the IAV strain A/Puerto Rico/8/34 (PR8/H1N1). PR8/H1N1-

infected IFNAR-knockout mice experienced severe lung inflammation and pathology 

characterized by massive infiltration of neutrophils mediated by keratinocyte 

chemoattractant-producing Ly6Chi monocytes (464). Viruses have a myriad of strategies 

to sabotage host antiviral defences. In turn, hosts mount antiviral responses through a 

wide variety of parallel pathways. The strategy used by an infecting virus to interfere 

with host immunity seems to influence the antiviral pathway or pathways utilized by a 

host (522, 590, 607).  
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 In a C57BL/6 murine model of influenza infection, expression of high 

concentrations of IFN-α and IFN-β in bronchoalveolar lavages were associated with 

high morbidity and pulmonary damage. Depletion of pDCs and inflammatory 

monocytes decreased disease severity, while depleting neutrophils did not significantly 

alter disease progression (590). In contrast, in a murine model of the moderately 

virulent HKx31 influenza virus, neutrophils were quickly recruited to both the upper 

and lower respiratory tract (442) and reduced disease severity. Neutrophils can inhibit 

influenza replication (679) in vivo in both tumor-free and tumor-bearing mice. Indeed, 

neutrophil depletion studies documented their absence led to exacerbated 

inflammation, edema, weight loss and ultimately death (440) after infection with IAV 

H3N2, in part due to the ability of neutrophils to limit influenza infection by both 

limiting early stage IAV replication and reducing vascular permeability. However, 

neutrophils are not always associated with a positive prognosis after infection with 

influenza viruses. Transcriptome analysis revealed that the most severe clinical cases of 

influenza had high neutrophil burdens (166). In the acute stages if infection and in cases 

of mild disease, interferon-inducible genes, and type I IFNs were elevated. Similar 

findings have been made with other pathogens. For example, neutrophils have complex 

interactions with IFNs in the case of the bacterium Francisella tularensis (680) and 

Leishmania amazonensis (681). Studies with IFNAR-knockout mice showed that 
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neutrophils were protective to a certain threshold (614). If rampant accumulation 

occurred, neutrophil-associated damage commenced. However, complete depletion of 

neutrophils can be detrimental. As such, moderate neutrophilia is likely ideal for the 

majority of pulmonary infections. 

 A notable study explored the interactions of type I interferons and neutrophils 

during viral pneumonia (455). Using IFNAR-knockout mice, it was demonstrated that 

defective IFN signaling led to an increase in neutrophil infiltration due to Ly6Cint 

monocytes preferentially producing the neutrophil chemokine KC, in contrast to wild 

type murine Ly6Chi monocytes producing MCP-1. Knockout-mice, therefore, had 

excessive trafficking of neutrophils into the lungs, causing them to surpass a critical 

threshold and cause tissue damage (455). An intact type I IFN system is thus integral for 

fine-tuning neutrophil anti-viral responses, as IFN was required to correctly generate 

Ly6Chi monocytes. 

 Another virus that has been extensively studied to elucidate neutrophil biology 

is RSV. RSV causes severe lower respiratory tract infections in infants. Neutrophils are 

abundant in pulmonary airways during RSV infections. A thorough transcriptome 

analysis of pulmonary versus blood-derived neutrophils suggested IL-6 and ISGs are 

upregulated during RSV infections (682). The authors of the study did not specify if the 

IFN response was classified as type I or II. This distinction should have been made 
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because the upregulated ISGs are common to both pathways. A multitude of 

transcriptome studies in models of RSV infections have demonstrated that over 207 

transcripts related to IFN signaling were upregulated after exposure to the virus. High 

IFN transcript expression was independent of the nasopharyngeal microbiota present 

(683) and could even predict disease severity (684). Likewise, this study was unable to 

comment on if type I or type II IFNs were the dominant response. Dysregulated IFN 

responses were higher in infants with RSV compared to children aged 5-17 with the 

same disease and were driven by type I IFN-associated pathways such as TNF, IL-6, 

and triggering receptor expressed on myeloid cells-1 (TREM-1) (685). In contrast to 

some influenza studies, severe cases of RSV infections have higher levels of neutrophil 

markers in mucosal lining fluid of the nose obtained from 55 infants admitted to 

hospital (686). The neutrophil-associated genes defensin-a1, cathelicidin, granzyme, and 

antimicrobial peptides clustered with type I IFNs in a gene expression study, although 

their expression levels did not stratify along patient disease severity (686). The severest 

cases had lower type I IFN associated gene expression, potentially indicating a 

protective effect endowed by a biologically optimal level of interferon response.  

 There is evidence that IFN-β can control the magnitude of neutrophil 

musculoskeletal infiltration. Indeed, IFN-β-knockout mice infected with Chikungunya 

virus (CHIKV) had four times more neutrophils infiltrate musculoskeletal tissue 
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compared to controls that expressed IFN-β (687). While IFN-β controlled neutrophil-

mediated downstream inflammation, IFN-α prevented early CHIKV replication and 

subsequent dissemination as quantified via plaque assay to measure viral titer. IFN-β 

knockout mice did not have higher concentrations of the neutrophil-attracting 

chemokines CXCL1 or CXCL2, but instead had decreases in a multitude of cytokines, 

including TNF, CXCL -9, CXCL-10, CCL-2, CCL-3, and CCL-5 (687). Therefore, in mice 

with intact IFN-β, higher neutrophil infiltration was able to occur despite no measured 

elevation However, in neutrophil-attracting chemokines. The authors suggested IFN-β 

may have an effect on nonhematopoietic cells, resulting in eventual increases of 

neutrophil recruitment to the inflamed sites, although no exact mechanism was 

determined. Studies of zebrafish infected with CHIKV were used to elucidate that type I 

IFNs were predominantly produced by neutrophils to control infection (688). 

Neutrophil depletion exacerbated disease progression and increased the viral load as 

measured by CHIKV transcripts. However, it has been demonstrated that CHIKV 

induced NETs via both ROS production and TLR7 activation, regardless the effect was 

not universal for all viruses tested as Dengue virus (DENV2) and Zika virus (ZIKV) 

were incapable of inducing NETs (689). Reducing the DNA-based NET load by using 

DNases restored CHIKV titers in IFNAR-knockout mice. 
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 Aside from pulmonary infections, excessive neutrophilia can cause damage 

when these cells infiltrate regions of the brain. Thus, the immune system also has 

regulatory components that are driven by type I IFNs to mitigate damage from the 

innate effector mechanisms. Interferons inhibited neutrophil recruitment by 

downregulating the chemokine CXCR2 (690) in a herpes simplex virus type 1 model. 

CXCR2 was downregulated in the sensitive ganglia region, while upregulation on the 

skin directed neutrophils to a location less sensitive to off-target inflammatory 

pathology. IFN-β controls recruitment of neutrophils by regulating CXCR2 ligands. In 

contrast to herpesvirus infections, neutrophils were shown to be beneficial to the host 

by reducing viral load during ZIKV infections, which was associated with diminished 

ZIKV-induced neurological damage (691). Interferon α/β receptor-knockout mice (strain 

AG129) had exacerbated hindlimb motor impacts according to the Basso scale, which 

assesses tail position, joint movement, and limping. Decreases in hindlimb mobility 

were predominantly due to spinal cord myelitis instead of peripheral neuropathy or 

upper motor neuron disease and was inversely proportional to neutrophil infiltration. 

 Fish models have been useful for studying the impact IFNs have on neutrophils. 

Particularly, studies of gilthead seabream (Sparus aurata L.) and zebrafish (Danio rerio) 

have yielded valuable results. Sindbis virus (SINV) is a virion that induces type I IFN 

responses, and sometimes results in bacterial co-infection (692). Experiments using 
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sequential SINV and Shigella flexneri bacterial infection in zebrafish larvae demonstrated 

that neutrophils were essential to prevent bacterial co-infections. Whole-body analysis 

showed an increase in neutrophils when SINV was the only pathogen, but a SINV-

Shigella coinfection dramatically reduced neutrophil numbers, in contrast to a Shigella 

only infection (692). The viral preliminary infection interfered with the neutrophil 

ability to phagocytize the subsequent bacterial infection. SINV induced a strong type I 

IFN response, and the authors plan on investigating the role IFN has on neutrophil 

populations during viral and bacterial co-infections. Furthermore, gilthead seabreams 

have proven useful to study ISG15, which is induced by type I IFNs (693). Infections 

with viral hemorrhagic septicemia virus or striped jack nervous necrosis virus increased 

ISG15 transcript numbers after 12 hours, peaking at 24 hours (693). ISG15 is 

upregulated by both viral infections and type I IFN stimulation (694). This immune 

modulatory protein activates monocytes and induces IFN- γ production from T cells 

(695). Although the seabreams used in the above model (693) do not possess 

neutrophils, they have acidophylic granulocytes, which function similarly and can 

produce ISG15. Thus, the type I IFN system is conserved in influencing neutrophil-like 

behavior during viral infections in non-mammalian model organisms. 

 Neutrophils can also be infected by West Nile virus (WNV), which controls the 

cells, akin to a ‘Trojan horse’, to enter the brain and increase viral burdens (365). 



 

 

 

 

314 

Intracellular osteopontin (iOPN) is a protein that is produced by most leukocytes, 

including neutrophils and helps to amplify type I IFN responses upon TLR7 and TLR8 

activation (696). Intriguingly, iOPN facilitates WNV neuro-infiltration, as OPN-

knockout mice had lower burdens of WNV-infected neutrophils infiltrating the brain 

(365). This may constitute one mechanism whereby a virus hijacks the type I IFN system 

to aid viral spread. In contrast, iOPN is critical to prevent severe VSV infections in mice 

(696) by stabilizing TRAF3. 

 One outcome of the interactions between type I IFNs and neutrophils during 

viral infection is ROS production. Hydrogen peroxide can be generated via NADPH 

oxidase isoform 2 (NOX2), and negatively regulates type I IFNs (697). If NOX2 is 

inhibited, concentrations of type I IFN are increased and consequently IAV-induced 

lung pathology diminishes (698). It has been shown that Cgp91ds-TAT, a NOX2 

inhibitor, reduces pulmonary neutrophil counts by ~50% in a mouse model of IAV 

(698). Therefore, excessive amounts of endosomal-generated ROS can be a damaging 

factor, which may steer neutrophils from a protective to damaging role during 

pulmonary infections (699), although in optimal quantities it can destroy pulmonary 

pathogens and induce NET formation (700). 

A 2-7: The Importance of Neutrophil Activation/Dysregulation of Type I IFN 
Responses in COVID-19 Patients 
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 A global pandemic was declared by the World Health Organization in March 

2020 to address the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) that 

originated in Wuhan China in 2019 (701). In some patients, this virus can cause an array 

of signs and symptoms including severe pulmonary damage; the disease is commonly 

referred to as Coronavirus disease 2019 (COVID-19). The lungs of patients with severe 

disease have a high neutrophil burden (702). A cell subset defined as 

CD16intCD44lowCD11bint low-density inflammatory band closely matched patient disease 

status. These neutrophils displayed robust cytokine production and phagocytosis, 

which in turn was provoking pulmonary damage (702). Neutrophils are thus an 

important cellular subset to monitor in patients with COVID-19. Studies in macaques 

revealed that infected lungs had significant increases in neutrophil degranulation and 

release of Type I IFNs (703), coupled with a higher neutrophil:lymphocyte ratio. Indeed, 

cells infected with SARS-CoV-2 expressed chemokines (144) such as CXCL1/2/3/5/8, 

which would, in turn, attract neutrophils and initiate a downstream cytokine storm. 

Based on these results one could speculate that depleting neutrophils below a threshold 

may constitute one therapeutic option in patients with COVID-19. 

 There is mounting evidence that NETs may increase the severity of COVID-19 

(702, 704). Formation of NETs could lead to excessive blood clotting because they 

increase coagulation and activate platelets (705). Type I IFNs enhance NETosis (706) via 
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the feedback mechanism between IFN-α and NETs described earlier in this review 

(613). It is possible, therefore, that unchecked Type I IFNs could exacerbate neutrophil 

infiltration and NETosis. 

 Middle East respiratory syndrome (MERS) is caused by a betacoronavirus that is 

within the same genus as SARS-CoV-2 (707, 708). A study into MERS-CoV infections 

determined that the type I IFN response was closely related to the survival outcomes in 

a BALB/c murine model (709). IFNs provided a protective response in mice. Blocking 

type I IFNs led to an increase in lung neutrophils, poor T cell responses measured by 

N99 and S1165 epitopes, and a reduction in viral clearance. If IFN-β was administered 

too late, it was incapable of reversing damage. These findings highlight the importance 

of admitting patients to hospitals in a timely fashion. Administering therapies only to 

the most severely ill patients may be too late to effectively mitigate damage, compared 

to treating earlier stages of a coronavirus infection. 

A 2-8: Neutrophils Respond to Type I and Type III IFNs to Regulate Viral Infections 

 Induced during viral infections, type I and type III IFNs share many properties, 

including activation of shared signaling pathways and transcriptional programs (710). 

Type III IFNs steer the immune system towards a T helper 1 (Th1)-biased intracellular 

response (711) and interact with Interleukin 10 receptor, beta subunit (IL10R2) and 

Interleukin 28 receptor, alpha subunit (IFNLR1) when mounting antiviral responses. 
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Type III IFNs are encoded by four genes in humans; IFN-λ1, IFN-λ2, IFN-λ3 and IFN-

λ4. Their cognate receptors are predominantly located on epithelial cells (563), with 

high concentrations thus generated in the gastrointestinal tract and lungs. There is a 

close association between type III IFNs and neutrophils to mount an antifungal 

response (712). Murine models with type I, III, or both receptors knocked out were all 

susceptible to fungal Aspergillus fumigatus infections. Mice with both IFNAR and 

IFNLR1 double knockouts (missing both type I and III responses) had pronounced 

decreases in lung neutrophil counts in a cumulative manner and consequently reduced 

NET production. The type I and III pathways are not completely redundant, as double 

knockout mice performed worse than either single knockout scenario. Type I knockouts 

performed better than Type III, indicating type III IFNs contributed more to the 

antifungal response. Administering IFN-α, IFN-γ or adoptive transfer of CCR2+ 

monocytes improved the neutrophil transcript profile. Neutrophils upregulated 887 

genes after pulmonary Aspergillus infection, but this transcriptome response was 

dampened in CCR2 mice. This study used numerous techniques including knockouts, 

depletions, and transcriptomics to demonstrate that neutrophils were an essential cell 

subset to mitigate fungal growth. Neutrophils express a high level of IFNLR1 (713), and 

as a consequence are tightly linked to type III IFN-driven immune responses. In the case 

of the inflammatory disease collagen-induced arthritis, administering IFN-λ was 
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effective by preventing excessive neutrophil infiltration and inflammation (713). 

However, in contrast to different mouse models of infectious diseases where 

neutrophils respond to IFN-λ to modulate responses, ex vivo experiments utilizing 

human neutrophils demonstrated that there is a low level of IFN-λR1 expression.(714). 

Therefore, human neutrophils appear to be less responsive to IFN-λ3 than their murine 

counterparts. 

 Type I & III IFNs are both able to mount effective antiviral responses. A murine 

neonatal study using simian rotavirus revealed that this virus was controlled by type I 

and III IFNs working in conjunction to limit replication in the gastrointestinal tract 

(564). In contrast, a murine strain of rotavirus relied on the adaptive immune response 

without the need for either type of IFN. Intriguingly, mature mice had reduced capacity 

for type I IFN responses compared to neonates, although the type III IFN response 

remained intact, suggesting the relative importance of each type of IFN changes as a 

host matures (564). Similar models have demonstrated that although type I and III IFNs 

have identical downstream signal transduction pathways, gastrointestinal viral 

infections in neonates can be prevented using IFN-λ therapies but not type I IFNs (561). 

The importance of the innate immune system combatting gastrointestinal viral 

infections was recapitulated in a murine study of norovirus (715). IFN-λ was induced 

by the viral capsid protein and effectively controlled enteric infection, compared to type 
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I IFNs being most effective during systemic infection. Supporting this observation, 

STAT1 was more important than IFNAR for controlling replication within the colon 

(715). Although the studies mentioned above did not analyze neutrophils, it is possible 

that neutrophils were mechanistically contributing to IFN-λ-mediated efficacy, given 

their ability to mitigate fungal infections in concert with IFN-λ. Neutrophils are a 

critical cell subset to analyze when comparing the influence of type I and III IFNs, 

because they possess the receptors to react to both cytokines (607). Future studies could 

benefit from specifically analyzing neutrophils to determine if their contribution 

extends to viral gastrointestinal infections. 

A 2-9: Concluding Remarks 

 Host innate antiviral responses are largely controlled by type I IFNs signaling 

through the IFNAR; and viruses, as intracellular obligatory parasites, have a myriad of 

strategies to compromise host type I IFN-mediated antiviral responses (608). This 

review investigated the roles of IFNs and neutrophils in cytokine responses to viral 

infections. The knowledge that the majority of cells in the body express the type I IFN 

receptor but epithelial cells and neutrophils preferentially express the type III IFN 

receptor indicates that neutrophils must be a critical cell subset that contribute to 

cooperation/regulatory-talk between both IFN types during antiviral responses. These 

innate cells are closely intertwined with IFN signaling and production, and the 
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magnitude of the neutrophil response often dictates whether these cells will aid or 

damage the host in the context of a viral infection. These interactions may enable future 

researchers to fine-tune the balance between neutrophil-mediated antiviral effects and 

undesirable host damage, to improve the next generation of antiviral therapies. 

Evidence showed a crucial role of neutrophils in the pathogenesis of COVID-19, 

although less is known about the regulatory function and immune modulation of these 

cells in the context COVID-19. Regardless, consideration could be given to modulating 

neutrophilia to treat patients with COVID-19. Future research that investigates the role 

of IFNs in antiviral responses would be strengthened by delving into a detailed analysis 

of neutrophil biology. In particular, the scientific literature is currently scarce on the 

interactions between IFNs across various neutrophil subsets, and what variations occur 

because of host age and sex. A thorough understanding of how these parameters shape 

neutrophil-driven pro-inflammatory and regulatory responses may contribute to 

advancing the next generation of anti-viral therapies. 


