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Abstract 
 

VESICULAR STOMATITIS VIRUS SUPPRESSES THE PHAGOCYTIC CAPACITY OF 
A TUMOR-PROMOTING MACROPHAGE POPULATION 

 
Austin Grant Simmons  

B.S., Appalachian State University 
M.S., Appalachian State University 

 
 

Chairperson: Maryam Ahmed, Ph.D. 
 
 

 The tumor microenvironment is comprised of a variety of cellular and 

acellular components, each with consequential roles in tumor growth and disease 

progression. A noteworthy example are the tumor-associated macrophages (TAMs). 

TAMs have been found in high numbers in aggressive breast cancers, where they 

often stimulate cancer cell proliferation, angiogenesis, and metastasis, as well as 

suppress anti-tumor immunity. Such TAMs represent the alternatively activated M2 

subtype, though they also may exist as classically activated M1 macrophages with 

anti-tumor phenotypes. The purpose of this project was to evaluate the impact of 

oncolytic vesicular stomatitis virus (VSV) on M1 and M2 macrophages by a 

determination of changes to their phagocytic properties. THP-1 monocytes were 

differentiated and polarized to M1 or M2 macrophage subtypes and infected with a 

recombinant wild-type strain of VSV (rwt) or an isogenic matrix (M) protein mutant 

strain (rM51R-M virus), the latter of which has the ability to stimulate antiviral 

immunity. Macrophages were then analyzed for their ability to take up fluorescently-
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labeled E. coli bioparticles. Our data indicate that M2 THP-1 macrophages 

phagocytose 11-fold more bioparticles than their M1 counterparts, and that infection 

with rwt virus, and to a lesser degree rM51R-M virus, reduces phagocytosis to M1 

macrophage levels. Much of this reduction in response to rwt virus is due to the 

cytopathicity of the virus while the reduction with rM51R-M may be due to 

repolarization of macrophages to an M1 phenotype. To see whether these changes in 

phagocytosis might occur in a cancer context, we developed an in vitro breast tumor 

model containing dye-labeled MDA-MB-231 breast cancer cells, pre-polarized M2 

THP-1 macrophages, and an rM51R-GFP strain of VSV capable of visualizing VSV-

infected cells in co-culture. Our results show that the rM51R-M virus preferentially 

replicates within the breast cancer cells over the M2 macrophages in both 

monoculture and co-culture conditions. Moreover, while the rM51R-M virus 

decreases M2 macrophage cell counts in monoculture conditions, it is the breast 

cancer cell counts that are significantly reduced in co-culture conditions. Lastly, we 

determined that the rM51R-M virus decreases latex bead phagocytosis by M2 

macrophages in monoculture, and that this assay may be used in future studies to 

validate the functional impact of the VSV on M2 macrophages in a co-culture setting. 

By elucidating how macrophages and cancer cells collectively respond to VSV, we 

hope to gain a greater understanding of the alternative benefits of VSV as an anti-

cancer agent. 
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Chapter 1: Introduction 

Diverse roles of Macrophages as Critical Mediators of Host Immunity 

Macrophages are phagocytic cells of the innate and adaptive immune systems that 

mediate host defense by engulfing invading pathogens and engaging in antigen presentation 

(Mantovani & Sica, 2010; Underhill et al., 1999). In response to tissue damage, macrophages 

clear debris from wound sites, including phagocytosis of dead and aged cells as well as 

foreign particles (Koh & DiPietro, 2011). In unstimulated tissue environments, they await 

further activation from signals within their environment (Ma et al., 2003). Macrophages can 

be modulated by surrounding tissue (vasculature), adjacent cells (fibroblasts, immune cells), 

the extracellular matrix (ECM), and secreted cytokines, and growth factors (Chanmee et al., 

2014). In response, macrophages alter their phenotypic states, which often have distinct, and 

at times contrasting, implications for host immunity (Sica et al., 2015). Macrophages also 

display a high degree of plasticity to changing environmental conditions and are capable of 

polarizing toward a spectrum of phenotypes (Sica & Mantovani, 2012). The two opposing 

extremes of this phenotypic continuum are the classically activated M1 macrophages and the 

alternatively activated M2 macrophages. These macrophage subtypes are often studied for 

their relevance in disease pathology and importance in many therapeutic applications (Noy & 

Pollard, 2014).  

Classically activated M1 macrophages are inflammatory, and play a critical role in 

host defense and microbial clearance (Mosser, 2003). Upon exposure to ‘danger signals’, 

such as the interferon gamma (IFN-γ) secreted by T-helper type 1 and natural killer cells, or 

the lipopolysaccharide (LPS) present on bacterial surfaces, macrophages take on an 

activated, inflammatory phenotype endowed with enhanced abilities to resolve infections 
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(Liu et al., 2014).  This includes increased cell size and phagocytic ability, which together 

more effectively resolve microbial infections through pathogen engulfment. Likewise, 

increased movement and the production of reactive oxygen intermediates allows for 

inflammatory M1 macrophages to more appropriately mediate resistance to further infection 

(Funes et al., 2018; Qin, 2012; Xaus et al., 2000). Increased inflammatory signaling mediated 

by interleukin-1 (IL-1), IL-6, IL-12, and tumor necrosis factor alpha (TNFα) enables 

macrophage populations to reciprocally encourage natural killer cell stimulation and helper 

type 1 cell development (Bellora et al., 2010; Ruytinx et al., 2018). In brief, stimulating 

macrophages to an inflammatory M1 phenotype promotes profound physiological and 

functional changes with direct implications in host defense (Edwards et al., 2006; Mosser & 

Zhang, 2008).  

Alternatively activated M2 macrophages promote the resolution of inflammatory 

events by releasing immunosuppressive cytokines like IL-10 and transforming growth factor 

beta (TGFβ). They also participate in critical wound healing processes like tissue remodeling 

and repair (Wang et al., 2014). In response to tissue damage, M2 macrophages phagocytose 

apoptotic cells and clear debris from wound sites (Chazaud, 2014). Additionally, these 

macrophages play direct and indirect roles in the generation of new stromal tissue (Italiani & 

Boraschi, 2014). Wound-healing M2 macrophages also release matrix metalloproteinases 

(MMPs) that remodel the ECM (Shen et al., 2016). This process in turn releases sequestered 

growth factors, such as plate-derived growth factor (PDGF) and TGFβ, which ultimately aids 

in the recruitment of pro-proliferative cell populations (Brown et al., 2009; Novak & Koh, 

2013). In response to vascular damage, immune-resolving M2 macrophages also have the 

ability to independently release vascular endothelial cell growth factor (VEGF) (Wu et al., 
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2010). This process leads to the eventual recruitment of endothelial precursor cells for 

capillary development and stromal tissue repair (Spiller et al., 2014). In summary, M1 

macrophages and M2 macrophages carry out diverse roles within the body and, through their 

functional capabilities, serve as proficient mediators of host immunity (Figure 1). 
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Figure 1 

Classically Activated M1 Macrophages and Alternatively Activated M2 Macrophages have 

Diverse Roles in Host Immunity. 

 

 

Note. Historically, the anti-microbial side of macrophages have been referred to as classically activated or M1 

phenotypes. Here they mediated host defense by phagocytosing pathogens and presenting residual antigens to 

the adaptive immune system for more effective microbial clearance. In contrast, the alternative activation 

scheme leads to the development of M2 phenotypes which have critical wound healing roles by engaging in 

debris clearance, and also promoting tissue remodeling and repair through the secretion of cytokines.  

Tumor-Associated Macrophages 

In addition to cancer cells, tumors are comprised of other cellular constituents with 

integral roles in coordinating tumor survival (Whiteside, 2012). The recruitment of other cell 

populations within tumor microenvironments and their subsequent exploitation by cancerous 

cells are considered a requisite step in tumor progression (Mao et al., 2013; Sangai et al., 

2005). This action has direct consequences in shaping tumor microenvironments and defining 
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cancer progression. For this reason, distinct cell populations such as fibroblasts, vascular 

cells and macrophages are often studied for the heterotypic interactions in which they engage 

within tumor microenvironments (Balkwill et al., 2012).  

Macrophages are a prominent component of tumors. Often cancer cells produce 

PDGF at constitutively high levels, and this PDGF acts as a chemoattractant and mitogen for 

immune and stromal cells recruited to tumor sites (Demoulin & Essaghir, 2014). PDGF, 

alongside other notable chemokines like CCL2, VEGF, and IL-10 are released by cancer 

cells and collectively promote macrophage infiltration (Hao et al., 2012). Like their 

counterparts residing in normal tissues, tumor macrophages, aptly named tumor-associated 

macrophages (TAMs), can exist along a range of phenotypes, including those at the extreme 

ends of macrophage polarization: the classically activated M1 macrophages involved in host 

defense and the alternatively activated M2 macrophages involved in tissue maintenance 

(Mills, 2012a). TAMs also display incredible plasticity and are able to change their 

phenotype in response to the current state of the tumor microenvironment (Mantovani et al., 

2018). M1 macrophages are pro-inflammatory and immunogenic, and thus have been 

investigated for their tumoricidal properties (DeNardo et al., 2010). Pro-inflammatory 

cytokines and reactive nitrogen and oxygen species secreted by M1 TAMs exert anti-

proliferative and cytotoxic effects on cancer cells (Van Ginderachter et al., 2006). 

Additionally, M1-mediated antigen presentation leads to increased lymphocyte recruitment, 

differentiation, and activation (Pozzi et al., 2005; Preynat-Seauve et al., 2006). In essence, 

M1 TAMs exhibit an anti-cancer phenotype by phagocytosing cancer cells, inhibiting their 

growth, as well as presenting their antigens for recognition by the adaptive immune system. 

In the opposite fashion, M2 TAMs clear the way for tumor progression by phagocytosing the 
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debris of wounded cancerous tissue. They also secrete factors that support tumor growth and 

invasion. As discussed previously for the normal wound healing processes, M2 TAMs 

release MMPs, which disrupt the ECM (Mantovani et al., 2006). This not only allows for the 

remodeling of the ECM, but also releases previously sequestered growth factors like PDGF, 

TGFβ, and VEGF that support both the vascularization of tumor tissue as well as cancer cell 

survival, proliferation, and motility, thus exacerbating the cancer hallmarks of angiogenesis 

and metastasis (Condeelis & Pollard, 2006; Johansson et al., 2000; Lamagna et al., 2006). 

M2 TAMs also have an immunosuppressive phenotype and can downregulate anti-tumor 

immunity. Macrophages are often coerced to the M2 phenotype in tumor microenvironments 

(Chanmee et al., 2014). Cancer cells produce factors such as IL-4, IL-10 and CSF-1, which 

collectively promote M2 polarization (Lewis & Pollard, 2006). For these reasons, TAMs of 

the M2 subtype are frequently investigated as anti-cancer therapeutic targets (Shobaki et al., 

2020).  

Tumor-Associated Macrophages as Therapeutic Targets 

There are, with notable exceptions, a number of well-developed therapeutic strategies 

aimed at lessening the grip that TAMs exert on tumor development (Noy & Pollard, 2014; 

Pathria et al., 2019; Zhou et al., 2020). Intrinsically important to such therapies is the ability 

to deliver drugs to the right cell type within the tumor microenvironment. To this end, 

receptors overexpressed on the surface of TAMs are often utilized as specific drug targets. 

There are a variety of nanomedicines that have been credited with this ability. For example, 

certain RNA aptamers, which have demonstrated specificity for the IL-4 receptor, can be 

used as drug-delivery nanocarriers (Andón et al., 2017). This particular method has shown 

promise in selectively targeting TAM populations; however, significant challenges remain as 
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IL-4 receptors may also be found in abundance on a variety of other immune cell 

populations, including T and B lymphocytes located outside of tumors (Andón et al., 2017). 

Better TAM-targeting strategies to diminish adverse effects would be desirable.  

 One approach aims to diminish TAM populations, but by disrupting macrophage 

recruitment and activation within tumor sites (Andón et al., 2017; Fridlender et al., 2011; 

Tariq et al., 2017). This specific therapeutic method largely revolves around monocytes, the 

precursor cell-type to macrophages (Geissmann et al., 2010). Monocytes circulate within the 

peripheral blood, but get recruited to tissues in response to released chemoattractants where 

they subsequently differentiate into macrophages and polarize to various subtypes based on 

localized conditions (Cassetta et al., 2011). It has been proposed that by removing the ability 

of monocytes/macrophages to respond to stimulatory signals, TAM recruitment and 

activation would ultimately be diminished (Andón et al., 2017; Tariq et al., 2017). One 

therapeutic target is colony-stimulating factor-1 (CSF-1). In addition to being a prominent 

chemokine in macrophage recruitment to tumor sites, CSF-1 increases VEGF production 

within macrophage populations, which has an independent and equally consequential role in 

macrophage recruitment by promoting blood vessel permeability (Jones & Ricardo, 2013). A 

number of small molecular inhibitors centered around disrupting CSF-1 receptor kinase 

activity have been developed (Tariq et al., 2017). JNJ2831214 and GW2580, CSF-1R kinase 

inhibitors, prevent CSF-1 signaling and have shown potential in decreasing TAM recruitment 

within tumor sites and suppressing tumor progression (Conway et al., 2005; Manthey et al., 

2009). Another target is chemokine (C-C motif) ligand 2 (CCL2), which recruits monocytes 

to tumor sites and promotes M2 macrophage polarization (Tariq et al., 2017). One CCL2-

based strategy has shown promise in reducing the expression of the CCL2 receptor, CCR2, in 
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murine models upon implementing siRNA-loaded lipid nanoparticles (Tariq et al., 2017). 

Strategies focused on reduction of TAM populations may inadvertently diminish M1 

macrophages at the tumor site. Therefore, strategies centered around reducing M2 

macrophages while stimulating M1 macrophages might create an inflammatory tumor 

microenvironment that is better equipped to recognize cancer cells, present tumor antigens to 

the adaptive immune system, and promote anti-tumor immunity. These kinds of drugs take 

advantage of macrophage plasticity. Certain oncolytic paramyxoviruses, such as attenuated 

measles (MeV) and mumps (MuV), have shown potential in modulating macrophages to an 

M1 phenotype, through the induction of the type I IFN antiviral response (Apelbaum et al., 

2013; Tan et al., 2016). Following infection, unpolarized and M2 polarized monocyte-

derived macrophages (MDMs) were found to have elevated levels of inflammatory 

cytokines, such as TNFα and IL-6 in monoculture and also in co-culture with MDA-MB-231 

cells (Tan et al., 2016). As oncolytic viruses demonstrate a natural propensity to kill a variety 

of cancer cell types while promoting anti-tumor immunity, it may be prudent to investigate 

the ability of oncolytic viruses to modulate macrophages within tumor microenvironments 

(Chaurasiya et al., 2018). 

Oncolytic Virotherapy as a Means to Modulate Tumor Microenvironments 

Traditional cancer treatment approaches include chemotherapy and radiation therapy. 

Chemotherapy involves the systemic delivery of anti-cancer drugs and the induction of 

cancer cell cytotoxicity (Chabner & Roberts, 2005). Radiation therapy distributes ionizing 

radiation to localized tumor sites and is dependent on the accumulation of deleterious 

mutations in cancerous tissues (Baskar et al., 2012). However, both approaches may suffer 

from high toxicities/lower therapeutic indices, ineffectiveness against metastatic disease, as 
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well as lead to the advent of drug-resistant cancers (McDermott et al., 2014). Therefore, other 

novel cancer treatments are clearly needed.  

Oncolytic virotherapy is a promising platform for the treatment of cancer. Oncolytic 

viruses demonstrate the preferential ability to replicate within tumor cells, either naturally or 

after being genetically engineered to target and kill cancer cells over normal cells (Alemany, 

2014). In many cases, tumors are permissive environments for viral replication due to 

attenuated or inactive type I IFN antiviral pathways in cancer cells (Howells et al., 2017). 

The type I IFN pathways is antiproliferative in nature and thus, its dysregulation in 

tumorigenesis is often requisite for cancer development (Rautela et al., 2015). Meanwhile, 

healthy host tissue with intact IFN pathways have the ability to attenuate virus replication 

thus limiting viral spread beyond the boundary of the tumor (Chaurasiya et al., 2018). The 

type I IFN pathway has been well characterized as an efficient regulator of innate and 

adaptive immune responses following viral infection (Durbin et al., 2000). However, the 

induction of the type I IFN response is also effective in other instances, such as the 

suppression of bacterial infection or interference in cancer progression (Ivashkiv & Donlin, 

2014). Of the existing type I IFN isoforms, IFN-α and β are perhaps the most well-defined. 

While IFN-β may be produced in most cell types, macrophages, alongside dendritic cells, 

produce both IFN-α and β isoforms (Ivashkiv & Donlin, 2014).  

Macrophages detect pathogens through pattern recognition receptors (PRRs), which 

recognize pathogen-associated molecular patterns (PAMPs) and lead to the downstream 

production of IFN-α and β (Ivashkiv & Donlin, 2014). These cytokines then act in both 

autocrine and paracrine fashion, binding to associated receptors, and activating a variety of 

signaling pathways with antimicrobial and antiproliferative functions (Ivashkiv & Donlin, 
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2014). Of these molecular pathways, the JAK-STAT signaling pathway has been 

predominantly investigated for its antiviral functions (Ivashkiv & Donlin, 2014). Upon 

activation, JAK1 and TYK2 phosphorylate STAT1 and STAT2, forming a transcription 

factor complex that upregulates the expression of various IFN stimulated genes (ISGs) 

(Ivashkiv & Donlin, 2014). In turn, these activated ISGs mitigate viral spread through a 

number of anti-viral effector functions, as well as additional type I IFN production (Ivashkiv 

& Donlin, 2014). 

In addition to inducing direct lysis of cancer cells, oncolytic viruses induce tumor-cell 

destruction by an indirect augmentation of host antitumor immunity (Chiocca, 2002). Cell-

mediated killing by oncolytic viruses has the ability to release tumor-associated antigens, 

which may be recognized by antigen-presenting cells residing in the tumor 

microenvironment (Chiocca, 2002). In addition, oncolysis induces immunogenic cell death 

through the release of cellular damage-associated molecular patterns (DAMPs) along with 

the PAMPs mentioned before. Therefore, immune cell detection of viral infection and the 

products of oncolysis trigger the innate and adaptive branches of the immune system, as well 

as an induction of targeted responses against tumors (Chiocca, 2002). The release of tumor 

antigens, following tumor lysis, is one mechanism by which cross presentation of tumor-

specific antigens by dendritic cells is enhanced (Lawler et al., 2017). Dendritic cells are 

capable antigen-presenting cell types, and their presentation of tumor-specific antigens is 

critical in the induction of cancer cell killing by CD8+ cytotoxic T cells (Schuler et al., 

2003).  

A number of oncolytic viruses, like VSV, have demonstrated potential in directly 

stimulating the maturation of dendritic cells, and this process can also prime them for tumor-
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specific antigen cross presentation (Ahmed et al., 2006). Oncolytic viruses are potent 

activators of many immune effector cells, and their immunogenic capabilities have promise 

in recruiting anti-tumor cell types to immunosuppressive tumor microenvironments 

(Chaurasiya et al., 2018). In one instance, intratumorally injection of C57BL/6 mice 

containing B16ova melanoma tumors with live VSV led to higher numbers of CD8+ T cells, 

compared to the mice treated with heat-inactivated virus (Diaz et al., 2007). In other 

situations, oncolytic viruses can reduce the number of immunosuppressive cell types that 

reside within the tumor microenvironment, as in the case of T-regs (Kaufman et al., 2010). 

Oncolytic viruses can also modify immunosuppressive tumor microenvironments through the 

induction of inflammatory cytokine signaling. VSV-infected murine melanoma cells 

upregulate inflammatory cytokines such as IL-6, type I IFNs, and TNFα (Prestwich et al., 

2009). This process not only modulates the immunosuppressive environment of the tumor, 

but inflammatory signaling can also lead to cell death of uninfected cancer cells (Chaurasiya 

et al., 2018).  

Macrophages are a Permissive Target to Viral Infection 

Macrophages are a main cell type for viral targeting and act as critical cell 

populations for viral persistence within tissues (Nikitina et al., 2018). In comparison to many 

other immune cell types, tissue-resident macrophages have long lifespans, and this trait is 

often exploited by certain viruses (Nikitina et al., 2018). In the case of HIV-1, infected M1 

macrophages serve as conduits for viral establishment within infected tissues, and often 

promote viral dissemination within tissue sites (Cassol et al., 2010). M1 macrophages exhibit 

a high degree of resiliency to cytopathic effects brought on by HIV-1 infection and this 

process can be critical for viral-mediated control of the host cell (Cassol et al., 2010). Upon 
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HIV-1 infection, the virus promotes cell survival by termination of apoptotic signaling and 

increasing the activity of telomerase within these macrophage populations (Cribbs et al., 

2015; Roff et al., 2013). Furthermore, HIV-1 infected M1 macrophages predominantly 

express pro-inflammatory signaling, such as Th1 cytokines and chemokines, and in response 

to this, attract cell populations that may act as additional viral reservoirs within the infected 

tissue site (Roff et al., 2013). In the case of T-cells, the virus can use these cell populations to 

disseminate to distant tissue sites (Roff et al., 2013). At late stages of HIV-1 infection, 

macrophage polarization shifts to the M2 phenotype, promoting chronic disease - AIDS, as 

well as furthering viral dissemination and permissiveness within host tissues (Herbein & 

Varin, 2010). Other viruses have demonstrated capabilities in regulating macrophage 

polarization to create ‘optimal conditions’ for viral persistence. In the case of Human 

cytomegalovirus (HCMV), infected macrophages display a M1-M2 phenotypic hybrid, 

characterized by expression of inflammatory and anti-inflammatory signaling (Nikitina et al., 

2018). This process creates prime environmental conditions within tissues for viral spread. 

M1-signaling upregulates cell motility, as well as additional cell recruitment to infected 

tissues (Nikitina et al., 2018). Meanwhile, M2 signaling mitigates inflammatory tissue 

damage and attenuates antiviral activity (Nikitina et al., 2018). Other viruses, such as 

respiratory syncytial virus (RSV), maintain viral persistence by inhibiting STAT1 

phosphorylation, and in doing so, reduces IFN-β and expression of antiviral genes within 

macrophage populations (Nikitina et al., 2018). Taken together, macrophages may be 

exploited by viruses in various mechanisms to promote viral establishment, persistence and 

dissemination within host tissues. 
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While oncolytic viral therapies offer promise for the treatment of cancers, several 

studies have questioned the efficacy of this form of therapy. In one example, the authors 

reasoned that cancer cells are susceptible to viral replication in monoculture; however, when 

accounting for the signals transmitted by immune cell populations in the tumor 

microenvironment, cancer cells are able to develop viral resistance (Liu et al., 2013). 

Specifically, murine ovarian (LM-1, ID-8) and breast (EMT-6) cancer cell lines were 

exposed to conditioned media harvested from murine macrophage cell lines (RAW264.7 and 

J774A.1), after which the cancer cell viability was assessed at 48 hours post-infection with 

oncolytic vesicular stomatitis virus (VSV). Interestingly, VSV-induced cancer cell killing 

was significantly reduced in comparison to cells treated with a media-only control. In 

additional experiments, the authors determined that viral infection and spread was diminished 

in cancer cell lines pre-exposed to macrophage conditioned media. It was concluded that the 

reduced sensitivity exhibited by cancer cells to VSV could be attributed to the low levels of 

type I IFNs constitutively expressed by the macrophages. VSV is incredibly sensitive to the 

antiviral effects of type I IFNs, thus accounting for the susceptibility of cancerous tissue with 

inactive or attenuated IFN signaling as preferential targets for VSV replication (Diaz et al., 

2007). However, when cancer cells are cultured with conditioned media harvested from 

macrophages, they were able to acquire viral resistance through exposure to IFN-stimulated 

gene products (Liu et al., 2013). 

The study described above raises important questions about the efficacy of oncolytic 

viruses in the context of tumor microenvironments. However, other considerations must be 

examined when it comes to the influence of TAMs on oncolytic virotherapies. First, 

macrophages have incredible plasticity and are able to change their phenotype in response to 
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the current state of their microenvironment (Mantovani et al., 2018). We understand 

macrophages and cancer cells engage in heterotypic interactions that have consequences in 

shaping tumor microenvironments. The type I IFNs constitutively expressed by the 

macrophages of the Liu study may not be representative of most TAM populations. M1 

macrophages exhibit an anti-cancer phenotype by phagocytosing cancer cells as well as 

presenting antigens for recognition by the adaptive immune system (Van Ginderachter et al., 

2006; Yang et al., 2020). M2 macrophages, in contrast, promote tumor progression by 

phagocytosing the debris of wounded cancerous tissue and secreting factors that support 

tumor growth and invasion (Mills, 2012b; Wiesner et al., 2014; Yang et al., 2020). Often 

TAMs are coerced to the M2 phenotype by signals secreted by cancer cells in the tumor 

microenvironment (Leek & Harris, 2002). The murine macrophage cell lines used in this 

study were not pre-polarized to any particular phenotype, and have historically been used to 

study the function of M1 pro-inflammatory macrophages (Yagnik et al., 2000). It is 

conceivable that certain macrophage phenotypes may yield different outcomes in regulating 

viral clearance. Second, the study did not explore how macrophages may be impacted by 

oncolytic viruses directly. Research has shown that THP-1-derived macrophages upregulate 

inflammatory markers following viral infection (Polzin et al., 2020). Shifts in macrophage 

phenotypes, mediated by oncolytic viruses, are likely to have profound influences on the 

gene expression profiles of macrophages. Such phenotypic switching would also be expected 

to have considerable influence on tumor progression. Studies characterizing cancer cell 

responses to oncolytic viruses would benefit from implementing co-culture systems 

comprised of both macrophages and cancer cells. In this way, studies would be able to 
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further understand the interactions occurring between macrophages and oncolytic viruses, as 

well as how these interactions ultimately alter tumor progression. 

Indeed, other investigations have shown that TAMs do not attenuate the effects of 

oncolytic viruses (Tan et al., 2016). In fact, certain oncolytic viruses may modulate TAMs 

and coerce them to a more M1-like state to promote anti-tumor immunity. For example, the 

therapeutic efficacy of oncolytic paramyxoviruses is amplified in the presence of TAMs (Tan 

et al., 2016). Specifically, MDA-231-GL breast cancer cells co-cultured with varying ratios 

of M1 or M2 THP-1 macrophages and challenged with virus displayed significantly 

increased cell death compared to cancer cells cultured alone. Additionally, higher numbers of 

co-cultured TAMs promoted greater cancer cell death.  This increased cell killing was not 

associated with an increase in viral spread and virus-induced cytopathic effect, but rather was 

due to the induction of macrophage anti-tumor activity following infection. More 

specifically, following viral infection, macrophages were found to secrete elevated levels of 

inflammatory-associated cytokines (IL-1β, IL-6), as well as upregulate several macrophage-

associated tumoricidal mediators (nitric oxide (NO) and TNFα) (Tan et al., 2016). These data 

suggest that viral infection alters the phenotype of macrophages to a pro-inflammatory, anti-

tumoral M1 phenotype resulting in greater therapeutic efficacy.  

In addition to altering TAM phenotypes, studies have demonstrated that oncolytic 

viruses may re-shape tumor microenvironments by modulating the gene expression profiles 

of cancer cells (Passaro et al., 2015). Following infection with an oncolytic mutant 

adenovirus, dl922-947, anaplastic thyroid carcinoma cell lines had reduced levels of CCL2 

(Passaro et al., 2015). Consistent with the role of this cytokine in the recruitment of 

circulating blood monocytes and their subsequent differentiation into macrophages, the 
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mutant adenovirus reduced TAM densities in tumors in vivo. Moreover, those TAMs showed 

upregulation of the M1 macrophage marker Nos2, while M2 marker expression (Ym1, Arg1) 

remained unchanged. By reducing TAM density and promoting M1 macrophage polarization, 

dl922-947 may also reduce the malignancy of tumors resulting in improved patient 

prognosis. However, one downside to this approach is that reducing recruitment of 

macrophages to the site of the tumor also reduces the possible immune-stimulating 

phenotypes that may confer anti-tumoricidal properties following viral stimulation. 

It is important to recognize the distinct mechanisms by which different oncolytic 

viruses infect and replicate within target cell populations as it relates to the ability to directly 

kill cancer cells as well as priming immune responses. Measles (MeV) and mumps (MuV) 

viruses are members of the Paramyxoviridae family of negative-sense, single-stranded RNA 

viruses (Ammayappan et al., 2016; Russell & Peng, 2009). Being RNA viruses, oncolytic 

Paramyxoviridae do not integrate their genetic information into the host genome and are 

considered to be safe therapeutic candidates (Matveeva et al., 2018). Their selectivity for 

cancer cells relies on the overexpression of the cell surface receptor CD46 in cancer cells 

(Anderson et al., 2004; Cattaneo, 2010). Upon infection, MeV and MuV also have the 

potential to block IFN responses through their modulation of host cell STAT signaling 

(Hoffmann et al., 2015). In response, viral proliferation will proceed unhindered in cancer 

cells and result in cell lysis. Meanwhile, while healthy host cells do express CD46, they do so 

at lower levels, and are not as susceptible to viral infection (Anderson et al., 2004). 

Other oncolytic viruses take advantage of aberrant signaling pathways that exist in 

cancer cells. For example, researchers have developed mutant strains of adenoviruses, a 

family of double-stranded DNA viruses (Alemany, 2014). dl922-947 is one such adenoviral 
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mutant, containing a 24-bp deletion in E1A-CR2 (Lockley et al., 2006). Normally, E1A-CR2 

dissociates pRb from E2F transcription factors and thereby enables S-phase entry and viral 

DNA replication. However, as mutant has a deletion in E1A-CR2, it will therefore only 

replicate in cells with reduced Rb expression, a trait of most cancers (Lockley et al., 2006). 

Engineering viruses with optimized targeting is an important characteristic in expanding the 

efficacy and safety profile of oncolytic viruses.  

Vesicular Stomatitis Virus (VSV) 

In addition to adenoviruses, numerous other viruses exploit defective signaling 

pathways within cancer cells. VSV, the focus of this thesis, is able to target cells with 

defective type I IFN antiviral signaling pathways (Lichty et al., 2004). Following infection, 

normal cells produce IFNs that activate antiviral defenses in surrounding cells. However, 

because the type I IFN pathway is antiproliferative in nature, most cancer cells accumulate 

mutations in components of the pathway (Bell et al., 2003). Therefore, VSV strains have an 

inherent capacity to replicate in and kill cancer cells (Lichty et al., 2004). This selectivity for 

cancer cells can be further enhanced by using VSV strains that induce IFN production in 

infected cells (Willmon et al., 2009). Most wild-type strains of VSV induce relatively low 

levels of IFN in infected cells (Ahmed et al., 2003). This is due to inhibition of host gene 

expression by the viral matrix (M) protein (Ahmed et al., 2003). Mechanistically this occurs 

through the inhibition of host transcription and nuclear-cytoplasmic transport of host mRNAs 

by the M protein (Ahmed et al., 2003). Therefore, wild-type strains of VSV like the rwt virus 

used here, while effectively killing cancer cells, display some toxicity for normal tissue as 

well (Ahmed et al., 2003). It is conceivable that rwt VSV may have an advantage in killing 

pro-tumor M2 macrophages when compared to the paramyxoviruses. M2 macrophages don’t 
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normally overexpress the CD46 receptor as much as cancer cells and therefore would not be 

a preferential target by paramyxoviruses in tumor microenvironments (Wang et al., 2017). As 

a result, rwt virus might be a more ideal model for studies aiming to characterize the impact 

of oncolytic viruses on tumor progression through direct cancer cell killing and elimination 

of pro-tumor macrophage populations.  

In contrast to rwt virus, there are also M protein mutant strains of VSV, including the 

rM51R-M strain of VSV used here (methionine to arginine substitution at position 51) 

(Ahmed et al., 2003). This virus is defective at inhibiting host gene expression and thereby 

activates the antiviral response (Ahmed et al., 2003). As a result, rM51R-M virus selectively 

targets and kills cancer cells in the absence of neurovirulence or disease in animal models. In 

addition, it has been shown to be a potent activator of immune cells, such as dendritic cells 

(Ahmed et al., 2006, 2009). The rM51R-M virus is potentially similar to the dl922-947 

mutant adenovirus. First, both viruses kill cancer cells. The adenovirus mutant infects and 

kills cancer cells exhibiting aberrant pRb signaling pathways while rM51R-M virus targets 

the defective antiviral responses in cancer cells, which disables the ability of the cancer cells 

to restrict VSV replication. rM51R-M virus has also been shown to kill HeLa cells by a 

distinct mechanism in which it induces apoptosis through activation of pro-apoptotic factors 

(Kopecky et al., 2001). Second, both viruses have mutations that lead to activation of the 

antiviral immune response. While this might be expected to attenuate their ability to replicate 

and induce cell killing in macrophages, the activation of IFN means that TAMs are likely to 

undergo phenotypic alterations to an inflammatory “M1-like” phenotype (Polzin et al., 2020). 

This is because the signaling pathways associated with M1 macrophage polarization overlap 

with the signaling pathways activated in response to viral infections. However, the 
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adenovirus mutant has shown potential in reducing TAM recruitment and thus might not be 

an ideal model for studying viral-mediated manipulation of TAM phenotype as compared to 

the rM51R-M virus. This is one of the reasons rM51R-M virus is being investigated for the 

ability to reprogram pro-tumor M2 macrophages to anti-tumor “M1-like” macrophages.  

In light of the hypothesis suggested above, we now have data showing that the 

recombinant wild type strain of VSV (rwt) kills up to 70% of model M2 THP-1 

macrophages, while the mutant strain of VSV (rM51R-M) promotes the upregulation of M1 

markers (STAT1 and TNFα) in this macrophage population (Polzin et al., 2020). However, it 

is unclear whether these changes in marker expression actually reflect a functional change in 

macrophage subtype. Moreover, would the presence of cancer cells in a simulated breast 

tumor microenvironment in vitro affect the functional abilities of macrophages upon 

treatment with VSV? This project aims to determine whether VSV modulates THP-1 

macrophage subtypes when co-cultured with MDA-MB-231 breast cancer cells. By further 

characterizing the impact of VSV in a simulated tumor microenvironment containing co-

cultured macrophages and cancer cells, a more comprehensive understanding of the potential 

of VSV as a cancer therapeutic can be understood. 

How do Viruses Contribute to Changes in the Phagocytic Capacity of Macrophage 

Populations?  

Phagocytosis is an essential process in the functional capabilities of M1 and M2 

macrophages (Rosales & Uribe-Querol, 2017). M1 phagocytosis plays important roles in 

pathogen clearance and antigen presentation (Aderem & Underhill, 1999). Investigations into 

M1 macrophage expression profiles reveal heightened levels of FcγR phagocytic receptors 

and complement receptors (CRs) (Kurynina et al., 2018; Novoselov et al., 2015). 
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Furthermore, multiple studies have confirmed the importance of these receptors in M1 

macrophage phagocytic activity (Kurynina et al., 2018; Leidi et al., 2009). M1-mediated 

phagocytosis is also a critical step in the initiation of ROS production (Rosales & Uribe-

Querol, 2017). M2 macrophages, in contrast, play integral roles in the clearance of 

particulate matter and apoptotic cells (Chazaud, 2014). For this reason, M2 phagocytic 

capacity is mediated through expression of PRRs and apoptotic body receptors (Gordon & 

Martinez, 2010; Leidi et al., 2009). Notably, mannose receptor (MRC1) and scavenger 

receptors are important PRRs involved in bacterial clearance (Kurynina et al., 2018; 

Pombinho et al., 2018). In addition to pathogen recognition, MRC1 plays important roles in 

tissue remodeling processes such as collagen internalization. Meanwhile, scavenger receptors 

are a large family of surface receptors pivotal in the recognition of non-self or altered-self 

phagocytic targets (Leidi et al., 2009; PrabhuDas et al., 2017). Apoptotic bodies are another 

major phagocytic target of M2 macrophages (Gordon & Martinez, 2010; Shiratori et al., 

2017).  

The type of phagocytic receptors expressed by a macrophage may indicate its 

polarization status, but it may not necessarily relate to the extent of phagocytic output 

(Kurynina et al., 2018). Mendoza and associates showed that M1 polarized macrophages 

upregulated FcγRI expression to higher levels than M2 macrophages, while FcγRII 

expression was not significantly altered in either macrophage subtype (Mendoza-Coronel & 

Ortega, 2017). Yet, despite these results, M1 macrophages displayed significantly lower 

FcγRI-mediated phagocytosis while M2 macrophages displayed significantly higher FcγRII-

mediated phagocytosis (Mendoza-Coronel & Ortega, 2017). This suggests that phagocytosis 

may be less dependent on the level of receptor expression and is more specifically related the 
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individual properties of the polarized macrophage population. M2-polarizing cytokines, for 

example, may modulate the expression and/or activation of signaling molecules involved in 

phagocytic pathways. Therefore, macrophage polarization can enhance phagocytosis through 

these receptors, whether they be overexpressed or not. Perhaps the M2 functions associated 

with tissue-remodeling and anti-inflammatory phenotype simply require enhanced 

phagocytic capabilities in order to carry out those tasks.  

How M2 polarizing cytokines enhance (and/or M1 polarizing cytokines reduce) 

macrophage phagocytic capacity has not been fully elucidated. A previous investigation 

studied the effect of M1-polarizing cytokine (IFN-γ ) on phagocytic signaling through FcγR 

in monocytic cells lines (Frausto-Del-Río et al., 2012). The study revealed that IFN-γ 

stimulation led to reduced phagocytosis as it relates to F-actin and the ability of macrophages 

to reorganize the cytoskeleton. Specifically, IFN-γ activates signaling pathways, and this 

occurrence siphons away resources, such as actin, which may then not be used when the 

macrophages are exposed to additional phagocytic targets, such as bioparticles (Frausto-Del-

Río et al., 2012). This was further confirmed by a study investigating IFN-γ-treated 

monocytes, which when cultured in the presence of bacteria (opsonized or not), led to 

significant deficiencies in internalizing bacterial targets compared to controls (Jungi et al., 

1989). However, these populations still displayed significant abilities in ROS production, a 

crucial step to microbial clearance.  

Differences in M1 and M2 macrophage phagocytic function can also be seen in a 

study that looked at the capacity of polarized human monocyte-derived macrophages to 

phagocytose Escherichia coli (E. coli) bioparticles (Chimal-Ramírez et al., 2016a). This 

study found that M2 macrophages displayed a much higher bioparticle uptake compared to 
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M1 populations (Chimal-Ramírez et al., 2016a). However, reduced phagocytosis within M1 

macrophages was not correlated with reduced macrophage binding of the E. coli bacteria by 

human monocyte-derived macrophages (Mendoza-Coronel & Ortega, 2017). In fact, M1 

macrophages bound to bacteria at higher levels than M2 macrophages as well as non-

polarized macrophage populations. In M1 macrophage populations, receptor binding to 

phagocytic targets allows for the initiation of ROS.  

Unfortunately, literature pertaining to changes in the phagocytic capabilities of M1 

and M2 macrophages in response to viral platforms is quite limited. Torre et al. showed that 

macrophages isolated from HIV-1 infected patients were much impaired in their phagocytic 

abilities when it came to phagocytosis of polymononuclear (PMNL) apoptotic bodies (Torre 

et al., 2002). This study found that a regulatory viral protein of HIV called Nef was the 

reason for this observation. In a separate study, HIV viral replication within alveolar 

macrophages resulted in the impairment of their phagocytic capabilities (Cribbs et al., 2015). 

This was confirmed when alveolar macrophages, isolated from subjects afflicted by the 

disease, demonstrated lower phagocytic index when they were found to contained proviral 

DNA. It was hypothesized decreased apoptotic clearance by macrophages maintains 

inflammatory states conducive to HIV-1 acute infection and overall viral persistence.  

Additional studies have investigated the ability of influenza virus to modulate 

macrophage phagocytosis. Wang et al. revealed that when challenged with virus, alveolar 

macrophages displayed lower phagocytic levels and this was confirmed when these 

macrophage populations were unable to phagocytose zymosan particles (Cooper et al., 2016; 

Wang et al., 2012). Lastly, Forman et al. explored the impact of bovine rhinotracheitis virus 

on the functional capabilities of bovine alveolar macrophages (Forman & Babiuk, 1982). 
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Infection within these macrophage populations again corresponded with a reduced 

phagocytic activity by Fc receptors. Meanwhile, complement receptors saw an initial 

heightened phagocytic ability; however, this was short lived and eventually significantly 

reduced.  

A reduction in phagocytic capacity in macrophages may offer certain viral persistence 

benefits, as seen in HIV-1 infection (Nikitina et al., 2018). Additionally, as with the case of 

many other viruses, controlling macrophage polarization and host gene expression is a 

prominent step in viral establishment and dissemination within host tissue. For our studies, 

we utilized the THP-1 model macrophage cell line, a human monocytic cell line derived from 

a patient with acute monocytic leukemia (Tsuchiya et al., 1980). We are interested in 

determining whether THP-1 macrophages exhibited differential abilities to phagocytose 

bacteria, both as a consequence of their polarization state and in their response to VSV 

infection. We hypothesize that rwt virus will inhibit host gene expression in such a way as to 

inhibit the phagocytic capabilities of M2 macrophages. Meanwhile, the rM51R-M virus 

containing a defective matrix protein will lead to the activation of the host immune response, 

M1 polarization of M2 macrophages, and possible alterations in phagocytosis due to change 

in phenotype.  

Chapter 2: Materials and Methods 

Cell Culture  

THP-1 monocytes were cultured in RPMI media (Fisher Scientific, 

Part#MT10040CV), supplemented with 10% fetal bovine serum (FBS) (R&D Systems, 

S11150), and 0.05mM 2-mercaptoethanol at 37°C and 5% CO2. Cultures were passaged 

every 3-4 days such that the cell concentration stayed between 2 and 10 x 105 cells/mL. 
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Monocytes were differentiated into adherent macrophages using 25nM Phorbol 12-myristate 

13-acetate (PMA) for 24 hours, and polarized to M1 and M2 subsets using 20ng/mL 

lipopolysaccharide (LPS) and 20 ng/mL IFN-γ, or 20ng/mL interleukin (IL)-4 and IL-13, 

respectively for an additional 48 hours. MDA-MB-231 breast cancer cells were cultured in 

RPMI media with 10% FBS at 37°C and 5% CO2. Cells were typically passaged with the aid 

of trypsin-EDTA (Millipore Sigma, 59417C) every 2-3 days at a 1:5 dilution.  

Cell Tracker Dye-labeling of Breast Cancer Cells  

Breast cancer cells were labeled with Cell TrackerTM Violet dye (ThermoFisher 

Scientific, Part#C10094) in some experiments. Briefly, breast cancer cells were plated in a 

10cm dish at a 1:5 dilution, and grown to an estimated 70% confluency after 2-3 days. Cell 

TrackerTM Violet was dissolved in dimethyl sulfoxide (DMSO) to create a 10µM stock 

solution, from which a working solution of 10mM was made in cell culture media. Breast 

cancer cells were labeled with 10nM Cell TrackerTM Violet for 30 minutes at 37°C before 

being trypsinized and harvested by centrifugation (1000 rpm-5 minutes). Cells were then 

resuspended in cell culture media for experimental use. 

Co-Culture of Breast Cancer Cells and Macrophages 

THP-1 monocytes were seeded in a 24-well plate in complete THP-1 media at 1.5 x 

105 cells/well, then polarized into M2 macrophages as described above. Breast cancer cells 

were pre-labeled with Cell TrackerTM Violet in a separate 10cm dish as previously described, 

and trypsinized and harvested by centrifugation (1000-rpm, 5 minutes). Breast cancer cells 

were then resuspended in THP-1 media containing the appropriate polarizing cytokines and 

were added to the M2 macrophage-containing wells at a 1:1 seeding ratio. Co-cultures were 

then acclimated for an incubation period of 14 hours at 37°C. 
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Viruses 

 The generation of recombinant strains of VSV, including wild-type (rwt), the matrix 

(M) protein mutant (rM51R-M), and rM51R-M virus expressing green fluorescent protein 

(rM51R-GFP), were previously described and were a generous gift from Dr. Douglas Lyles 

of the Wake Forest University School of Medicine (Black et al., 1993; Lawson et al., 1995; 

Whelan et al., 1995; Whitlow et al., 2006). Viral stocks were prepared in baby hamster 

kidney (BHK) fibroblasts for 24 hours, prior to being spun down, collected into cryovials, 

and stored at -80°C. 

Macrophage Phagocytosis of E. coli Bioparticles  

THP-1 monocytes were seeded into a 96-well plate at 1.0 x 105 cells/well, then 

polarized to M1 and M2 macrophages as described above. Macrophages were then infected 

without (mock) or with rwt or rM51R-M viruses at an MOI of 10 pfu/cell for 24 hours, after 

which the phagocytic activity was measured with the VybrantTM Phagocytosis Assay Kit 

(ThermoFisher Scientific, Part# V6694). This kit directly measures the incorporation of 

fluorescein-labeled E. coli bioparticles (K-12 strain) over a 2 hour period. Extracellular 

bioparticles were removed by adding 100µL 1X PBS for 1 minute at room temperature 

followed by vacuum aspiration. Additional extracellular fluorescence was quenched with 

100µL 1.25 mg/mL trypan blue for 4 minutes at room temperature. Intracellular fluorescence 

was measured with a GeminiTM XPS Microplate Reader (excitation at 480nm; emission at 

520nm). Bioparticle uptake (RFU) was measured by subtracting the average fluorescent 

intensity values of media-only containing wells from that of the average fluorescent intensity 

values of mock or viral-infected macrophage experimental wells. Changes in macrophage 
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phagocytosis in response to either rwt or rM51R-M infection were normalized to mock-

infection fluorescent intensity values.  

Macrophage Phagocytosis of Latex Beads  

Phagocytic activity of THP-1 macrophages was also determine using fluorescent red 

carboxylate modified polystyrene latex beads (diameter, 2.0μm) (Sigma-Aldrich, Part# 

L3030). THP-1 monocytes were seeded into a 24-well plate at 3.0 x 105 cells/well, then 

polarized into M2 macrophages as described above. Macrophages were then infected without 

(mock) or with rM51R-GFP virus at an MOI of 1 or 10 pfu/cell for 6 hours. The culture 

medium was then replaced with THP-1 media supplemented with a 500µL 0.005% 

suspension of latex beads. The cells were incubated with the latex beads for an additional 

period of 6 hours. The cells were then washed 5 times with 500µL of 1X PBS before vacuum 

aspiration and replacement with complete THP-1 media again. Phagocytic activity was 

imaged at 20X magnification using an Olympus IX-81 inverted fluorescent microscope, a 

DP80 camera, and cellSens software. Phagocytic activity was assayed using ImageJ software 

(version 1.53a) using the following parameters: (i) total phagocytic number (number of 

ingested beads per macrophage) and (ii) percentage of cells displaying active phagocytosis.  

Cell Growth and Viability 

THP-1 macrophages were assessed for cell viability in response to viral infection. 

THP-1 monocytes were seeded into a 96-well plate at 1.0 x 105 cells/well, then polarized to 

M1 and M2 macrophages as described above. Macrophages were then infected without 

(mock) or with rwt or rM51R-M viruses at an MOI of 10 pfu/cell for 24 or 48 hours, after 

which cell viability was measured with a Cell Proliferation Kit I (MTT) (Millipore Sigma, 

Part#11465007001). This kit is a colorimetric assay that measures both cell viability and 
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proliferation. Metabolically active cells would reduce the MTT reagent into a purple 

formazan crystal, after which all reagents are dissolved in a solubilization solution. 

Macrophages were first exposed to 10µL of 1X MTT reagent, added directly to the cell 

media, for 4 hours at 37°C. This was followed by the addition of 100µL of 1X solubilization 

buffer for 8 hours at 37°C. Absorbance values were then measured using a VersaMax 

Microplate Reader (absorbance at 550nm; reference at 650nm). Changes in macrophage 

viability in response to either rwt or rM51R-M infection were normalized to mock-infection 

absorbance values. 

Breast cancer cells were also assessed for proliferation/viability in response to dye-

labeling. Breast cancer cells were pre-labeled with Cell TrackerTM Violet as previously 

described or exposed to DMSO vehicle control. Cells were seeded into a 96-well plate at 3.2 

x 104 cells/well and incubated for 14 hours at 37°C.  Absorbance values were measured at 0, 

24, and 48 hours by MTT assay as described above. Changes in Breast cancer cell viability in 

response to either dye-labeling were normalized to the DMSO absorbance values. For cell 

proliferation, absorbance values were plotted over time for each experimental condition. 

VSV Replication  

The proficiency of rM51R-M virus to replicate was assessed in monocultures. Breast 

cancer cell-THP-1 macrophage co-cultures were also assessed. Breast cancer cells were 

prelabeled with Cell TrackerTM Violet as previously described to distinguish from co-

cultured macrophages. Viral replication in monocultures and Breast cancer cell-macrophage 

co-cultures was measured after infecting cells with rM51R-GFP virus at an MOI of 10 

pfu/cell. Replication in mono- or co-culture samples was determined by quantifying GFP-

positive cells at 0, 6, 12, 18, and 24 hours post-infection at 10X magnification by 
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fluorescence microscopy imaging as described above. GFP replication was assayed using 

ImageJ software (version 1.53a) and areas conforming to 750x600 pixels were randomly 

selected for quantification. 

Statistical Analysis  

Statistical analysis between mock and viral infections, MDA-MB-231 cells and M2 

macrophages, and viral infection timepoints were all conducted using unpaired two-tailed 

Student’s t-test *p < .05. **p < .01. ***p < .001. 	 

Chapter 3: Results 

Modulation of M2 Macrophage Phagocytic Capacity by VSV 

Previous data obtained in the Ahmed and Seals laboratories has shown that the M 

protein mutant strain of VSV (rM51R-M virus) is able to coerce M2 macrophages to a more 

inflammatory, M1-like state (Polzin et al., 2020). This conclusion was based on the 

observation that M2 THP-1 macrophages infected with rM51R-M strain of VSV induced the 

expression of M1 markers (pSTAT1, CD80 and TNFα). In contrast, rwt virus was more 

effective at killing M2 macrophages. Here we sought to determine whether cell killing and/or 

the upregulation of M1 markers would translate to functional changes in M2 macrophage 

populations. We first focused on the well-known role of macrophages in phagocytosis.  

In order to determine the ability of VSV to alter the phagocytic capacity of 

macrophage populations, it was necessary to (i) develop a functional assay that could 

measure M1 and M2 macrophage phagocytic propensity, and (ii) determine the impact of 

VSV on that capability. To achieve this goal, THP-1 monocytes were differentiated and 

polarized to M1 or M2 phenotypes prior to mock, rM51R-M, or rwt infection for 24 hours. 

Each treatment group was then exposed to fluorescent E. coli bioparticles over a 2-hour 
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period and intracellular fluorescent bioparticles uptake, indicative of phagocytosis, was 

determined by fluorometry. Bioparticle uptake was measured by subtracting the average 

fluorescent intensity values of media-only containing wells from that of the average 

fluorescent intensity values of mock or viral-infected macrophage experimental wells (Figure 

2A). Changes in macrophage phagocytosis in response to infection with either rwt or rM51R-

M virus were also normalized to mock-infection fluorescent intensity values (Figure 2B). 
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Figure 2 

rM51R-M and Rwt Viruses Decrease Phagocytosis in M2, but Not M1 Macrophages 

 

 

 

 

Note. (A) Detection of mean intracellular fluorescence (relative fluorescence units, RFU) emitted by 

bioparticles and engulfed by either M2 or M1 THP-1 macrophages following 24-hour infection with mock, 

rM51R-M, or rwt virus (MOI of 10 pfu/cell). (B) The data in (A) normalized to mock conditions.  

aStatistical analysis between mock and viral infections were based on an unpaired Student’s t-test.  

*p < .05. **p < .01. ***p < .001 
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M1 and M2 macrophages had different E. coli bioparticle uptake profiles under mock 

conditions such that the capability of M2 macrophages was 10.8-fold higher (Figure 2A). 

Following infection with either rwt or rM51R-M virus, M1 macrophages did not show 

significant changes in phagocytosis. This was true based on raw bioparticle uptake data and 

when uptake was normalized to mock conditions (Figures 2A and 2B). In contrast VSV 

infection lowered bioparticle uptake in M2 macrophages to levels similar to M1 macrophages 

(Figure 2A). When normalized to mock-infected cells (Figure 2B), these reductions in M2 

phagocytosis were significant for both rwt (84% reduction) and rM51R-M virus (32% 

reduction). These data suggest that (i) measurement of phagocytosis through the 

incorporation of fluorescently labeled bioparticles is an effective way of distinguishing 

macrophage populations, (ii) that this assay is a capable tool for measuring the impact of 

VSV infection on macrophage function, and (iii) that both the rwt and rM51R-M strains of 

VSV diminish the phagocytic capacity of M2 but not M1 macrophages. 

Analysis of Macrophage Viability following VSV Infection 

It is reasonable to consider whether the modulation of M2 macrophage phagocytic 

capacity by VSV is a product of viral-induced cytopathicity or M2-to-M1 phenotypic 

conversion. We therefore investigated the impact of VSV on M1 and M2 macrophage 

viability. This was done by infecting M1 and M2 macrophages with rwt or rM51R-M virus 

for 24 or 48 hours prior to a 4-hour exposure to yellow tetrazolium salt as part of an MTT 

assay. Metabolically active cells reduce the salt into a purple formazan crystal that upon 

solubilization is measured for absorbance by spectrophotometry. Changes in absorbance 

values of macrophage samples in response to infection with either rwt or rM51R-M viruses 

were normalized to absorbance values under mock-infection conditions (Figure 3). 
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Figure 3 

Rwt Virus Inhibits the Viability of M2 Macrophages 

 

Note. THP-1 monocytes were seeded in a 96-well plate before polarization to either M2, M1 or M0 subsets (M0 

is representative of non-polarized tissue-resident macrophages). Cells were then infected without (mock) or 

with rwt or rM51R-M virus (MOI of 10 pfu/cell) for a period of 24 or 48 hours. Viability of macrophages was 

then determined by a MTT cell viability assay.  

aStatistical analyses between mock and viral infections were based on an unpaired Student’s t-test  

*p < .05. **p < .01. ***p < .001 

Figure 3 shows that infection with rwt virus significantly reduced M2 macrophage 

viability at both 24 and 48 hours post-infection such that only about one-third of the cells 

retained metabolic activity. In contrast, there was no significant decrease in M2 macrophage 

viability following infection with rM51R-M virus at these time points. M1 macrophages 

displayed minimal susceptibility in response to rwt and rM51R-M viruses at 24 hours, though 

there was a small, but statistically significant decrease (7.9% reduction) in M1 macrophage 

viability following a 48 hour infection with rwt virus. rM51R-M virus did not reduce M1 

macrophage viability. The results with the M1 macrophages confirms previous results in our 

lab that indicates resistance by M1 THP-1 macrophages to VSV infection at 16 and 32 hours 
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post infection (Polzin et al., 2020). The results with the M2 macrophages (Figure 3), 

alongside the previously mentioned phagocytosis data (Figures 2A and 2B), suggests that the 

decrease in phagocytosis for M2 macrophages following infection with rwt virus may likely 

be attributed to viral-induced cytopathicity. However, for rM51R-M virus-infected M2 

macrophages, which did not see significant decreases in cell viability at 24 hour post-

infection, we can assume that the decrease in phagocytic capacity is likely due to another 

mechanism. One hypothesis is that this decrease may be attributed to viral-induced M2-to-

M1 phenotypic conversion, particularly since previous data in our lab shows that rM51R-M 

virus upregulates M1 macrophage marker expression in an infected M2 macrophage 

population (Polzin et al., 2020).  

Development of a Cancer Cell-Macrophage Co-Culture Model System 

 In addition to ascertaining how M2 macrophages are modulated by VSV in 

monoculture systems, we also desired to investigate how these cells were altered in response 

to the virus in a more authentic tumor model in vitro. We therefore sought to develop a 

simulated breast tumor microenvironment model by co-culturing M2 THP-1 macrophages in 

the presence of MDA-MB-231 breast cancer cells. MDA-MB-231 cells are a fast-

proliferating, epithelial cancer cell line isolated from a 51-year-old female with metastatic 

breast cancer (Brinkley et al., 1980). It is also an aggressive triple-negative cell line that lacks 

both the estrogen, progesterone, and HER2 receptors and therefore models a breast cancer 

which currently lacks effective treatment options (Kathryn et al., 2012). As with breast 

cancer, certain aggressive cancers are comprised of disproportionately high amounts of 

TAMs of up to 50% of the tumor mass (Kim & Bae, 2016). Therefore, to more accurately 

mimic an in vivo breast tumor microenvironment, we decided to design our in vitro tumor 
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model using a 1:1 seeding ratio of the two cell types. The total number of cells in each co-

culture equaled 3.0 x 105 cells/well and this value was important for a variety of reasons. 

First, cell confluency reached values of 60-70% upon viral infection, and this allowed for the 

virus to disseminate within our model, allowing us to easily ascertain virus-induced 

cytopathicity on cell populations. Second, this confluency allowed room for MDA-MB-231 

cells to proliferate, but in such a way as to not outcompete non-proliferating macrophage 

populations.  

In order to achieve a workable assay required the development of proper co-culture 

conditions. Therefore, we sought out to establish a co-culture model capable of 

distinguishing each cell type such that the responses of both cell populations to VSV 

infection could be ascertained. To visually distinguish THP-1 macrophages and MDA-MB-

231 breast cancer cells within the context of the co-culture model, we labeled the MDA-MB-

231 cells with Cell TrackerTM Violet. Cell TrackerTM Violet is a fluorescent dye that localizes 

to the cytoplasm and has the ability to be retained through several cell generations (>72 

hours). To determine an optimal dye concentration, we evaluated cytotoxicity in the labeled 

MDA-MB-231 cells under three different working concentrations of Cell TrackerTM Violet 

(5, 10 and 15 µM). Briefly, MDA-MB-231 cells were plated in a dish and allowed to reach 

70% confluency prior to incubation with pre-made working solutions of media containing the 

dye for 30 minutes at 37°C. The labeled cells were subsequently washed with PBS, 

trypsinized, harvested by centrifugation, and resuspended in a 96-well plate. MDA-MB-231 

cell viability was assessed using the same MTT assay used previously for the THP-1 

macrophages. Absorbance values at 0, 24 and 48 hours were measured using a 

spectrophotometer, and then normalized to the absorbance values of a DMSO vehicle control 
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(Figure 4A). MDA-MB-231 cell growth in response to Cell TrackerTM Violet-labeling was 

also measured as the change in absorbance values over time (Figure 4B). 
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Figure 4 

Higher Concentrations of Cell TrackerTM Violet Negatively Affects Breast Cancer Cell 

Viability and Proliferation 
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Note. (A) MDA-MB-231 cells were plated in 96-well plates to 70% confluency after which CellTrackerTM 

Violet (CT) was added at 5, 10, or 15 µM for 0, 24, or 48 hours. Viability (A) and cell growth (B) were 

determined by MTT assay. (C) Labeling efficiency is the percentage of cells labeled with 10 µM CellTrackerTM 

Violet as a function of time. Cells were counted from five, independent fluorescent microscopy timepoints in 

24-well plates. (D) Representative images of unlabeled and labeled cells with 10 µM CellTrackerTM Violet for 

24 hours.  

aData from (A) and (B) are the results of a single experiment, while data from (C) are the results of three, 

independent experiments. 

 Figures 4A and 4B demonstrate that both MDA-MB-231 cell viability and proliferation 

were negatively affected by higher concentrations of Cell TrackerTM Violet. After 24 hours, 

cell viability was 91%, 82% and 63% of mock conditions for the 5 µM, 10 µM and 15 µM dye 

concentrations, respectively (Figure 4A). Viability readings remained around these values at 

48 hours. Similar dye concentration-dependent decreases were seen in cell proliferation as well 

(Figure 4B). Ultimately, in order to optimally distinguish MDA-MB-231 cells within the 

context of the co-culture model, while also minimizing cytotoxic effects in response to the dye, 

10 µM Cell TrackerTM Violet dye was selected as the ideal dye concentration for labeling 

D 
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MDA-MB-231 cells. Over 91% of the cells are labeled at this dye concentration after 24 hours 

(Figures 4C and 4D). 

Using GFP-Expressing Strains of VSV for Measuring Virus-Infected Cell Types 

 In order to more comprehensively ascertain the ability of VSV to alter macrophage 

and cancer cell populations within a simulated breast tumor model, it was necessary to 

discern the level to which VSV was infecting these different cell populations. To accomplish 

this, cells were infected with rM51R-GFP virus as a means to discriminate cell populations 

that were displaying active viral replication. As previously described, MDA-MB-231 cells 

were pre-labeled with Cell TrackerTM Violet prior to co-culturing with M2 THP-1 

macrophages within this model system. Therefore, labeled MDA-MB-231 cells displaying 

active viral replication would turn teal (violet and green together), while unlabeled 

macrophages would instead turn green upon VSV infection due to GFP fluorescence alone. 

This assay was therefore capable of (i) determining the propensity of VSV to infect and 

replicate in either MDA-MB-231 or M2 macrophage populations within the context of the 

co-culture model, and (ii) determining the degree to which these cell populations might be 

negatively affected by VSV over time.  

 Representative images of co-cultured MDA-MB-231 cells and M2 THP-1 

macrophages following rM51R-GFP infection are shown in Figure 5. To accomplish this, 

labeled breast cancer cells and unlabeled macrophages were co-cultured together and allowed 

to acclimate for approximately 14 hours prior to infection with GFP-expressing rM51R-M 

virus at an MOI of 10 pfu/cell for 12 hours. Live cell images were taken by fluorescence 

microscopy. Composite images were obtained by merging brightfield, DAPI, and FITC 

channels. The DAPI channel enabled visualization of Cell TrackerTM Violet-labeled MDA-
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MB-231 cells. The FITC channel enabled visualization of cells in which rM51R-GFP virus 

was actively replicating. 
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Figure 5 

A Simulated Breast Tumor Model Can Differentiate VSV-Infected Macrophages and Breast 

Cancer Cells in Co-Culture 

 
 

Note. Microscopic images of co-cultured MDA-MB-231 breast cancer cells and pre-polarized M2 THP-1 

macrophages following 12 hours of rM51R-GFP virus infection (Brightfield Panel). Shown is a single image of 

all cells (Brightfield), the breast cancer cells labeled with CellTrackerTM Violet dye (DAPI), the GFP-expressing 

cells supporting viral replication (FITC), as well as a merged images capable of distinguishing all experimental 

conditions (Composite).  

aMΦ = Uninfected Macrophage, MΦ* = Infected Macrophage, BC = Uninfected MDA-MB-231 cell, BC* = 

Infected MDA-MB-231 cell. 
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These results demonstrate that a simulated tumor model can differentiate macrophage 

and cancer cells in co-culture, as well as discern whether active viral replication is occurring 

within each of these cell populations.  

Measurement of Virus Replication and Cytopathicity in Monoculture 

Before investigating the potential of VSV to alter macrophage or cancer cell 

populations in co-culture, it was first necessary to analyze how the cells respond individually 

to the virus. To this end, M2 THP-1 macrophages or MDA-MB-231 cells in monoculture 

were individually infected with rM51R-GFP virus. Images were taken at 0, 6, 12, 18, and 24 

hours post-infection by fluorescence microscopy. Viral replication was determined by 

quantifying GFP-positive cells at the respective timepoints relative to the total observed cells 

(Figure 6A). Total cell counts were also assessed at each timepoint as an indication of virus-

induced cytopathicity and expressed as a fold-change relative to 0 hours post-infection 

(Figures 6B and 6C).  

 

 

 

 

 

 

 

 

 

 



VSV SUPP THE PHAG CAP OF A TUMOR-PROM MACRO POP 42 

Figure 6 

rM51R-M Virus Preferentially Replicates Within, but Does Not Significantly Diminish MDA-

MB-231 Cell Counts in Monoculture 
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Note. THP-1 monocytes were seeded in a 24-well plate before polarization to M2 macrophages, while Cell 

TrackerTM Violet-labeled MDA-MB-231 cells were cultured separately. Both populations were infected without 

(mock) or with rM51R-GFP virus (MOI of 10 pfu/cell) for 24 hours. Images were taken by fluorescence 

microscopy at 0, 6, 12, 18, and 24 hours post-infection. (A) shows the percentage of GFP-positive cells, while 

(B) and (C) are the total cell counts plotted as the fold-change relative to the 0 hour timepoint for M2 

macrophages and MDA-MB-231 cells, respectively.  

aStatistical analysis in (A) is relative to 6 hours or between M2 macrophages and MDA-MB-231 cells as shown, 

while in (B) and (C) is relative to mock conditions.  

*p < .05. **p < .01 

Both cell types supported viral replication in monoculture as evidenced by the 

increasing percentage of GFP-positive cells at 12 and 18 hours post-infection in comparison 

to the 6 hour post-infection measurements (Figure 6A). At best, over 83% of MDA-MB-231 

cells were supporting rM51R-M virus replication by 18 hours post-infection. This compared 

to 60% for M2 macrophages at 12 hours post-infection. Indeed, VSV infected a higher 

percentage of MDA-MB-231 breast cancer cells than M2 THP-1 macrophages in 

monoculture. The differences between the two cell lines were modest and statistically 

insignificant at 6 and 12 hours, but were statistically significant at 18 and 24 hours. The 

infection of MDA-MB-231 cells was also more sustained than it was for M2 macrophages. 

Viral replication in M2 macrophages peaked at 12 hours and by 24 hours had returned to 

levels similar to that of 6 hours post-infection, with about 23% of the cells labeled with GFP. 

In contrast, viral replication in MDA-MB-231 cells was still occurring in over 63% of the 

cells after 24 hours, which was still 23% higher than observed at 6 hours post-infection. 

When considering whether active viral replication within M2 macrophages or MDA-MB-231 

cells translated to increased cell death, we found that there was an instance where the virus 

led to appreciable decreases in M2 macrophage cell counts in monoculture at 24 hours post-



VSV SUPP THE PHAG CAP OF A TUMOR-PROM MACRO POP 44 

infection (Figure 6B). However, despite the higher percentage of MDA-MB-231 cells 

supporting viral replication, there was little change in MDA-MB-231 cell counts at any of the 

observed timepoints (Figure 6C).  

Measurement of Virus Replication and Cytopathicity in Co-Culture 

Once we tested the ability of VSV to infect and kill cells individually, we determined 

the effect of rM51R-GFP virus on M2 macrophage and/or MDA-MB-231 cells in a co-

culture setting.  THP-1 monocytes were plated in a 24-well plate and subsequently polarized 

to M2 macrophages. Afterwards, Cell TrackerTM Violet-labeled MDA-MB-231 cells were 

transferred to the dish containing the M2 macrophages and allowed to acclimate for a period 

of 14 hours. The co-cultures were then infected without (mock) or with rM51R-GFP virus for 

24 hours, and images were taken at 0, 6, 12, 18, and 24 hours as previously described in the 

monoculture study. GFP-expressing populations (Figure 7A) and total cell counts (Figures 

7B and 7C) were quantified and graphed also as previously described. 
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Figure 7 

rM51R-M Virus Preferentially Replicates Within and Decreases Total MDA-MB-231 Cell 

Counts in Co-Culture 
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Note. THP-1 monocytes were seeded in a 24-well plate before polarization to M2 macrophages. Cell TrackerTM 

Violet-labeled MDA-MB-231 cells were then added to the M2 macrophages at a 1:1 ratio for 14 hours before 

being infected without (mock) or with rM51R-GFP virus (MOI of 10 pfu/cell) for 24 hours. Images were taken 

by fluorescence microscopy at 0, 6, 12, 18, and 24 hours post-infection. (A) shows the percentage of GFP-

positive cells while (B) and (C) are the total cell counts normalized to mock conditions for M2 macrophages 

and MDA-MB-231 cells, respectively.  

aStatistical analysis in (A) is relative to 6 hours or between M2 macrophages and MDA-MB-231 cells as shown, 

while in (B) and (C) is relative to mock conditions.  

*p < .05. **p < .01 

As suggested in the monoculture study (Figure 6A), VSV exhibited a preference for 

replicating in MDA-MB-231 cancer cells over M2 THP-1 macrophages (Figure 7A). This 

was generally true throughout the investigated 24 hour period, but was statistically 

significant at the 12 and 18 hour timepoints (as opposed to the 18 and 24 hour timepoints in 

monoculture; Figure 6A). Additionally, as also seen in the monoculture study, the percentage 

of GFP-expressing cells was significantly higher at 12 hours for both M2 macrophages and 

MDA-MB-231 cells in comparison to 6 hours (Figure 7A). Maximum viral replication was 

seen in 48% of the M2 macrophages and 74% of MDA-MB-231 cells. In reference to any 

changes seen in total cell counts in co-culture, no significant differences were seen in the first 

18 hours (Figure 7B and 7C). However, by 24 hours there was a significant increase in the 

number of M2 macrophages relative to mock conditions, while we observed a significant 

decrease in cell counts for MDA-MB-231 cells. 

Together, these data allude to the permissive nature of MDA-MB-231 breast cancer 

cells to infection with rM51R-M virus and how this is followed by appreciative cell death at 

later timepoints when in co-culture with M2 macrophages (Figure 7C). Meanwhile, there was 

no significant decrease in M2 macrophage counts due to rM51R-M viral infection (Figure 



VSV SUPP THE PHAG CAP OF A TUMOR-PROM MACRO POP 47 

7B). We believe this may signify that the functionality of the remaining M2 macrophages is 

altered by the virus. 

Comparing the Impact of VSV in Mono- Versus Co-Culture Conditions  

 We next compared GFP-expressing populations and total cells counts between 

monoculture and co-culture conditions from Figures 6 and 7, respectively. GFP-expressing 

populations were quantified by the previously described methods and the representative 

measurements were expressed as a percentage of the total observed cells (Figures 8A and 

8B). Total cell counts were also quantified as previously described and expressed as a raw 

number of the observed cell counts (Figures 8C and 8D).  
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Figure 8 

rM51R-M Virus Decreases Total MDA-MB-231 Cell Counts in Co-Culture, but Not 

Monoculture 
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Note. Data are that of Figures 6 and 7. (A) and (B) are the percentage of GFP-positive MDA-MB-231 cells and 

M2 macrophages, respectively. (C) and (D) are the total cell counts of M2 macrophages and MDA-MB-231 

cells in monoculture and co-culture conditions, respectively.  

aStatistical analysis in (A) and (B) is between monoculture and co-culture conditions, while in (C) and (D) is 

relative to 0 hours or between M2 macrophages and MDA-MB-231 cells as shown. bSignificance was based on 

unpaired Student’s t-tests  

*p < .05. **p < .01. ***p < .001 

 Figure 8A indicates that the ability of rM51R-M virus to replicate within MDA-MB-

231 breast cancer cells in monoculture versus co-culture follows a similar increasing 

trajectory up to 12 hours post-infection, but by 18 hours post-infection there was a higher 

propensity for viral replication in monoculture. Yet, in monoculture conditions, there was no 

significant difference in total MDA-MB-231 cell counts (Figure 8C) while in co-culture 

conditions there was a trending decrease (Figure 8D). While the differences in MDA-MB-

231 counts between 0 and 24 hours in co-culture were not statistically significant, we do 

know that the differences in MDA-MB-231 cell counts between mock and infected co-

cultures is significantly different by 24 hours (Figure 7C). This suggests that rM51R-M virus 

is potentially hampering the growth of these cells in co-culture. 

D 
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Figure 8B indicates that the ability of the rM51R-M virus to infect M2 macrophages 

in monoculture and co-culture conditions was not significantly different from one another. 

However, the data did show an appreciable difference in M2 macrophage total cell counts 

across these conditions. In monoculture, we observed significant decreases in cell counts in 

M2-infected macrophages by 24 hours (Figure 8C). However, this trend was not seen for 

M2-infected macrophages in co-culture (Figure 8D.) As the virus is not killing M2 

macrophages in co-culture, we might assume it is changing the functional capabilities of 

these macrophages. Therefore, it seemed prudent to validate the functional impact of the 

virus on M2 macrophages in a co-culture setting, and to this end a latex bead assay for 

phagocytosis was developed to test that hypothesis.  

Accordingly, THP-1 M2 macrophages were plated separately in a 24-well plate and 

subsequently infected with rM51R-GFP virus. After 6-hours the culture media was replaced 

with a 0.005% media suspension of fluorescent red latex beads. The M2 macrophages were 

then incubated with the beads for 6 hours. Following this period, live cell images were taken 

through fluorescent microscopy (Figure 9A). Phagocytic activity was assessed using the 

following specifications: (i) total phagocytic number (number of ingested beads per 

macrophage) (Figure 9B) and (ii) percentage of phagocytic cells displaying active 

phagocytosis (ingested at minimum 1 bead) (Figure 9C). 
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Figure 9 

rM51R-M Virus Decreases Latex Bead Phagocytosis by M2 Macrophages in Monoculture 

 

 

 

 

 

 

A 

B 

C 



VSV SUPP THE PHAG CAP OF A TUMOR-PROM MACRO POP 52 

Note. (A) Representative live cell images of M2 macrophages phagocytosing fluorescent latex beads without 

(mock) or with rM51R-GFP virus (MOIs of 1 or 10 pfu/cell) at 12 hours post-infection. (B) The total number of 

ingested beads counted from among six images per experimental condition and over three, independent 

experiments. (C) Percentage of macrophages displaying active phagocytosis of latex beads.  
aStatistical analysis between mock and viral infections were based on an unpaired Student’s t-test  

*p < .05 

Figure 9A demonstrates rM51R-M virus decreases the degree of latex bead 

phagocytosis by M2 macrophages. Figures 9B and 9C indicates that M2 Macrophages 

display decreased latex bead ingestion, both in terms of number of ingested beads per cell 

and the percentage of cells ingesting beads, following viral infection. This is seen as a 

leftward shift in the phagocytic profile of M2 macrophages in response to increasing MOI 

(Figure 9B). Moreover, M2 macrophages infected with an MOI of 10 pfu/cell lead to a 

significant decrease in the number of macrophages engaged in active phagocytosis (Figure 

9C). However, valid questions remain as to whether viral replication in M2-infected 

populations can be used to discriminate macrophage populations undergoing active 

phagocytosis. 

To this end, we evaluated whether GFP-positive or GFP-negative M2 macrophages 

had phagocytic abilities. Accordingly, M2 macrophages were imaged by the previously 

described methods (Figure 10A). Data was then quantified and graphed as a percentage of 

phagocytic cells per experimental condition (Figure 10B). 
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Figure 10 

rM51R Virus Decreases the Percentage of Phagocytic M2 Macrophages for Both GFP-

Positive and GFP-Negative Populations at an MOI of 10 pfu/cell  

 

 

 

 

A 

B 



VSV SUPP THE PHAG CAP OF A TUMOR-PROM MACRO POP 54 

Note. (A) Representative live cell images of M2 macrophages phagocytosing fluorescent latex beads with 

rM51R-GFP virus (MOIs of 1 or 10 pfu/cell) at 12 hours post-infection. Shown are images of M2 macrophages 

phagocytosing latex beads (TRITC and Brightfield), the GFP-expressing cells supporting viral replication 

(FITC), as well as a merged image distinguishing all experimental conditions (Composite). (B) Percentage of 

phagocytic macrophages that are GFP-positive versus GFP-negative. 

aMΦ = Uninfected Macrophage, MΦ* = Infected Macrophage, P-MΦ = Uninfected, Phagocytosing 

Macrophage, P-MΦ* = Infected, Phagocytosing Macrophage. bStatistical analysis between GFP-positive and 

GFP-negative populations, and mock and viral infections were based on an unpaired Student’s t-tests  

*p < .05 

 Figure 10A demonstrates the latex bead/rM51R-GFP combination allows for the 

determination of GFP-expressing cells, in addition to whether infected cells are undergoing 

active phagocytosis. Figure 10B indicates, at an MOI of 1 pfu/cell, GFP-positive populations 

had a significantly greater percentage of phagocytic macrophages than GFP-negative 

populations. It was also observed, upon increasing the MOI to 10 pfu/cell, there was no 

significant difference in the phagocytic capabilities of macrophages displaying active viral 

replication compared to those that were not infected. This data indicates, at a higher viral 

load, GFP-positive and GFP-negative populations similarly display decreased phagocytic 

capabilities. We speculate phagocytosis was reduced compared to mock conditions because 

these M2 macrophages are either infected with virus and/or are responding to cytokines 

released into the media that are converting them to a more ‘M1-like’ phagocytic profile. 

Overall, this data is an indication of support for M2 to M1 phenotypic conversion by the 

rM51R virus. 
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Chapter 4: Discussion 

Differences Between the Phagocytic Profiles of M1 and M2 Macrophages 

The goal of this study was to determine whether THP-1 macrophages exhibit 

differential abilities to phagocytose bacteria, both as a consequence of their polarization state 

and in their response to infection with oncolytic VSV. To address the first aim, we examined 

the phagocytic capacity of model M1 or M2 macrophages when incubated in the presence of 

fluorescent E. coli bioparticles and observed that there was a distinct phagocytic profile 

between the two macrophage populations. Specifically, M2 macrophages had significantly 

greater phagocytic capabilities as compared to M1 macrophages. These findings are 

consistent with previous studies that have similarly investigated the ability of M1 or M2 

macrophages to phagocytose fluorescent E. coli bioparticles and found M2 macrophages to 

have the greater phagocytic index of the two subtypes (Chimal-Ramírez et al., 2016b; 

Mendoza-Coronel & Ortega, 2017). In contrast, other evidence suggest M1 macrophages 

have a higher propensity to phagocytose certain bacterial antigens, such as S. aureus 

bioparticles, compared to M2 subsets (Shiratori et al., 2017). Due to the conflicting nature of 

the available literature pertaining to M1 or M2 macrophage phagocytic profiles, a further 

dissection of how polarization alters the phagocytic capacity of macrophages is warranted. 

One plausible explanation for the decreased phagocytic capacity of M1 macrophages 

relates to the impact of inflammatory cytokines on cytoskeletal reorganization. Frausto-Del-

Rio et al. found that when human monocyte-derived macrophages (MDMs) were stimulated 

with IFN-γ, there was decreased phagocytosis by M1 macrophages towards both opsonized 

and unopsonized fluorescent E. coli bioparticles (Frausto-Del-Río et al., 2012). In contrast, 

MDMs polarized towards M2 macrophages displayed increased phagocytosis of both E. coli 
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bioparticles, opsonized phagocytic targets, apoptotic cells, as well as latex beads. Perhaps the 

changes in macrophage phagocytic proficiency following M1 or M2 polarization are not 

specific to a particular phagocytic target or receptor (Frausto-Del-Río et al., 2012; Jungi et 

al., 1989; Mendoza-Coronel & Ortega, 2017). Further investigations uncovered that upon 

IFN-γ stimulation, there was activation of the Phosphoinositide 3-kinase (PI3K) signaling 

pathway, leading to downstream Rac1 activation and F-actin assembly (Frausto-Del-Río et 

al., 2012). Thereby, this process effectively leads to a reduction in the available molecules 

necessary for actin polymerization and impairs the ability of M1 macrophages to participate 

in cytoskeletal rearrangement. Together, this process culminates in the reduced ability of M1 

macrophages to phagocytose upon exposure to phagocytic stimuli (Frausto-Del-Río et al., 

2012). In contrast, M2 polarization does not alter this signaling pathway and the available 

pool of molecules necessary for actin polymerization and phagocytosis remain unchanged 

(Frausto-Del-Río et al., 2012). 

Another possibility is that the decreased phagocytic capacity of M1 macrophages may 

be related to how M1 polarization alters the luminal environment of the maturing phagosome 

(Yates et al., 2007). Inflammatory cytokines, such as IFN-γ and/or LPS, lead to reductions in 

hydrolytic activity of the early phagosome by reducing/delaying phagosome-lysosome 

fusion. This leads to reduced proteolysis of phagocytosed materials compared to 

unstimulated macrophages. How these alterations directly affect endocytosis and overall 

phagocytic efficiency is not fully known, but the reduced hydrolytic activity of maturing 

phagosomes may enable M1 macrophages to optimize microbial killing to preserve bacterial 

epitopes for antigen presentation in a way that is consistent with M1 macrophage function 

(Canton et al., 2014; Yates et al., 2007).  
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Still another study showed that while M1 macrophages phagocytosed fluorescent E. 

coli bioparticles to a lesser extent than their M2 counterparts, M1 macrophages bound to E. 

coli at a much higher rate (Mendoza-Coronel & Ortega, 2017). As receptor binding to 

phagocytic targets is a requisite event in the initiation of ROS production within 

inflammatory macrophages, it is perhaps not surprising that M1 macrophages experienced 

exceedingly elevated rates of ROS production within the context of the assay. Certain 

immune cell populations, such as neutrophils, produce extracellular ROS to attack pathogens 

that are too large to phagocytose. It is conceivable a similar situation is occurring among M1 

macrophages (Herb & Schramm, 2021). This observation, alongside the prominent 

cytoskeletal impairments found among M1 macrophages, more appropriately addresses the 

reduced M1 phagocytic capabilities towards E. coli bioparticles. However, we are hesitant to 

describe M2 macrophages as the more ‘phagocytic-superior’ phenotype. M1 macrophage are 

more proficient than M2 phenotypes in the phagocytosis of certain intracellular pathogens, as 

in the case of S. aureus, and it is believed increased ROS production, and enhanced microbial 

activity aids in their phagocytic efficiency towards this pathogen (Martinez & Gordon, 2014). 

Another valid question remains as to whether THP-1 derived macrophages display 

similar phagocytic capabilities compared to macrophages obtained from other models. One 

study determined the propensity of macrophages to phagocytose E. coli bioparticles across 

M1 and M2 macrophages from THP-1, U937 and primary monocyte models (Chimal-

Ramírez et al., 2016a). Although there was a consensus in that highest phagocytic activity 

occurred within M2 macrophages, there were subtle differences in overall phagocytic 

efficiency between polarized macrophages of different models. Therefore, future 
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investigations may need to more thoroughly evaluate the phagocytic physiology of THP-1 

macrophages in comparison to macrophage of other models.  

Overall, M1 and M2 macrophages have distinct approaches in removing phagocytic 

targets, and the discrepancies in their phagocytic abilities likely accounts for the differences 

in their functional roles. M1 macrophages eliminate pathogens through ROS deployment and 

regulate pathogen engulfment for proteolytic processing and antigen presentation (Canton et 

al., 2014). In contrast, M2 macrophages, clear dead and particulate matter within their 

immediate environment and primarily carry out this process through phagocytosis. As this 

process is rudimentary to their homeostatic responsibilities, it is understandable how M2 

macrophages may have more efficient overall phagocytic capabilities.  

VSV Alters the Phagocytic Capacity of M2 macrophages 

Previous data in the Ahmed and Seals laboratories has highlighted the ability of rwt 

and rM51R-M viruses in modulating the functional capabilities of M2 macrophages through 

impairment of the actin-rich podosomes they form to support motility/invasion (Polzin et al., 

2020). Here we determined whether viral-induced debilitations in macrophage behavior 

would extend to other critical macrophage functions like phagocytosis. To date, limited 

studies have investigated the ability of viruses to modulate phagocytosis in THP-1-derived 

M1 or M2 macrophages. We are further unaware of any literature directly implicating viruses 

in modulating macrophage phagocytosis as a direct consequence of viral-mediated 

phenotypic coercion. Although HIV-1-related phagocytic dysfunction and M1 phenotypic 

induction have not been directly linked, the correlation between the two processes reveals 

interesting mechanistic insights behind viral agents suppressing macrophage phagocytosis 

and inducing the phenotypic changes that promote AIDS (Joshi et al., 2008; Roff et al., 2013; 
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Staitieh et al., 2017). The mechanism by which HIV-1 related proteins reduced alveolar 

phagocytosis was found to be associated with the suppression of transcription nuclear factor 

(erythroid-derived 2)-like (Nrf2), an important regulator of redox homeostasis (Staitieh et al., 

2017). Its inhibition led to decreased phagocytosis, coupled with an influx of ROS and 

heightened inflammatory cytokine expression. Accordingly, HIV-1 infection has been 

associated with higher levels of IFN-γ in the lungs and has been found to drive human 

MDMs toward M1-like phenotypes, a subset favoring HIV-1 persistence (Roff et al., 2013). 

As mentioned above, our study focuses on investigating the ability VSV to 

specifically modulate the function of a macrophage population (M2) complicit in potentiating 

cancer progression. While numerous studies have investigated the ability to directly kill 

cancer cells, many questions remain unanswered regarding the ability of this virus to target 

components of the tumor microenvironment. We found that both rwt and rM51R-M viruses 

suppress phagocytosis in M2 macrophages while M1 macrophages remain unaffected. 

Further analysis revealed that the decrease in phagocytosis following infection of M2 

macrophages with rwt virus was likely attributed to increased cell death. In contrast, M2 

macrophages infected with rM51R-M virus remained viable up to the 48 hour time point 

tested here. Our data, alongside previous data by Polzin et al., leads us to believe that the 

functional changes in M2 THP-1 macrophages following rM51R-M virus infection may be 

due to their coercion to a more M1-like phenotype (Polzin et al., 2020). This data is 

reinforced by the observation that following infection of M2 macrophages with rM51R-M 

virus, phagocytic levels were similar to those observed in rM51R-M virus-infected M1 

macrophages (Figure 2). We believe that these findings highlight the different mechanisms 

by which VSV strains targets M2 macrophages and alters their functions. Further 
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investigations revealed rM51R-M virus-infected M2 macrophages also displayed decreased 

abilities to phagocytose fluorescent latex beads in monoculture, and we believe this model 

can be used to validate the functional impact of the virus on M2 macrophages in a co-culture 

setting (Figure 9). 

Previous studies have dissected the mechanisms by which different cell types, 

including immune cells, respond to infection with both rwt and rM51R-M viruses. rwt virus 

contains a wild-type M protein that inhibits host gene expression by blocking host 

transcription and nucleocytoplasmic transport (Ahmed et al., 2003; Ahmed & Lyles, 1998; 

Petersen et al., 2000). This suppresses the host antiviral response, through the inhibition of 

type I IFN gene expression, and culminates in unrestricted VSV replication and spread. By 

suppressing the expression of anti-apoptotic genes in the mitochondria-associated intrinsic 

pathway, rwt virus induces apoptosis in infected cells (Kopecky et al., 2001; Kopecky & 

Lyles, 2003). The ability of rwt virus to kill M2 macrophages is similar to the killing of 

myeloid dendritic cells (mDC) (Ahmed et al., 2006). M2 macrophages, like myeloid DCs, 

constitutively express low levels of antiviral genes and are naturally susceptible to infection 

and killing by wild-type strains of VSV. In addition, the relationship between the ability of 

rwt virus to inhibit host gene expression in M2 macrophages and debilitate their functional 

ability through inhibition of podosome development has previously been shown (Polzin et 

al., 2020). Therefore, our findings support that rwt virus modulates M2 macrophages through 

changes in host gene expression, thus reducing the expression of genes necessary for M2 

phagocytosis and/or decreasing the viability of M2 macrophages.  

Meanwhile, rM51R-M virus contains a mutation in its M protein sequence leading to 

a defect in its ability to inhibit the host antiviral response in infected cells. Therefore, 
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rM51R-M virus is a potent inducer of the type I IFN response (Ahmed et al., 2008). As a 

result, rM51R-M virus, along with other M protein mutant strains of VSV are not only being 

investigated as a safer therapeutic alternatives to wild-type VSV strains, but are also 

highlighted for their immunogenic properties (Polzin et al., 2020). Ahmed et al. characterized 

the ability of the rM51R-M virus to activate type I IFN signaling within mDC leading to 

mDC maturation. This was indicated by an increase in surface expression of maturation 

markers CD40, CD80 and CD86, the secretion of pro-inflammatory cytokines, and the 

activation of naïve T cells in vitro (Ahmed et al., 2006, 2008). We believe that it is through 

the ability of rM51R-M virus to induce antiviral immunity in infected cells that it is also 

effective at coercing M2 macrophages to a more M1-like state (Polzin et al., 2020). M2 

macrophages infected with rM51R-M virus display heightened expression of M1 markers 

like CD80 as well as TNFα, a cytokine that has been suggested to block expression of genes 

associated with M2 polarization (Kratochvill et al., 2015). Furthermore, rM51R-M virus 

induces STAT1 phosphorylation in M2 populations, a marker unique to pro-inflammatory 

M1 macrophages (Polzin et al., 2020). Therefore, rM51R-M virus has been recognized as a 

promising platform for the stimulation of immune cells in an immunosuppressive 

environment, such as tumors (Ahmed et al., 2010). 

While we found that rM51R-M virus did not affect the viability of M2 macrophages 

in this study, these findings are different from prior studies in the Ahmed and Seals 

laboratories. Polzin et al. observed a decrease in the viability of M2 macrophages by over 

40% upon infection of cells with rM51R-M virus at the same multiplicity of infection (Polzin 

et al., 2020). There are many plausible reasons for these discrepancies, but perhaps the most 

prominent relates to technical differences between these studies, specifically difference in 
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cell density due to seeding variations. Wan et al. previously optimized the E. coli 

fluorometric assay and found macrophage phagocytosis peaked at seeding numbers of 1 x 

105 cells/well in a 96-well plate (Wan et al., 1993). Following these parameters, we 

implemented similar seeding values within the context of the VybrantTM Phagocytosis Assay 

Kit, as well as the Cell Proliferation Kit I (MTT). The cell density in these studies is higher 

than our usual values for measuring active virus replication and virus-induced cytopathic 

effects. We have consistently observed that heightened cell density values are associated with 

lower levels of virus replication, perhaps due to lack of active expression of host factors 

necessary for viral functions or through the inadequate exposure of receptors on the surface 

of surrounding cells. Furthermore, in the Polzin et al. study, different timepoints of infection 

were analyzed (16 hours and 32 hours) and this difference makes it difficult to directly 

compare the results of the two studies (Polzin et al., 2020). Regardless, the sustained viability 

of M2 macrophages upon infection with rM51R-M virus in this investigation suggests that 

the drastic change in phagocytosis is not due to the ability of rM51R-M virus to kill M2 

macrophages, but rather a result of an alternative effect such as the conversion of M2 

macrophages to an M1-like phenotype.   

Unlike M2 macrophages, M1 macrophages were not susceptible to virus-mediated 

changes in phagocytosis by either rwt or rM51R-M viral strains. We believe that this finding 

highlights the ability of M1 macrophages to display a natural resistance to infection with 

VSV. THP-1 monocytes polarized to M1 phenotypes induce the JAK/STAT signaling 

pathway, and the consequence of this process leads to expression of antiviral genes, such as 

Mx and OAS-1 (Haller et al., 2007; Sadler & Williams, 2008). Once expressed, Mx proteins 

associate with viral nucleocapsids, and other viral structures, to facilitate viral trapping and 
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degradation (Sadler & Williams, 2008). Meanwhile, expressed OAS-1 proteins activate latent 

RNase-L and this enables them to cleave viral RNAs (Sadler & Williams, 2008). M1 

macrophages are therefore naturally primed to antiviral states and have considerable abilities 

to prevent virus replication or mediate viral clearance. Polzin et al. showed that M1 

macrophages display negligible changes in cell viability following infection with rwt or 

rM51R-M viruses at 32 hours (Polzin et al., 2020). While our investigation mostly agrees 

with these findings for the most part, some differences do exist.  By 48 hours, we observed a 

small, but significant amount of cell death in M1 macrophages following infection with rwt 

virus. However, this decrease in cell viability was much lower than that observed in M2 

macrophages infected with rwt virus. Overall, we can safely conclude that M1 macrophages 

are more resistant to infection and the subsequent cell death induced by VSV. 

Studies with the rwt and rM51R-M strains of VSV reveal interesting effects on 

macrophages. Their mutual specificity towards M2 macrophages alongside their differential 

abilities to modulate M2 macrophage functions opens potential avenues for future 

investigations focused on characterizing the relationship between VSV and TAMs. It would 

be interesting, for example, to determine whether the observed resistance of M1 macrophages 

to viral-induced changes in phagocytosis would be consistent with other M1 macrophage 

agonists. As previously mentioned, M1 macrophages have heightened abilities to 

phagocytose intracellular bacteria, so using the VybrantTM Phagocytosis Assay Kit with S. 

aureus bioparticles would serve as an alternative to those used in our study with E. coli. 

VSV Replication within Breast Cancer-Macrophage Co-Cultures 

In addition to VSV’s ability to modulate M2 macrophages, another promising 

attribute of the virus lies in its inherent ability to disseminate within tumor 
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microenvironments (Lichty et al., 2004). Cancer cells are permissive cell types for viral 

infection due to the accumulated mutations in the type I IFN antiviral pathway (Bell et al., 

2003). The IFN response pathway is anti-proliferative in nature so debilitating this pathway 

is beneficial for cancer development and disease progression. However, these alterations also 

leave cancer cells susceptible to virus replication and virus-induced cytopathic effects 

relative to normal cells with intact antiviral responses (Chiocca, 2002). Nevertheless, 

numerous oncolytic viral therapies attempt to increase viral selectivity towards cancer cells 

(Hajeri et al., 2020). For example, an oncolytic strain of VSV (VSV-IFN-β), which is 

currently in clinical trials, expresses the type I IFN-β. IFN-β enhances the resistance of 

normal cells to infection and killing by VSV, thus limiting viral spread to only the cancer 

cells (Willmon et al., 2009). In this regard, the VSV-IFN-β strain is similar to the rM51R-M 

virus used in our studies. While such viruses exhibit great potential as selective oncolytic 

agents, it is valid to question whether triggering potent antiviral responses within tumor sites 

would negatively impact viral dissemination (Willmon et al., 2009). It is therefore necessary 

to carry out investigations on the replicative ability of VSV at tumors sites in order to more 

comprehensively understand the therapeutic potential of these strains.  

Because rM51R-M virus is similar to VSV-IFN-β in its ability to induce the type I 

IFN antiviral response, we evaluated its replicative proficiency in a simulated tumor 

microenvironment in vitro. Additionally, we were interested in determining whether 

culturing cancer cells with macrophages would alter the ability of VSV to infect and kill 

cancer cells. To address these questions, we developed a co-culture system containing MDA-

MB-231 breast cancer cells and M2-polarized THP-1 macrophages. Certain aggressive 

cancers, including many breast cancers, contain high number of TAMS (up to 50% by mass), 
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and they are often associated with poor patient prognosis (Kim & Bae, 2016). To mimic the 

in vivo breast tumor microenvironment, we co-culture the breast cancer cells and M2 

macrophages at a 1:1 ratio and determined the effect of VSV on individual cell populations. 

Our findings suggest that VSV preferentially infects MDA-MB-231 cells over M2 

macrophages, both in monoculture and co-culture conditions. This is likely an attribute of the 

greater susceptibility of cancer cells to infection by VSV as compared to immune cells 

populations. We did not observe a statistically significant decrease in infected MDA-MB-231 

cell counts in monoculture compared to mock. Interestingly, while VSV was less effective at 

replicating within cancer cells in co-culture at a later timepoint (18 hours), this property did 

not affect the ability of the virus to decrease cancer cell proliferation under these conditions. 

Studies have shown that despite the inability of rM51R-M virus to inhibit host gene 

expression, it has the ability to induce apoptosis in infected cells through induction of 

proapoptotic genes (Kopecky et al., 2001). Furthermore, we found that M2 macrophages 

were less susceptible to VSV-induced cell death in co-culture conditions, perhaps due to an 

M2-M1 phenotypic switch by the virus. However, further investigation is needed to confirm 

this hypothesis. Overall, our findings contrast previous studies that have suggested VSV 

infected-TAMs invoke antiviral signaling leading to restricted oncolytic virus dissemination 

and cancer cell killing within the tumor microenvironment (Liu et al., 2013).  

Our findings are similar to previous studies where an oncolytic paramyxovirus, MeV, 

demonstrated significantly lower viral titers in culture supernatants of M2-polarized MDMs 

and MDA-MB-231 co-cultures, compared to MDA-MB-231 monocultures (Tan et al., 2016). 

Furthermore, although there were lower titers in co-cultures, there was a statistically 

significant increase in MDA-MB-231 cell death and proliferation impairment in co-culture 
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compared to MDA-MB-231 monocultures (Tan et al., 2016). This information suggests that 

although co-culturing TAMs with MDA-MB-231 cells may diminish overall oncolytic viral 

dissemination, it does not directly translate to decreased cancer cell killing by the virus.  

Although our studies were limited to co-cultures containing M2 macrophages, TAMs 

are predominantly M2-like in their phenotype. It would be interesting to evaluate whether 

similar trends related to VSV infection and cell killing occur in a co-cultures containing 

inflammatory M1 macrophages. Previous studies have suggested certain murine macrophage 

cell lines (RAW264.7 and J774A.1) confer VSV resistance to murine breast cancer cells 

(LM-1) in vitro through production of type I IFNs and induction of IFN gene products within 

cancer cells (Liu et al., 2013). However, as many cancer cells are indeed insensitive to type I 

IFN signaling due to defective type I IFN antiviral pathways, it is questionable how prevalent 

this effect would be across all cancer cell types (Rautela et al., 2015). M1 macrophages do 

display increased viral resistance and have heightened abilities in mitigating viral infection 

(Denton et al., 2016). It is conceivable that in a culture dish consisting of co-cultured M1 

macrophages and cancer cells, there may be limited viral spread and diminished viral-

cytopathic effects towards cancer cells. However, Tan et al. demonstrated oncolytic MeV 

and MuV infected M1 and MDA-MB-231 co-cultures had higher tumor cell killing effects 

compared to M2-centered co-cultures (Tan et al., 2016). Therefore, it is suggested that VSV 

may actually have increased tumoricidal capabilities in M1 co-cultures. 

Additional questions remain as to whether VSV would demonstrate similar 

replicative potential in other cancer cell types or with different proportions of macrophages. 

In our co-culture models, we primarily used MDA-MB-231 cells as they represent a fast-

proliferating breast cancer cell line with limited treatment options, as they are triple-negative 
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by nature (Huang et al., 2020). However, it would be beneficial to investigate the interaction 

of VSV towards slower proliferating cells lines, and those that are hormone responsive, such 

as T47D breast cancer cells (Legler et al., 1999). Characterizing these relationships would be 

important in understanding the potential of VSV behavior in combination with other 

established cancer treatment options that are centered on hormone-sensitive cancer cell types. 

As mentioned, the tumor stroma may vary as to the proportion of TAMs (5 to 50%) (Wood & 

Gollahon, 1977). Therefore, an interesting line of investigation would be to ascertain whether 

decreased proportions of TAMs within an in vitro co-culture studies would have any impact 

in the replicative or cytopathic potential of the virus. Tan et al. demonstrated oncolytic MeV 

and MuV’s ability to alter MDA-MB-231 cell viability was inversely correlated to the 

seeding ratio of breast cancer cells to TAMs (Tan et al., 2016). Higher amounts of TAMs led 

to decreased MDA-MB-231 cell viability (Tan et al., 2016). Therefore, it may be relevant to 

determine if there is a similar effect with VSV.  

Lastly, although VSV demonstrates a wide tropism for different cancer cell types, it 

does not respond equally to all tumors, and certain tumors have demonstrated more resistance 

to viral infection in vivo (Ahmed et al., 2004). Although type I IFN antiviral signaling is 

defective in many cancers, not all cancer cells respond equally in their ability to generate an 

antiviral response (Moerdyk-Schauwecker et al., 2013). Therefore, it may be prudent to 

evaluate individual tumor sensitivity prior to VSV infection in order to more 

comprehensively evaluate candidates for oncolytic virotherapy. 

In conclusion, although an oncolytic strain of VSV (VSV-IFN-β) is currently 

undergoing clinical trials and has shown promise in its development as an anti-tumor agent, 

many of the mechanisms of the virus, specifically how it interacts with different components 
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of the tumor microenvironment, has yet to be elucidated (Willmon et al., 2009). Therefore, 

by diving into these aspects, and investigating how VSV interacts with different immune cell 

populations, we hope to develop a greater understanding of the virus as an effective cancer 

therapeutic. 
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