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Abstract 
 

INFLUENCE OF ONCOLYTIC VESICULAR STOMATITIS VIRUS ON MACROPHAGE 
PHAGOCYTOSIS AND BREAST CANCER CELL GROWTH IN COCULTURE 

 
Eliza Grace Watson  

B.S., University of North Carolina at Asheville 
M.S., Appalachian State University 

 
 

Chairperson:  Darren F. Seals, Ph.D. 
 
 

Tumor-associated macrophages (TAMs) are both abundant and effective 

modulators of breast tumor growth and disease progression. TAMs predominantly 

manifest as the tumor-promoting M2 subtype, but they can also adopt the more classic, 

antitumor M1 subtype as well. This research sought to investigate the influence of 

oncolytic vesicular stomatitis virus (VSV) on M1 and M2 macrophage polarization as 

revealed by their phagocytic behaviors. We also aimed to explore the reciprocal impact 

of VSV and macrophages on the growth of an aggressive, so-called triple-negative, MDA-

MB-231 breast cancer cell line. To achieve these goals, model monocytes from the THP-

1 cell line, were induced to differentiate into M1 or M2 macrophages and then 

subjected alongside the breast cancer cells in coculture to infection with a recombinant 

wild-type VSV strain (rwt) or an isogenic matrix (M) protein mutant strain (rM51R-M) of 

VSV. The rM51R-M strain of VSV, in particular, is known for its ability to promote 

antiviral responses in infected cells and has been previously shown by our lab to convert 

M2 THP-1 macrophages to an M1-like phenotype. When assessed for their uptake of 

latex beads, we noticed that M2-THP-1 macrophages exhibit a 6-fold higher phagocytic 
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capacity compared to their M1 counterparts, and that this increased to a 10-fold 

advantage when co-cultured with breast cancer cells. However, infection with the 

rM51R-M virus diminished the phagocytic activity of M2-THP-1 macrophages back to 

M1 macrophage phagocytic levels. This effect did not solely arise from the cytopathicity 

of VSV but may have involved a phenotypic shift in M2 macrophages towards M1-like 

properties. Regarding effects on MDA-MB-231 breast cancer cell growth, we noticed a 

remarkable inhibition with cocultured M1 THP-1 macrophages while growth continued 

to increase with M2 macrophages in a pattern unchanged from breast cancer cells in 

monoculture. We hypothesized that the M2 macrophages would promote breast cancer 

cell growth or at least protect the breast cancer cells from VSV infection, but infection 

with either rwt or rM51R-M virus completely neutralized breast cancer cell growth 

under all experimental conditions. While our coculture study suggested an important 

ability of rM51R-M virus to reduce M2 macrophage phagocytic activity to that of M1 

levels, a possible indication of macrophage repolarization, it failed to reveal whether 

such a repolarization could enhance the oncolytic features of this virus. This may reflect 

less than ideal coculture conditions and alternative strategies are discussed. 
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CHAPTER 1:  INTRODUCTION 

 

Cancer Defined 

 

Cancer broadly describes a group of diseases characterized by uncontrolled cell growth. 

Cancer can occur in virtually any part of the body and can potentially invade nearby 

tissues or distant anatomic sites. Cancer is second only to heart disease in the number 

of deaths worldwide (Siegel et al., 2023).  

 

Cancer is a complex and multifaceted disease, but it retains certain fundamental 

hallmarks (Hanahan, 2022; Hanahan & Weinberg, 2000; Hanahan & Weinberg, 2011). 

These include sustained proliferation, evasion of growth suppressors, resistance to cell 

death, replicative immortality, angiogenesis, and invasion/metastasis. Sustained 

proliferation refers to the unrelenting capacity of cancer cells to divide and grow. This 

occurs because of oncogene activation/overexpression and tumor suppressor gene 

silencing. When combined with a newfound resistance to cell death and acquisition of 

replicative immortality, tumors form. Angiogenesis is the process of forming new blood 

vessels. This allows cancerous tumors to obtain the nutrients and oxygen they need to 

survive and thrive. Further activation of invasion and metastasis allows cancer cells to 

spread from their primary site to other parts of the body, leading to systemic disease. 

Metastasis accounts for much of the morbidity and mortality associated with this 

disease (Hanahan, 2022; Hanahan & Weinberg, 2000; Hanahan & Weinberg, 2011) 
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The Immune System of the Tumor Microenvironment 

 

The formation of tumors and the impact of cancer on the body is not relegated to 

cancerous cells alone. The tumor microenvironment (TME) is comprised of a multitude 

of cell types (endothelial cells, immune cells, fibroblasts) and extracellular components 

(growth factors, hormones, cytokines, extracellular matrix proteins) that may all play 

pivotal roles in how cancer is characterized, prognosed, and treated (Hanahan & 

Weinberg, 2000; Hao et al., 2012) One of the most critical of these cell types are the 

immune cells. Cancer cells must grow in the presence of a host immune system 

designed to seek out and destroy them (Ostrand-Rosenberg, 2008; Rosenberg, 2001). 

Conversely, the tumor microenvironment is often immunosuppressive by design.  

 

There are two arms of the immune system:  innate and adaptive. The innate immune 

system involves epithelial cells, monocytes, macrophages, dendritic cells, natural killer 

cells, and other populations of lymphocytes (Adam et al., 2003). These cells recognize 

unique structural features on the surface of infectious agents via the engagement of 

immune cell surface receptors. Such engagement triggers the release of cytokines that, 

in turn, encourage a robust immune response designed to recognize, phagocytose, 

and/or activate cytotoxic effectors that kill the infectious agents. Other cytokines 

encourage the repair and regrowth of damaged tissue. The adaptive immune system 

involves specialized populations of B- and T-lymphocytes that use their own unique 

receptors (e.g., T-cell receptors) to recognize foreign antigens or produce antibodies 
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that do the same. This recognition leads to the clonal expansion of specific lymphocyte 

populations. T cells directly engage their targets to induce cytotoxicity. B cell-produced 

antibodies coat antigens on target cells, and this opsonization stimulates both antibody-

dependent cell-mediated cytotoxicity as well as antibody-dependent cellular-

phagocytosis by macrophages and neutrophils (Aderem & Underhill, 1999; Afshar-

Kharghan, 2017; Cao et al., 2022; Gonzalez et al., 2018; Markiewski & Lambris, 2009). 

 

How the innate and adaptive immune systems respond to foreign agents from viral, 

bacterial, and fungal infections is similar to how they confront cancer cells. The immune 

system responds to overexpressed or mutated antigens on the surface of cancerous 

cells as foreign agents, spurring the same expansive immunoediting response. Clinical 

data show that when immune cells infiltrate tumors, the cancer cells become dormant 

or die, and the patient's prognosis improves (Gannon et al., 2009; Jochems & Schlom, 

2011, 2011b; Pagès et al., 2005; Piersma et al., 2007; Sehouli et al., 2011). Conversely, 

tumor cells become clinically detectable and invasive once they have escaped antitumor 

immunity (Gavalas et al., 2010a; Gui et al., 2014).  

 

There are several common mechanisms by which cancer cells suppress and avoid the 

immune system. One is through recruitment of regulatory T-cells (Tregs). Tregs ensure 

limitations to an overly robust immune response by the host. Tumor-cell secreted 

growth factors like transforming growth factor beta (TGF-β) help create these Tregs 

from the very helper T-cells designed to fight cancer (Facciabene et al., 2012; Nishikawa 
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et al., 2005; Vinay et al., 2015; Wang et al., 2017). Another mechanism of 

immunoevasion is by downregulation of antigen processing and presentation 

machinery. Targets of downregulation or inactivation include major histocompatibility 

complex (MHC) proteins, proteasome subunits like latent membrane proteins (LMP)2 

and LMP7, and the transporter associated with antigen processing (TAP) (Garrido et al., 

1997). All these mechanisms modulate the ability of cytotoxic T lymphocytes to 

recognize and kill tumor cells. Immunoevasion is now recognized as an emerging cancer 

hallmark (Hanahan & Weinberg, 2000, 2011). 

 

The Clinical Relevance of Tumor-Associated Macrophages 

 

Among the immune cells commonly ushered into the TME, tumor-associated 

macrophages (TAMs) represent the most abundant (Liu & Zeng, 2012; Ostrand-

Rosenberg, 2008; Rosenberg, 2001)). TAMs may sometimes comprise as much as 50% of 

a tumor’s mass (Bolat et al., 2006; Chen et al., 2019; Fu et al., 2020; Röszer, 2015). 

Cancer cell production of platelet-derived growth factor (PDGF) at constitutively high 

levels acts as a chemoattractant and mitogen for macrophages. Other chemokines like 

C-C motif chemokine ligand 2 (CCL2), vascular endothelial growth factor (VEGF), 

macrophage colony-stimulating factor (CSF-1), and interleukin-10 (IL-10) also promote 

the infiltration of macrophage populations (Hao et al., 2012). For many forms of cancer, 

including triple-negative breast cancers that are the subject of this thesis, TAM 

populations bear significant clinical importance. Not only are TAMs abundant in breast 
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cancer tissue, but their infiltration increases as a function of tumor size and stage. TAMs 

can be antitumoral, but it is their potential to promote tumor growth, angiogenesis, and 

metastasis, as well as resistance to cytotoxic therapies by which they are most notorious 

(Koebel et al., 2007; Melief, 2007; Moffett et al., 2023; 2008; L. Tang et al., 2023; 

Willimsky & Blankenstein, 2005). Indeed, the density of infiltrating TAM populations 

negatively correlates with breast cancer 5-year survival rates (Sousa et al., 2015; J. Yang 

et al., 2015).  

 

It is not surprising that many newfound cancer-fighting strategies aim to reduce TAM 

populations (Boutilier & Elsawa, 2021a; Edin et al., 2012; Lamagna et al., 2006; Pantano 

et al., 2013; Theresa Ferrao et al., 2018; Wynn et al., 2013; Yang et al., 2022; Zhu et al., 

2017). For example, one group has used sub-cytotoxic levels of the alkylating anticancer 

drug trabectedin to reduce the production of pro-inflammatory IL-6 and the 

chemoattractant CCL2, thereby reducing the number of infiltrating 

monocytes/macrophages to the TME (Allavena et al., 2005; Gnant et al., 2009). Adding 

anti-angiogenic drugs, such as VEGF inhibitors, as part of established chemotherapies 

may also reduce TAM numbers, sometimes resulting in increased progression-free 

survival (Miles et al., 2010; Miller et al., 2007). Bisphosphonates have also been utilized 

to target aggressive neoplasms such as some breast and bone cancers. One such 

bisphosphonate, zoledronate, has been found to attack TAMs in a preclinical setting and 

works as a suitable macrophage-targeted therapy (Junankar et al., 2015; Li et al., 2022; 

Zang et al., 2019). When testing the efficacy of antitumor drugs, some researchers have 
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detailed how TAM depletion enables T-cell infiltration thereby allowing for 

enhancement of the drug’s efficacy (Guo et al., 2016; Li et al., 2022).  

 

Macrophage Polarization States 

 

Macrophage taxonomy aims to classify the numerous functions of these mononuclear 

cells. The complexity and versatility of these cells are vast, and they are continually 

adaptive to subtle alterations in their microenvironments. The most discussed 

polarization states for macrophages are the ‘classically-activated’ M1 and ‘alternatively-

activated’ M2 subtypes. But M2 macrophage is a blanket term for many macrophage 

subtypes, including M2a (polarized by interleukin-4 (IL-4) and IL-13; function in tissue 

repair/regrowth), M2b (polarized by immune complexes; regulate antibody-based 

immune responses and inflammation), M2c (polarized by IL-10, transforming growth 

factor-β (TGF-β), and glucocorticoids; anti-inflammatory; phagocytic to apoptotic cells), 

and M2d (polarized by toll-like receptors; angiogenic) (Genin et al., 2015a; Italiani & 

Boraschi, 2014; Italiani & Boraschi, 2014; Liu & Zeng, 2012; Yang & Zhang, 2017). While 

it is acknowledged that these different polarization states exist, the efforts in this study 

have focused on a simplified polarization regime that has been shown to create distinct 

M1-like and M2-like populations, so the bulk of this introduction focuses on that 

dichotomy.  

 



	 7 

As suggested above, M1 and M2 macrophages are differentiated based on their cell 

surface markers, secretory profiles, and functions (Gordon & Martinez, 2010; Murray et 

al., 2014). Pro-inflammatory cytokines like interferon-gamma (IFN-γ) and tumor necrosis 

factor-alpha (TNF-α) and microbial stimuli like lipopolysaccharides (LPS) polarize 

macrophages to an M1 phenotype. These macrophages are identified by their 

inflammatory and microbicidal activities. Their production of reactive oxygen species 

(ROS) and nitric oxide (NO) helps protect the body from viral and bacterial infections (Liu 

et al., 2021; Liu et al., 2022; Wang et al., 2014). For these same reasons, M1 

macrophages also have tumoricidal activity. Anti-inflammatory cytokines like IL-4 and IL-

13 often polarize M2 macrophages. However, M2 macrophages can also be made in 

response to neurotransmitters and neuroendocrine hormones, apoptotic cells, immune 

cell signaling, and the damage-associated molecular patterns released from infected 

cells (Wang et al., 2014). In terms of function, M2 macrophages are recognized for their 

higher phagocytic ability (as compared to M1 macrophages), their role in dampening 

inflammatory responses, their immunoregulatory actions, and their promotion of tissue 

repair and remodeling (Murray et al., 2014; Wynn et al., 2013). Some of these functions 

have been linked to an acceleration of cancer. 

 

Macrophage polarization refers to the activation state of the cell at a singular point in 

time. Any research on any macrophage subtype must acknowledge the macrophage’s 

ability to shift into alternate subtypes. Polarization states are not fixed. However, this 

flux can have promising therapeutic applications. For example, the negative context of 
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M2 macrophages in certain disease states may be altered by simply changing the 

environment (e.g., back to M1 macrophage-promoting conditions) to improve patient 

prognosis (Biswas et al., 2012; Edin et al., 2013; Hagemann et al., 2009; Lewis & Pollard, 

2006; Ma et al., 2010; Murray & Wynn, 2011; Welsh et al., 2005; van Wu et al., 2020). 

This might best be appreciated in the context of cancer. The diverse and malleable 

polarization states of TAMs present another unique immunotherapeutic approach for 

cancer. 

 

Tumor-Associated Macrophage Functions and Related Therapeutic Strategies 

 

Phagocytosis 

 

Macrophages are professional phagocytes. Phagocytosis is the ingespon of materials by 

cells. Phagocytosis by macrophages is cripcal for the uptake and degradapon of 

senescent or apoptopc cells, wounded pssue debris, and infecpous agents. This crucial 

funcpon supports development, pssue remodeling, immunity, and inflammapon. For 

immunity, phagocytosis by macrophages not only clears pathogens as part of the innate 

immune system, but it also presents anpgens to adappve immune system cells for more 

specific and more robust immune responses.  

 

M2 macrophages are considered to be more competent at phagocytosis than their M1 

counterparts (Ellios et al., 2017; Wang et al., 2014). For example, phagocytosis of E.coli 
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parpcles in vitro was higher in M2-like primary macrophages versus M1-like 

macrophages (Schulz et al., 2019). In fact, both the M2a and M2c macrophage subtypes 

had a significantly higher phagocypc affinity for E.coli parpcles than M1 macrophages 

(15% and 40% relapve to 7% of parpcles consumed, respecpvely) (Mendoza-Coronel & 

Ortega, 2017). In contrast, this research group also showed that M1-like macrophages 

had a higher ROS producpon rate than the M2 subtype. This aligns with the raponale 

that M1 macrophages eliminate pathogens via ROS deployment, whereas M2 

phenotypes primarily uplize phagocytosis for clearing cells and parpculates in their 

immediate environment (Boutilier & Elsawa, 2021b; Jaggi et al., 2020; Mosser et al., 

2021; Röszer, 2015; Zhang et al., 2016).  

 

The literature describing macrophage-mediated phagocytosis of cancer cells reveals 

more complicated informapon about the M1 and M2 subtypes. As professional 

phagocytes, macrophages have the potenpal to engulf and digest cancer cells in a 

manner like that of infecpous agents. For example, Cao and coworkers showed that in 

response to the chemotherapeupc drug paclitaxel not only was an M1-polarizapon state 

established (upregulapon of the M1 marker MHCII and downregulapon of the M2 

marker CD206), but that it was primarily the M1 macrophages that phagocytosed the 

cancer cells, including both human colorectal and breast cancer cell lines (Cao et al., 

2022). In another study, researchers used a therapeupc anp-CD47 anpbody to disengage 

CD47-overexpressing cancer cells from signal regulatory protein alpha (SIRP-α)-

expressing macrophages, thereby freeing up the laser for cancer cell phagocytosis 
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(Jaiswal et al., 2009; Tian et al., 2022; Tseng et al., 2013). It was under these condipons 

that the M1 phenotype was also far more phagocypc than the M2 one (Zhang et al., 

2016). Finally, in a therapeupc study focusing on a M2 macrophage-specific receptor for 

phagocytosis called the mannose receptor (CD206 a protein expressed predominantly by 

M2 macrophages, the researchers introduced a synthepc peppde (RP-182) that induced 

a conformaponal switch in CD206 and caused an M2 to M1 phenotypic change, thereby 

allowing M1 macrophages to phagocytose the cancer cells (Jaynes et al., 2020). 

 

It is studies like these that lend support for the anptumor profile of M1 macrophages. 

Perhaps to understand more fully how the phagocypc capacity of TAMS specifically 

impacts cancer, it is crucial to characterize the mechanisms by which phagocytosis 

occurs. Phagocytes recognize and differenpate between a heterogeneous number of 

ligands expressed on a target cell’s surface (Mosser et al., 2021). This recognipon occurs 

through dedicated receptors that inipate parpcle internalizapon and increase the 

phagocypc rate (Aderem & Underhill, 1999; Gavalas et al., 2010a; Hess et al., 2009; Leidi 

et al., 2009; Markiewski & Lambris, 2009; Pio et al., 2014; Rőszer et al., 2011)Two 

common receptors for this purpose are the Fc gamma receptors and the complement 

receptors.  

 

Fc gamma receptors (FcyRs) specific for the immunoglobin G (IgG) class of anpbodies are 

commonly involved in phagocytosis during the adappve immune response and are 

among the most well-studied phagocypc signaling mechanisms (Clynes et al., 1998; 
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Daëron, 1997; Strzelecka et al., 1997). They funcpon as part of the anpbody-dependent 

cellular phagocytosis (ADCP) of opsonized parpcles menponed before. Interespngly, 

ADCP has excellent clinical efficacy in cancer, and many immunotherapies promote this 

acpvity (Cao et al., 2022; Kong et al., 2022; Tian et al., 2022; Tseng et al., 2013; Van 

Bommel et al., 2018). However, when Liedi and coworkers studied the phagocytosis of B-

chronic lymphocypc leukemia cells pre-treated with chemotherapeupc Rituximab 

anpbodies, they nopced that M2 macrophages (polarized with CSF-1) were more 

efficient phagocytes than M1 macrophages (polarized with granulocyte-macrophage 

spmulapng factor (GM-CSF), LPS, and IFN-γ) (Leidi et al., 2009). This phagocytosis by M2 

macrophages was further enhanced by IL-10 treatment (M2c polarizapon) but inhibited 

by IL-4 treatment (M2a polarizapon) suggespng that there may be nuances in the 

phagocytosis of cancer cells even among different M2 macrophage subtypes, much as 

there exists for the phagocytosis of E. coli parpcles (Leidi et al., 2009; Mendoza-Coronel 

& Ortega, 2017).  

 

A second mechanism by which macrophages perform phagocytosis is via complement 

receptors (CRs). CRs bind to complement factors that become associated with pathogen-

associated molecular paserns (PAMPs) or to anpbody-bound anpgens on the surface of 

infecpous agents or damaged cells. CR-mediated phagocytosis is considered pro-

inflammatory in macrophages (Acharya et al., 2020). Despite this, one recent study 

showed that M1 and M2 murine macrophages differenpally express CRs, including CR1/2 

for the M1 macrophages and CR4 for the M2 macrophages, and that both subtypes use 
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them to engage with complement components to mediate phagocytosis (Ghate et al., 

2021). However, Fraser and colleagues demonstrated that the complement factor C1q 

spmulated human monocytes and mouse microglia to reduce producpon of pro-

inflammatory cytokines and increase producpon of the anp-inflammatory cytokine IL-10, 

as well as other markers of M2 polarizapon (Benoit et al., 2012; Fraser et al., 2009). So 

while M1 and M2 macrophages mediate CR-dependent phagocytosis, there are 

condipons by which complement factors may promote M2 macrophage polarizapon and 

thereby promote phagocytosis by M2 macrophages as well. 

 

In sum, it seems clear that the phagocytosis of cancer cells by macrophages is an 

important part of anptumor immunity. But while it may seem like this would be a 

prevailing feature of anpcancer M1 macrophages, that is not always the case. For 

example, M2 macrophages are considered beser phagocytes than M1 macrophages, 

and M2 macrophages, which are considered to have a pro-tumor phenotype, may even 

phagocytose cancer cells under certain condipons.   

 

An4gen Presenta4on 

 

Anpgen presentapon is the process by which certain immune cells, upon phagocytosis of 

pathogens, display the foreign molecules on their surface in concert with MHCI or MHCII 

molecules for recognipon by the adappve immune system, and parpcularly for T cells. In 

the case of cancer, anpgen presentapon plays a cripcal role in anpcancer immunity 
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(Mpakali & Stratikos, 2021). Macrophages are an anpgen-presenpng cell type. As 

anpgen presentapon is a pathological response to an infecpon, it is perhaps unsurprising 

that it is associated with M2-to-M1 polarizapon, including an upregulapon of MHCII 

molecules and the proinflammatory cytokines IL-12 and IL-23 (Mills & Ley, 2014). 

However, there are cases where anpgen presentapon is carried out by M2 macrophages 

as well, or by a mix of both macrophage subtypes (Barrio et al., 2012; Mills & Ley, 2014; 

Mpakali & Stratikos, 2021). It may also be an acpvity exhibited by TAMs, though the 

actual subtype involved in that process was not determined (Abès et al., 2010; Asano et 

al., 2011; Barrio et al., 2012; Gül et al., 2014; Madden et al., 1993; Mpakali & Stratikos, 

2021; Muraoka et al., 2019; Wieczorek et al., 2017; Yuen et al., 2020). 

 

Inflamma4on 

 

Inflammapon is the biological process by which the body seeks to ‘heal’ damaged or 

infected pssue. Inflammapon is controlled by monocyte/macrophage populapons. These 

cells migrate to areas of injury and polarize to various phenotypes that serve to fight 

infecpon and heal wounds. In doing so, they also release growth factors and cytokines 

that can draspcally alter the local pssue microenvironment (Coussens & Werb, 2002; 

Mantovani et al., 2008). As menponed prior, TAMs are common to most cancers. Here, 

they also impact the inflammatory state, and that, in turn, controls everything from 

carcinogenesis to angiogenesis. In brief, classically acpvated M1-macrophages are 

idenpfied by their pro-inflammatory cytokine secrepons (IL-1B, IL-6, IL-12, IL-23, and 
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TNF-α) and have been reported to have high tumoricidal capacity. As indicated before, 

M1 macrophages are cytotoxic to tumor cells by releasing ROS and NO (Bernsmeier et 

al., 2020; Bruns et al., 2015; Kennel & Greten, 2021) and they have a direct role in 

cytolysis via anpbody-dependent cellular phagocytosis (Genin et al., 2015; Ma et al., 

2010; Porcheray et al., 2005; Rautela et al., 2018). Thus, M1-type TAMs, as immune cells, 

would significantly limit tumor growth and disease progression (Franklin et al., 2014; 

Guo et al., 2016; Lewis & Pollard, 2006b; Salmaninejad et al., 2019). M2 macrophages, 

alternapvely, have an anp-inflammatory phenotype and funcpon to scavenge debris and 

promote pssue repair. The consensus regarding most TAM populapons is that they 

worsen cancer papent prognosis and survival because they exhibit an M2 phenotype 

(Muraoka et al., 2019)). This can be appreciated through a study of the THP-1 monocyte 

cell line as a model for macrophage differenpapon and polarizapon, and the effects of 

such on the non-invasive MCF-7 and the invasive MDA-MB-231 breast cancer cell lines. 

Here, M2 polarized macrophages supported MCF-7 breast cancer cells by providing a 

favorable outgrowth environment, whereas M1 macrophages promoted cellular 

dormancy while in co-culture (Yang et al., 2016). Highly invasive and mesenchymal MDA-

MB-231 cells also experienced asenuapon when co-cultured with M1 macrophages, 

some presenpng a mesenchymal-epithelial morphological shiy and thereby a more 

differenpated phenotype. 

 

The relaponship between inflammapon, cancer, and macrophage phenotype does not 

always comply with the aforemenponed M1/M2 paradigm. For example, M1 
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macrophages frequently secrete pro-inflammatory cytokines (e.g., IL-6 and TNF-α) that 

can, in turn, acpvate nuclear factor-(NF)-κB signaling, a strong promoter of 

inflammapon-associated mutapons leading to cancers (Mantovani et al., 2008; Biswas et 

al., 2006; Pikarsky et al., 2004; Tak & Firestein, 2001). Chronic inflammapon is now 

considered an emerging hallmark of carcinogenesis and tumor promopon (Hanahan & 

Weinberg, 2000, 2011).  

 

Growth, Angiogenesis, and Metastasis  

 

It has long been suggested that TAMs promote tumor growth, angiogenesis, and 

metastasis, and that this is associated with poor papent prognosis (Asano et al., 2011; 

Chen et al., 2017; Edin et al., 2012; Jochems & Schlom, 2011; Kawai et al., 2008). Among 

the growth factors produced by M2 macrophages, vascular endothelial growth factor 

(VEGF) is noteworthy for its funcpon as a potent mitogenic spmulant for endothelial 

cells. This leads to the angiogenic switch that significantly increases intertumoral 

microvessel density (Bolat et al., 2006; Coussens et al., 2000; Min et al., 2021). TAMs 

also promote vascular growth through TGF-β and platelet-derived growth factor (PDGF) 

producpon. TGF-β also supports the epithelial-mesenchymal transipon (EMT) (Chen et 

al., 2019; Coussens & Werb, 1996; Zeng et al., 2019). During an EMT, cells lose their 

adherence to other cells, their polarity, and become mople. While this transipon is vital 

to wound healing and pssue development, cancer cells uplize it to increase their 

invasive/metastapc potenpal. PDGF, in turn, can spmulate fibroblast growth, which 
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creates a supporpve extracellular matrix that also promotes tumor growth and invasion. 

Apart from platelets, TAMs are the only other cells of blood origin capable of producing 

PDGF (Uutela et al., 2004). There is one study showing that M1 macrophages can 

spmulate EMTs. Established in a study with THP-1-derived macrophages of the M1 

phenotype, Bednarczyk and coworkers showed that many factors associated with the 

M1 phenotype, such as NF-κB, SNAIL, SLUG, vimenpn, and β-acpn, could all alter breast 

cancer cell morphology, increasing their migrapon, and favoring metastasis (Bednarczyk 

et al., 2018). Other growth factors and cytokines like IL-8, IL-1B, IL-6, TGF-β, TNF-α, and 

exosomes have also been implicated in the same detrimental EMT process supported by 

M1-type macrophages. Biswas and associates also demonstrated that the inflammatory 

M1 macrophage phenotype of ovarian cancers may support tumor metastasis. In this 

case, M1-condiponed media, when applied to the ovarian cancer cells, promoted tumor 

cell migrapon, whereas the M2-condiponed media did not (Biswas et al., 2006b). We can 

therefore see that even the historically beneficial M1 macrophage phenotype may 

support carcinogenesis and perhaps metastasis under certain condipons (Cohen et al., 

2015; Danlos et al., 2023; Greten et al., 2004).  

 

OncolyBc Virotherapy  

 

Ongoing research, including clinical trials, conpnuously broadens our understanding of 

the TME’s role in therapeupc strategies. Tradiponal cancer treatments include radiapon 

and chemotherapy. Radiapon therapy distributes ionizing radiapon to localized tumor 



	 17 

sites and depends heavily on the accumulapon of deleterious mutapons within the 

cancerous pssue. Chemotherapy involves the distribupon of systemically delivered 

anpcancer drugs that induce cytotoxicity. Both approaches may have high toxicipes and 

lower efficacy against metastapc disease and drug-resistant cancers. (Baskar et al., 2012; 

Ohuchida et al., 2004; Tang et al., 2023). Since one of the hallmarks of cancer is 

immunosuppression, there has been a movement towards immunotherapeutic 

strategies for cancer treatment. One promising immune-based therapy lies in oncolytic 

viruses (OV)—i.e., oncolytic virotherapy (OVT) (Apolonio et al., 2021). OVTs are based on 

viruses with innate or bioengineered properties that enable infection of and replication 

within cancer cells, and selectively over healthy cells. These therapies primarily rely on 

the direct lysis of cancer cells following infection, but in recent years, there has been 

increasing interest in the immunomodulatory effects of OVs. TAMs are of particular 

interest in this regard as OVs may alter their presence and/or phenotype, thereby 

converting an immunosuppressed TME into an immunostimulatory one (Chaurasiya et 

al., 2018; Hofman et al., 2021; De Matos et al., 2020; Prestwich et al., 2008). When OVs 

infect tumor cells, lysis ensues, releasing new infectious viral progeny. Other ‘danger 

signals’ are also released, including tumor cell debris, tumor-associated antigens (TAAs), 

and both pathogen-associated and damage-associated molecular patterns (Bai et al., 

2019; Davola & Mossman, 2019; Harrington et al., 2010; De Matos et al., 2020; Peng et 

al., 2019). These, in turn, stimulate the innate and adaptive immune systems, including 

TAMs, which will locally respond within the TME.  
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Macrophages as a Barrier to OVTs 

 

There are several ways that macrophages respond to OVs. First, they may pose a barrier 

to the virus by quickly clearing virus particles and virally infected cells from the body. In 

2018, the FDA approved a herpes simplex virus (HSV)-based OVT (oHSV-1) to treat 

melanoma after successful clinical trials. Delwar and coworkers wanted to see if patients 

with glioblastoma multiforme (GBM) might also be suitable for this type of therapy 

(Delwar et al., 2018). The answer was yes, but only with cancer cells in isolation. 

Microglia/macrophages hindered the oncolytic efficacy of oHSV-1 against U87 human 

GBM cells. Indeed, the dose-dependent inhibition of viral titers with the addition of 

microglia was attributed to an internalization of the virus via phagocytosis in such a way 

as to block further viral infections. Given such results, several groups have explored 

macrophage depletion as a means of increasing virus delivery (Galmbacher et al., 2010; 

Shashkova et al., 2008). This aligns with cancer immunotherapy methods that seek a 

similar depletion scheme for high abundance, M2-type TAMs (Jakeman et al., 2015; 

Morahan et al., 1985; Shashkova et al., 2008; Sinclair & Sissons, 1996). This approach 

would decrease a cell type that supports tumorigenesis while also stimulating a more 

robust viral infection.  
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Macrophages as a Target of OVTs 

 

Rather than a barrier, several OVTs have seen changes in macrophage polarization 

during an infection. One group has developed HSV as an effective OV by incorporating a 

transgene expressing a full-length CD47 antibody (OV-aCD47-G1) (Tian et al., 2022). 

CD47 is often called a ‘don’t eat me’ signal. When expressed on the surface of cancer 

cells, its binding to SIRPa on macrophages suppresses phagocytosis. Here, the 

researchers showed that infection of A2780 human ovarian cancer cells with the 

engineered virus led to a nearly 10-fold increase in macrophage-mediated phagocytosis 

over a control virus, thus providing proof-of-principle in their studies. In vivo, they found 

that OV-aCD47-G1 prolonged mouse survival by inhibiting tumor progression. They also 

discovered that the expression of CD86 (a marker for M1 macrophages) increased 

within the TME, while CD206 (a marker for M2 macrophages) decreased. There was also 

a dramatic increase in the transcription of macrophage cytokine genes, such as IL-1b, IL-

6, IL-10, IL-12A, and the nitric oxide synthase enzyme NOS2, all of which are markers for 

the presence of M1 macrophages. This suggests that the engineered virus might also 

have the potential to modulate TAM phenotypes (Tian et al., 2022).  

 

Another group using oncolytic herpes simplex virus 2 (HSV-2) explored the effects of a 

combination therapy involving the virus (OH2) and anti-SIRPa in a mouse colon and 

breast cancer model in vitro and in vivo (Kong et al., 2022). To explore the feasibility of 
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their combination therapy, they examined whether an anti-SIRPα antibody would block 

the CD47-SIRPα axis in macrophages. Their results suggested that using this antibody 

removed the antagonistic effect of CD47 on phagocytosis. In addition, tumor cell lysates 

following OH2 infection induced RAW264.7 macrophage polarization towards a CD68-

positive M1 phenotype, thus confirming a standard polarization change in macrophages 

in response to many OVs. In vivo, the combination therapy with OH2 and anti-SIRPa 

antibody was more dramatic than OH2 alone, with smaller tumors and increased 

survival. It also increased CD86-positive M1 macrophage (and CD16-positive natural 

killer cell and CD8-positive cytotoxic T cell) infiltration, particularly into the central mass 

of the tumor. This combination treatment caused the TME to go from M2 macrophage-

abundant/anti-inflammatory to M1 macrophage-abundant/pro-inflammatory), thus 

increasing antitumor immunity (Kong et al., 2022).  

 

In the same vein as the previous studies, F. Cao and coworkers engineered vaccinia virus 

to secrete a chimera of the SIRPa ectodomain and the Fc portion of an antibody as a 

means of blocking the CD47/SIRPa-signaling axis to promote phagocytosis of cancer 

cells (F. Cao et al., 2021). They tested this virus on osteosarcomas. As in the other 

studies, the OV was an effective killer of these cancer cells, both in vitro and in vivo. In 

an immune-competent mouse model, they found that their engineered vaccina virus 

increased the infiltration of myeloid cells, particularly M2 macrophages, into the TME. 

Usually, the recruitment of M2 macrophages to a tumor would have a negative 

influence. However, inhibiting the CD47/ SIRPa blockade of phagocytosis enabled the 



	 21 

M2 macrophages to target and kill infected tumor cells in these studies (Cao et al., 

2021). 

 

In further investigations into how OVs might modulate macrophage phenotypes, 

research performed by Kwan used a bioengineered version of HSV-1 with a 'therapeutic 

safety net' lacking infected cell protein 34.5 (ICP34.5), the primary neurovirulence factor 

for the virus (Kwan et al., 2021). This makes the virus even more selective for cancer 

cells and less toxic to the host. Working with breast tumors in vivo, the authors showed 

reduced tumor growth and fewer lung metastases following intravenous virus 

administration. Three doses of the virus led to 100% survivability in the mice. However, 

these effects were not as pronounced when macrophages were eliminated from the 

mice by administering the macrophage apoptosis-inducing drug clodronate. The authors 

also noticed that HSV-1 was able to infect macrophages in vitro. This resulted in 

increased in M1 markers (CD80, CD86), pro-inflammatory cytokines (IL-6, IL-12, TNF-α), 

and NO, and decreased in M2 markers (CD64, CD163, CD206). Here again, it seems that 

reprogramming of TAMs yielded a TME that was more M1-like, thereby promoting an 

anticancer immune profile within the tumors (Kwan et al., 2021).  

 

It seems that the phenotype of macrophages relates to the efficacy of HSV-1 treatment, 

as another lab discussed in a paper by Liu and coworkers (Liu et al., 2021). This group 

engineered a strain of HSV-1 that lacked both ICP34.5 and ICP47, the latter of which is 

an antigen presentation inhibitor that reduces immune activation of cytotoxic T-
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lymphocytes. The engineered virus still activated T-cells and after an established 

infection of uveal melanoma cell lines, the virus reduced tumor growth at the local 

injection site and in another distantly located tumor. They also identified large areas of 

inducible NOS-positive M1 macrophages (alongside natural killer and dendritic cells) 

within the virally infected tumors (Liu et al., 2021). 

 

In their studies, Van Den Bossche and coworkers used an adenovirus Delta-24-RGD (Gül 

et al., 2014). This virus harbors a 24-base pair deletion in the early region 1A (E1A) gene 

and therefore only replicates in cells with a dysfunctional retinoblastoma (pRb) tumor 

suppressor pathway, a common feature of cancer cells. Infection of pre-polarized, 

primary human macrophages with this viral strain reduced the M2 marker CD164 and 

increased the M1 marker CD64. Pro-inflammatory cytokines (TNF-α, IL6, IFN-γ) were 

similarly upregulated, and these same cytokines could be detected in the cerebrospinal 

fluid of GBM patients being clinically treated with the virus. Finally, and most 

promisingly, a patient who had received Delta24-RGD treatment 26 months before the 

paper's publication, underwent a second tumor resection due to recurrence of the 

cancer. Intertumoral macrophages in this patient demonstrated an increased presence 

of CD64 and a decreased presence of CD206. This result suggests that the treatment 

with Delta-24-RGD had a pro-inflammatory effect leading to prolonged phenotypic 

changes to the TAMs. The authors also discovered that the TAMs phagocytosed infected 

tumor cells. They suspect this was carried out by the prevailing M1 macrophage 

populations in those tumors (Gül et al., 2014).  
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Vesicular Stomatitis Virus as a OVT 

 

Vesicular stomatitis virus (VSV) is a non-pathogenic, enveloped, negative-strand RNA 

virus of the family Rhabdoviridae. It possesses an 11-kilobase genome that encodes five 

proteins: nucleocapsid protein (N), phosphoprotein (P), matrix protein (M), glycoprotein 

(G), and large polymerase protein (L) (Abdelmageed & Ferran, 2020; Barber, 2004; 

Chakraborty et al., 2009; Letchworth et al., 1999; Sung et al., 2021). VSV can infect 

nearly all cell types, but productive infections are rare in healthy cells due to the 

antiviral responses mediated by type I IFNs (Gaudier et al., 2002; Stojdl et al., 2003). 

However, since many cancer cells harbor defects in the IFN response, VSV can infect and 

selectively target cancer cells, making it an effective OV (Ayala-Breton et al., 2012; Jebar 

et al., 2015).  

 

Several modified versions of VSV have been created to test their effectiveness as OVT 

agents. For example, one group has focused on engineering VSV in such a way as to 

target inhibitors of apoptosis (IAPs), a group of proteins expressed by cancer cells that 

block the intrinsic apoptotic signaling pathway (Tang et al., 2022). One such virus 

expresses the IAP inhibitor Smac (VSV-S). Tang and colleagues showed an elevation of 

cancer cell apoptosis, reduced tumor growth, and higher survival (with 50% survival 

increasing from 15 to 35 days). The researchers also saw profound changes in the TME, 

including reductions in myeloid-derived stem cells and macrophages. CD206-positive 
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M2 macrophages were a part of this reduction, but CD86-positive M1 macrophages 

stayed the same. The researchers suggested that infection with VSV-S induced an acute 

inflammatory response and a favorable immunosuppressive TME.  

 

Studies with rM51R-M Virus 

 

Among the most promising variants of VSV for OVT are those that engage the antiviral 

response in infected cells. Some of these variants harbor mutations in the M protein. 

The wild-type M protein is what allows VSV to avoid innate antiviral immunity by 

directly inhibiting the transcription of host mRNAs as well as their nuclear-to-

cytoplasmic transport. This inhibition attenuates the synthesis of IFN and other crucial 

pro-inflammatory proteins (Blondel et al., 1990; Clinton et al., 1978; Lichty et al., 2004; 

Raux et al., 2010). In our lab, we use the rM51R-M mutant strain of VSV. rM51R-M virus 

contains a methionine to arginine substitution at position 51. This mutation renders 

rM51R-M defective in inhibiting host gene expression and, therefore, capable of 

inducing the expression of genes involved in the body’s antiviral responses, including 

the type I IFN response, in infected cells. rM51R-M virus was developed to limit viral 

replication to tumor cells with a modified type I IFN signaling axis and is generally 

regarded as a safer alternative to the wild-type virus (e.g., rwt virus) (Ahmed & Lyles, 

1997; Ahmed et al., 2008; Ahmed et al., 2004; Black et al., 1993; Blondel et al., 1990). 

rM51R-M virus retains interest as an OVT because it has also shown an ability to kill 

multiple types of cancers, including those of breast tissue (Ahmed et al., 2003, 2004b, 
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2010). Other VSV mutants, such as VSV-IFN-β, also activate a type I IFN response, and 

have reached early stages of clinical trials for the treatment of hematopoietic neoplasms 

and advanced solid tumors (Garmaroudi et al., 2022; Lin et al., 2023; Moglan et al., 

2023; Porosnicu et al., 2022; Shalhout et al., 2023; Velazquez-Salinas et al., 2017; Yun et 

al., 2022). 

 

In recent research from our lab, a green-fluorescent protein (GFP)-expressing rM51R-M 

virus was tested for its effect on THP-1 macrophage populations (Polzin et al., 2020). M2 

THP1 macrophages were susceptible to viral infection as over 20% of cells exhibited 

positive GFP fluorescence, indicating cells with actively replicating virus. This also led to 

a 50% loss of viability in the M2 macrophages. Meanwhile, M1 THP-1 macrophages, 

already induced to an antiviral state, exhibited no signs of viral replication or loss of 

viability. The M2 THP1 macrophages also exhibited signs of repolarization upon 

infection with rM51R-M virus. This was demonstrated, in part, by an increase in 

phosphorylated signal transducer and activator of transcript 1 (pSTAT1) and cluster of 

differentiation 80 (CD80), a surface marker involved in immune regulation. STAT1 is a 

transcription factor associated with IFN-y-induced M1 polarization. Upon 

phosphorylation, dimerization, and translocation to the nucleus, STAT1 induces the 

expression of other M1 markers, such as CD68, CD86, IL-6, iNOS, and TNF-α. The 

repolarization data partly aligned with experiments on podosome development in 

macrophages. Podosomes are actin-rich cell surface protrusions that degrade the 

extracellular matrix in invasive cell types like macrophages. Infection with VSV reduced 
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podosome numbers in M2 macrophages, which may be interpreted as a loss in their 

migratory capabilities. The rwt strain of the virus, in particular, reduced podosome 

numbers to such a degree that they resembled the levels observed in M1-type 

macrophages. Thus, in both form and function, VSV infection impacted macrophages, 

thereby suggesting a beneficial development for the virus as a potential OVT (Polzin et 

al., 2020a). In a theoretical study by Almuallem et al., the authors utilized a 

mathematical model to describe new hypotheses regarding the impact of VSV on TAMs 

based on the Polzin paper (Almuallem et al., 2021). Their mathematical models 

suggested, among other things, that (i) virus-induced repolarization of macrophages 

might reduce tumors, though it might not eliminate them, and (ii) viral infection rates of 

the tumor cells might delay tumor relapse (Almuallem et al., 2021). Further in vitro or in 

vivo studies involving breast cancer/macrophage cell lines might address some of these 

hypotheses more directly.  

 

Objectives 

 

This study endeavored to identify the impact of VSV on a very aggressive triple-negative 

breast cancer cell line when using a simulated TME of cocultured ‘TAMs.’ Triple-negative 

breast cancer (TNBC) is a subtype of breast cancer characterized by the absence of three 

specific receptors commonly found on the surface of cancer cells: the estrogen receptor 

(ER), the progesterone receptor (PR), and the human epidermal growth factor receptor 

2 (HER2). Due to this absence, TNBC is not effectively treated with hormone-based 
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therapies or targeted therapies that work against HER2-positive breast cancers, making 

it a challenging and aggressive form of the disease. The lack of these receptors limits 

treatment options for TNBC, predominantly to chemotherapy, which can have 

significant side effects. Therefore, researchers have turned to immunotherapies as a 

potential avenue for treatment (Neve et al., 2006; Standish et al., 2008; Wagner et al., 

2019; Wang et al., 2017). Immunotherapies harness the power of the patient's immune 

system to recognize and attack cancer cells. In the case of TNBC, there is a strong focus 

on developing immunotherapies that can stimulate the immune response against these 

triple-negative tumors. Research in this area aims to discover immune-based strategies 

that can effectively target and treat TNBC, potentially offering more tailored and less 

toxic treatment options for patients with this challenging subtype of breast cancer 

(Hollmén et al., 2015; Ma et al., 2020; Pe et al., 2022; Stewart et al., 2012; Troester et 

al., 2009). The development of immunotherapies for TNBC is highly relevant to cancer 

research as it addresses a critical unmet need in the field of oncology and holds promise 

for improved outcomes and reduced side effects for patients with this aggressive form 

of breast cancer. 

 

One aim was to identify the direct impact of VSV infections, including both the rwt and 

rM51R-M strains, on pre-polarized macrophage phagocytic function in mono- and 

coculture with MDA-MB-231 breast cancer cells. Phagocytosis in this case would be a 

surrogate for M1 and M2 macrophage phenotype, as the latter subtype exhibits much 

greater phagocytic activity than the former. We also aimed to monitor the growth of 
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MDA-MB-231 cells in mono- and coculture with each pre-polarized THP-1 macrophage 

population—again following infection with rwt and rM51R-M viruses. We hypothesized 

that classically-activated THP-1-derived M1 macrophages would prohibit the growth of 

MDA-MB-231 breast cancer cells while alternatively-activated THP-1 M2 macrophages 

would stimulate their growth. We also hypothesized that the susceptibility of M2 

macrophages to infection with rM51R-M virus would compromise their viability, 

function, and/or polarization state, reverting them to M1-like macrophages, such that 

the breast cancer growth initially supported by these macrophages would be 

concomitantly reduced. 
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CHAPTER 2:  MATERIALS AND METHODS 

 

Agonists 

 

Stock solupons for all agonists used in THP-1 differenpapon/polarizapon were prepared 

in advance and stored frozen at -80°C. A 1mM stock solupon of phorbol 12-myristate 

13-acetate (PMA) (Sigma-Aldrich) was diluted 1:40 in dimethyl sulfoxide (DMSO) 

(Company, Part#) to generate a 1000X, 25µM stock solupon. IL-4 (BioLegend, #574002), 

IL-13 (BioLegened, #571102), and IFN-γ (BioLegend, #570202) were purchased as 50µg 

or 100µg units and reconsptuted in sterile, displled water to a concentrapon of 

200µg/ml according to manufacturer instrucpons. LPS (Sigma-Aldrich, #L5418), 

purchased as a 1mg/ml stock, was diluted in 0.05% bovine serum albumin 

(BSA)/phosphate-buffered saline (PBS) to a concentrapon of 200µg/ml. Working 1000X 

stock solupons of 20µg/ml were then made for all cytokines by dilupng 10-fold in 0.05% 

BSA/PBS and freezing as 10µl aliquots to minimize freeze/thaw effects. 

 

Cell Culture 

 

THP-1 monocytes were cultured in RPMI media (Fisher Scientific, MT10040CV) 

supplemented with 10% fetal bovine serum (FBS) (R&D Systems, S11150) and 0.05mM 

2-mercaptoethanol at 37°C and 5% CO2. THP-1 cultures were passaged every 3-4 days, 

so the cell concentration stayed between 2 and 10 x 105 cells/ml. THP1 monocytes were 
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differentiated into adherent macrophages under standard cell culture conditions with 

25nM PMA for 24 hours. This was followed by their polarization using 20ng/mL LPS, 

20ng/mL IFN-γ, and 25nM PMA for M1 macrophages, or 20ng/mL IL-4, 20ng/mL IL-13, 

and 25nM PMA for M2 macrophages for an additional 48-hour culture period. MDA-MB-

231 breast cancer cells were cultured in RPMI media supplemented with 10% FBS at 

37°C and 5% CO2. These cells are typically passaged with 0.25% trypsin and 2.21mM 

EDTA (trypsin-EDTA; Millipore Sigma, 59417C) every three days at a 1:10 dilution. 

 

Virus 

 

Recombinant strains of VSV (rwt, rM51R-M) 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 by infecting 

baby hamster kidney (BHK) fibroblasts for 24 hours before having the media spun down, 

collected into cryovials, and stored at -80°C. Subsequent viral infections were carried 

out at an MOI (multiplicity of infection) of 0.1 or 10 plaque-forming units (pfu) per cell. 

 

Cell TrackerTM Violet Stock Solutions 

 

Stock solutions of 10mM Cell TrackerTM Violet (ThermoFisher Scientific, #C10094) were 

created by dissolving 0.1mg of dry powder in 30µL of dimethyl sulfoxide (10mM). 

Working solutions of 10µM Cell TrackerTM Violet were made by diluting 10µL of the 
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10mM stock Cell TrackerTM Violet stock solution into 90µl of RPMI media and dividing it 

into 10µl aliquots. Both stock and working solutions were stored at -80°C.  

 

Cell TrackerTM Violet-labeling of Breast Cancer Cells 

 

MDA-MB-231 cells were lifted with trypsin-EDTA, diluted with 5mL of THP-1 culture 

media, and counted in the presence of a 1:1 dilution of 0.4% trypan blue using a 

hemocytometer. 1.5 x 105 cells were distributed into individual wells of a 24-well plate 

in a final volume of 400µl THP-1 media and supplemented with 4uL of 10µM Cell 

TrackerTM Violet (100nM final concentration) for 30 minutes at 37°C. Once incubated 

with the dye, the cells were washed twice with sterile PBS as a last preparation for 

coculture with THP-1 macrophages.  

 

Phagocytosis of Latex Beads 

 

The phagocytic activity of cells was determined using fluorescent red carboxylate-

modified polystyrene latex beads (diameter, 2.0µm)(Sigma-Aldrich, #L3030). THP-1 

monocytes were seeded in a 24-well plate at 1.5 x 105 cells/well (for monocultures) or at 

7.5 x 104 cells/well (for cocultures), then polarized into M1 or M2 macrophages as 

described above. Meanwhile, Cell TrackerTM Violet-labeled MDA-MB-231 breast cancer 

cells were lifted with trypsin-EDTA, diluted with 5mL of THP-1 culture media, and 

counted in the presence of trypan blue as described above. Cells were then adjusted to 
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a final concentration of 1.5 x 105 cells/400µl/well (monocultures) or 7.5 x 104 

cells/400µl/well (cocultures) using THP-1 culture media containing PMA and the 

appropriate polarizing cytokines. These labeled MDA-MB-231 cells were seeded in 24-

well plates alone (monocultures) or used to replace the media in the M1 or M2 

macrophage-containing wells to complete the 1:1 seeding ratio (cocultures). 

Phagocytosis assays conducted under mock conditions were incubated for 18 hours at 

37°C. Phagocytosis assays conducted in the presence of VSV were pre-equilibrated for 2 

hours at 37°C before the cells were infected with rwt or rM51R-M virus at an MOI of 0.1 

pfu/cell for the next 16 hours. The culture media was then replaced with THP-1 media 

supplemented with a 500uL 0.005% suspension of latex beads for all assay conditions 

and then incubated for an additional 6 hours at 37°C. The cells were then washed 4 

times with 500uL of 1X sterile PBS before vacuum aspiration and replacement with 

500µL  THP-1 media. Phagocytic activity was measured in live cells imaged at 10X using 

an Olympus IX-81 inverted fluorescent microscope, a DP80 camera, and cellSens 

software (3 images/condition). Images were processed with Photoshop (Release 23.5.1) 

to generate composite images of the phase contrast and fluorescent channels and to 

count cells. Phagocytic activity was the ratio of the total number of cells that ingested at 

least one latex bead over the total number of cells capable of phagocytosis (i.e., 

macrophages). Phagocytosis by MDA-MB-231 cells was only counted under 

monoculture conditions.  
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Breast Cancer Cell Growth Assays 

 

The growth of Cell Tracker™ Violet-labeled MDA-MB-231, breast cancer cells, was 

measured in monoculture or in co-culture with pre-polarized M1 or M2 THP1 

macrophages at 37°C from 2-38 hours. In one series of experiments (MDA Lift), the 

labeled MDA-MB-231 cells were lifted from dishes, counted, and reseeded into 24-well 

plates with or without pre-polarized macrophages such that the seeding density was 1.5 

x 105 cells/well (monocultures) or 7.5 x 104 cells/well/cell type (cocultures), all in a final 

volume of 400µl. Later, cell growth assays were conducted such that the pre-polarized 

macrophages were lifted and reseeded into 24-well plates with labeled MDA-MB-231 

cells (Mac Lift). Briefly, 1.0 x 107 THP-1 monocytes were seeded into 6.5cm cell culture 

dishes in a volume of 3mL and polarized into M1 or M2 macrophages as described 

above. Note that THP1- cells were plated at a significantly higher count than needed for 

the experiment to account for the losses that occur later during lifting. Once cells were 

polarized to an M1 or M2 phenotype, they were washed twice with sterile PBS and 

treated with 1.5 mL of Accutase (Millipore, #SCR005) for 1 hour at 37°C. The detached 

cells were then aliquoted into 1.5 mL microcentrifuge tubes, spun at 1000 revolutions 

per minute for 5 minutes, and the Accutase solution in the supernatant was replaced 

with 1mL of THP-1 media for counting on a hemocytometer. M1 or M2 THP-1 

macrophages were adjusted in THP-1 media containing PMA and the appropriate 

polarizing cytokines before overlaying onto the labeled MDA-MB-231 cells in a 24-well 

plate at a 1:1 seeding ratio (i.e., 7.5 x 104 cells/well/cell type), all in a final volume of 
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400µl. Once cultures were established for 2 hours, the cells were infected without 

(mock) or with rwt or rM51R-M virus at an MOI of 0.1 or 10 pfu/cell. Live cell phase 

contrast and fluorescent microscopy images were taken at 2, 8, 14, 26, and 38 hours (5 

images/condition) using the Olympus IX-81 inverted fluorescent microscope at 20X 

magnification, DP80 camera, and cellSens software. Images were processed with 

Photoshop (Release 23.5.1) to generate composite images of the phase contrast and 

fluorescent channels. Breast cancer cells were counted in each image using the open-

source tool DotDotGoose (version 1.6.0) based on positive dye fluorescence and 

morphology. 

 

StaBsBcal Analysis 

 

All stapspcs used to evaluate data were processed using MiniTab™ Stapspcal Soyware, 

Version 21.1.0 (2023). All fold change datasets were transformed using Log2 to achieve 

equal variance and account for rapo data. A two-way Analysis of Variance (ANOVA) with 

Tukey’s post-hoc Analysis was used for pairwise comparisons between individual 

condipons for phagocypc acpvity experiments. Two-way ANOVA with Repeated 

Measures, where pme was the dependent variable, was used with Tukey’s post-hoc 

analysis for pairwise comparisons between condipons in phagocytosis assays and cancer 

cell growth experiments. Unless otherwise stated, analyses compare interacpons of 

macrophage subtype versus virus strain with pme as a dependent variable. All reported 
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stapspcally significant findings indicate a p-value of < 0.05 within a 95% confidence 

interval. 
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CHAPTER 3:  RESULTS 

 

Part 1.  Macrophage Phagocytosis 

 

Oncolytic virotherapies reduce tumor burden by killing cancer cells and promoting 

antitumor immunity, but how TAMs impact such viral infections is less clear. To address 

this issue, we sought to determine the potential modulatory effects of VSV infection 

within a simulated tumor microenvironment in vitro containing pre-polarized M1 or M2 

macrophages and cocultured breast cancer cells. We have previously seen modulatory 

effects on THP-1 macrophage populations following infection with rM51R-M virus, a 

mutant VSV strain that fails to shut down host antiviral responses and is thereby a 

comparatively safer therapy relative to its wild-type counterpart (rwt virus). This 

conclusion was based on the observation that M2 THP-1-derived macrophages infected 

with the rM51R-M strain of VSV express the M1 markers pSTAT1, CD80, and TNF-α 

(Polzin et al., 2020). We also saw that the 10.8-fold higher phagocytic capability of M2 

THP-1 macrophages towards fluorescent E.coli bioparticles was reduced to M1 

phagocytic levels following rM51R-M infection (Simmons, 2021). Together, these data 

suggest a possible repolarization of pro-tumor M2 macrophages into antitumor M1 

macrophages following rM51R-M infection. M2 macrophages, relative to M1 

macrophages, were also more sensitive to the cytopathic effects of this virus (Polzin et 

al., 2020). All of these previous results were seen with THP-1 macrophages in 

monoculture. To better address the therapeutic capabilities of VSV, we now sought to 
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investigate how viral infections were impacted by THP-1 macrophages when cocultured 

with the triple-negative breast cancer cell line MDA-MB-231. MDA-MB-231 cells are a 

highly invasive epithelial cancer cell line originally isolated from a 51-year-old woman 

with metastatic breast cancer. This cell line does not express pro-tumor hormone 

(estrogen, ER; progesterone, PR) or growth factor (epidermal; HER2) receptors making it 

representative of triple-negative breast cancers, the most aggressive form of breast 

cancer known and a cancer with few viable therapeutic options. These cancers can 

become even more aggressive when macrophages are recruited to the TME. To 

accurately simulate these breast tumor conditions, we seeded THP-1 macrophages 

and/or MDA-MB-231 breast cancer cells into 24-well plates at 1.5 x 105 cells/well. For 

cocultures, the seeding ratio was 1:1 such that there were 7.5 x 104 macrophages and 

cancer cells (but still 1.5 x 105 total cells) in the well. The latter was done in order to 

maintain a similar 60-70% confluence of cells during viral infections, which better allows 

the virus to reach and infect cells within our model. It also permits the MDA-MB-231 

cells to proliferate without overwhelming the non-proliferating macrophage 

populations.   

 

M2 macrophages are better phagocytes than M1 macrophages. 

 

Our first experiment was to address the baseline phagocytic capabilities of pre-polarized 

M1 or M2 THP-1 macrophages with or without cocultured MDA-MB-231 breast cancer 

cells under mock conditions without virus. Cells were equilibrated in culture for 18 
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hours, followed by an exchange with fresh media containing a 0.005% suspension of 

fluorescent latex beads for another 6 hours. Following this period, live cell images were 

taken by fluorescent microscopy (Figures 1-3), which were analyzed quantitatively in 

Figure 4. To visually distinguish the macrophages from the breast cancer cells, we 

labeled the latter cell type with Cell TrackerTM Violet dye. Cell TrackerTM Violet is a 

fluorescent dye that localizes to the cytoplasm and exhibits retention through at least 

72 hours of culturing. Previous work has indicated good staining but little cytotoxicity by 

the dye at 10µM concentration (Simmons, 2021). Figure 1 dramatizes the visual 

differences between the labeled breast cancer cells and the unlabeled macrophages in 

the composite phase contrast/fluorescent microscopy images. Figure 1A shows that 

MDA-MB-231 breast cancer cells essentially do not phagocytose latex beads on their 

own. This is consistent with the epithelial origin of this breast carcinoma cell line. Given 

that result, all subsequent analyses of the latex bead assay were quantified using the 

following specifications: (i) the total number of cells capable of phagocytosis and (ii) the 

percentage of cells that ingested a minimum of one latex bead. This meant that for the 

cocultures, the breast cancer cells were not counted under any experimental condition 

as they did not actively phagocytose latex beads. All counts and percentages presented 

in the data are of phagocytosis-capable cells only, i.e., the macrophages (Figure 4). In 

contrast to the MDA-MB-231 breast cancer cells, both THP-1 macrophage populations, 

as professional phagocytes, performed statistically better in this assay. For the M1 THP-

1 macrophages, phagocytosis could be seen in 3.9% of the cells in monoculture (Figures  
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Figure 1. Phagocytosis of Latex Beads by M1 and M2 Macrophages in Mono- or 
Coculture with MDA-MB-231 Breast Cancer Cells under Mock Conditions. Pre-polarized 
THP-1 macrophages in mono- or 1:1 coculture with Cell TrackerTM Violet-labeled MDA-
MB-231 breast cancer cells (white) were incubated for 18 hours, and then exposed to 
fluorescent latex beads (red) for 6 hours. Representative, composite, live cell images 
(left) are matched with zoomed images (right) of the demarcated regions and highlight 
breast cancer cells (blue arrows), M1 macrophages (yellow arrows), M2 macrophages 
(red arrows), and phagocytosing cells (teal circles). [Figure 1 is on the previous page.] 
 

 

1B and 4). Phagocytosis by M2 macrophages was statistically higher with 23.7% of all 

cells ingesting at least one bead (Figure 1D and 4). In many cases, these M2 

macrophages phagocytosed multiple beads per cell (Figure 1D). Together, this 

represents an approximately 6-fold higher phagocytic ability of M2 macrophages over 

M1 macrophages and is consistent with what had been observed previously by our lab 

for these macrophage populations using E. coli bioparticles (Simmons, 2021). 

 

The presence of cocultured breast cancer cells enhances macrophage phagocytic 

capacity. 

 

When MDA-MB-231 cells were co-cultured with THP-1 macrophages for 18 hours prior 

to performing the phagocytic bead assay, phagocytosis by macrophages showed a 

remarkable increase. This can be seen for M1 (Figure 1C) and M2 (Figure 1E) 

macrophages. The increase from 3.9% of M1 macrophages in monoculture to 5.4% in 

coculture was not statistically significant (Figure 4). However, the increase from 23.7% 

of M2 macrophages in monoculture to 58.5% in coculture was significant and 
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represented the most robust phagocytic activity observed in all experimental conditions. 

These results demonstrate that a simulated tumor model can be established in vitro in 

such a way as to differentiate cancer cell and macrophage populations all while 

discerning whether macrophages are ingesting latex beads. These data also suggest 

functional changes in macrophage populations, and in particular M2 macrophages, that 

is induced by cross-talk with cancer cells even during a relatively brief 24-hour coculture 

period. 

 

VSV strains diminish macrophage phagocytic capacity in both mono- and coculture 

conditions. 

 

Given that both mono- and coculture models successfully allow for visualization of 

macrophage phagocytosis (Figure 1), we next tested the functional impact of VSV on the 

phagocytic capacity of THP-1 macrophages. For this assay we chose an MOI of 0.1 

pfu/cell, an asynchronous infection regime that tests not only how infection impacts 

phagocytosis directly, but also how communication between cells in response to the 

infection impacts this activity. Figures 2 (modeling rwt virus infections) and 3 (modeling 

rM51R-M virus infections) feature images of phagocytosing cells under the established 

conditions of the assay noting that infection by each VSV strain was initiated 2 hours 

into the 18-hour mono- or coculture incubation period prior to adding the latex beads.  
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Neither the rwt nor the rM51R-M strains of VSV completely eliminated phagocytosis of 

latex beads by either macrophage population in this study (Figures 2 and 3). However, 

both viral strains trended towards an inhibition of that activity, and that was most 

dramatically seen with rM51R-M virus. Indeed, infection with rM51R-M virus always led 

to statistically significant decreases in phagocytosis, both in M1 and M2 macrophages, 

and under both monoculture and coculture conditions. For M1 macrophages, this 

reduction was 6.5-fold in monoculture and 6.8-fold in coculture (Figure 4). For M2 

macrophage, it was 5.6-fold in monoculture and 5.5-fold in co-culture. These reductions 

in phagocytosis following rM51R-M virus infection of M2 macrophages brought it down 

to the phagocytic levels of M1 macrophages under mock conditions. A similar result had 

been previously observed by this viral strain on M2 THP-1 macrophage phagocytosis of 

E.coli bioparticles (Simmons, 2021).These trends make the phagocytic capabilities of M2 

macrophages look more like that of M1 macrophages and lend support for the 

repolarization of this macrophage population following rM51R-M virus infection.  

In contrast to the changes seen with rM51R-M virus, M1 macrophages showed only 

slight, and statistically insignificant, reductions in phagocytosis following infection with 

 
 
Figure 2. Phagocytosis of Latex Beads by M1 and M2 Macrophages in Mono- or 
Coculture with MDA-MB-231 Breast Cancer Cells following Infection with rwt Virus. 
Pre-polarized THP-1 macrophages in mono- or 1:1 coculture with Cell TrackerTM Violet-
labeled MDA-MB-231 breast cancer cells (white) were pre-incubated for 2 hours before 
infection with rwt virus (MOI 0.1 pfu/cell) for an additional 16 hours. Cells were then 
exposed to fluorescent latex beads for 6 hours. Representative, composite, live cell 
images (left) are matched with zoomed images (right) of the demarcated regions and 
highlight breast cancer cells (blue arrows), M1 macrophages (yellow arrows), M2 
macrophages (red arrows), and phagocytosing cells (teal circles). [Figure 2 is on the next 
page.] 
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Figure 3. Phagocytosis of Latex Beads by M1 and M2 Macrophages in Mono- or 
Coculture with MDA-MB-231 Breast Cancer Cells following Infection with rM51R-M 
Virus. Pre-polarized THP-1 macrophages in mono- or 1:1 coculture with Cell TrackerTM 
Violet-labeled MDA-MB-231 breast cancer cells (white) were pre-incubated for 2 hours 
before infection with rM51R-M virus (MOI 0.1 pfu/cell) for an additional 16 hours. Cells 
were then exposed to fluorescent latex beads for 6 hours. Representative, composite, 
live cell images (left) are matched with zoomed images (right) of the demarcated 
regions and highlight breast cancer cells (blue arrows), M1 macrophages (yellow 
arrows), M2 macrophages (red arrows), and phagocytosing cells (teal circles). [Figure 3 
is on the previous page.] 
 

 

rwt virus (1.6-fold in monoculture and 3-fold in coculture) (Figure 4). The results for M2 

macrophages, however, were different. For M2 macrophage monocultures, there was 

virtually no change in the percentage of phagocytic cells, i.e., from 23.7% under mock 

conditions to 25.8% with rwt virus. However, for the M2 macrophages cocultured with 

MDA-MB-231 cells, where the mock condition had the extraordinarily high of 58.5% of 

the cells undergoing phagocytosis, this reduced to a statistically significant 27.2% 

following rwt infection. While this drop was not as far as that which was induced by 

rM51R-M virus infection, it did reduce to M2 macrophage monoculture levels, 

essentially neutralizing the accentuation that MDA-MB-231 coculturing had provided.   

 

VSV infection-dependent reductions in macrophage phagocytic capacity are not due to 

the cytopathic effects of VSV. 

 

The ability of VSV infection to reduce macrophage phagocytic capacity might be simply 

the result of the cytopathic capabilities of the virus. That is, macrophages might 
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Figure 4. Percentage of Phagocytic Cells in Pre-Polarized THP-1 Macrophage/MDA-MB-
231 Breast Cancer Cell Mono- or Cocultures with or without VSV Infection. 
Quantitative analysis of the percentage of cells phagocytosing one or more fluorescent 
latex beads from composite, live cell images of M1 and M2 THP-1 macrophage/MDA-
MB-231 (MDA) breast cancer cell mono- and cocultures (see Figures 1, 2, and 3). Cells 
were infected with (rwt or rM51R-M) or without (Mock) VSV virus (MOI 0.1 pfu/cell). 
Data are the mean and standard deviation of three independent experiments. Statistical 
significance between conditions was analyzed using a Two-Way ANOVA. Post-Hoc 
pairwise comparisons of results indicate differences by assigned letter (p-value < 0.05). 
Means that do not share a letter are statistically different from one another. All 
statistical analyses were conducted using Minitab® statistics software. 
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phagocytose less because they were dead or dying from a viral infection. To rule out 

that possibility, we returned to our counts of the number of macrophages present 

within the images used in the phagocytosis assay, the very data used to determine the 

percentage of phagocytic cells. This is shown in Figure 5. First, the number of 

macrophages in coculture (Figure 5B and 5D) were always less than the number in 

monoculture (Figure 5A and 5C). This is because of the intended co-culture conditions 

that reduce the number of both THP-1 macrophages and MDA-MB-231 breast cancer 

cells in order to maintain the same overall confluency of cells. Second, neither rwt nor 

rM51R-M virus reduced the number of M1 macrophages in either mono- or coculture 

conditions (Figure 5A and 5B). This is consistent with previous data showing that M1 

macrophages are resistant to VSV infection and cytopathicity (Polzin et al., 2020). Third, 

M2 macrophages did appear to be somewhat susceptible to VSV cytopathicity as 

macrophage numbers were statistically reduced following viral infection (Figure 5C and 

5D). This has also been observed before (Polzin et al., 2020). However, the reduction in  

cocultured M2 macrophages by rwt virus was no different than that of rM51R-M virus, 

even though rM51R-M virus had a much more substantial effect on phagocytosis.  

 

In sum, we observed the following from the phagocytic assay. (1) There was increased 

phagocytic activity in M2 macrophages compared to M1 macrophages in both mono- 

and coculture conditions. (2) Coculture with MDA-MB-231 breast cancer cells 

significantly increased the percentage of phagocytosing macrophages, particularly for 

the M2 macrophage subtype. (3) rM51R-M virus significantly decreased the phagocytic  
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Figure 5. THP-1 Macrophage Counts from the Phagocytosis Assays. Quantitative 
analysis of the number of macrophages from composite, live cell images of M1 and M2 
THP-1 macrophage/MDA-MB-231 (MDA) breast cancer cell mono- and cocultures (see 
Figures 1, 2, and 3). Cells were infected with (rwt or rM51R-M) or without (mock) VSV 
virus (MOI 0.1 pfu/cell). Data are the mean and standard deviation of three independent 
experiments. Statistical significance between conditions was analyzed using a Two-Way 
ANOVA. Tukey’s Post-Hoc pairwise comparisons of results indicate differences by 
assigned letter (p-value < 0.05). Means that do not share a letter are statistically 
different from one another. All statistical analyses were conducted using Minitab® 
statistics software. 
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capacity of M1 and M2 macrophages in both mono- and coculture conditions. These 

decreases were such that rM51R-M-infected M2 macrophages were statistically 

indistinguishable from M1 macrophages under mock conditions. These data further 

suggest that the loss in M2 macrophage phagocytic function associated with rM51R-M 

virus infection is likely not due to cytopathicity, but to some other effect, such as the 

repolarization of M2 macrophages to an M1-like phenotype. 

 

Part 2.  Breast Cancer Cell Growth 

 

The previous data show modulatory effects on the THP-1 macrophage phenotype 

following infection with rM51R-M virus. That is, M2 macrophage phagocytic capacity for 

latex beads, which is higher than that of M1 macrophages, was reduced to that of M1 

macrophage levels under monoculture conditions and near to that of M1 macrophages 

when cocultured with MDA-MB-231 cells (Figure 4). Thus, alongside increases in M1 

marker expression, the reduced function of M2 macrophages as phagocytes following 

infection with rM51R-M virus suggests a repolarization of macrophages to an M1 

phenotype within the simulated conditions of the triple-negative breast TME used in 

this study. If so, then the therapeutic potential of VSV may extend well beyond its 

cytopathicity for cancer cells given that pro-tumor M2 TAMs may be prone to death, to 

loss of function, or to a possible repolarization to an antitumor phenotype (Polzin et al., 

2020b). Seeing that VSV has already presented itself as a promising immunotherapy, 

even in the realm of triple-negative breast cancer (Niavarani et al., 2020 ), this study 
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aimed to detail further the impact that the rwt and rM51R-M strains of VSV have on 

MDA-MB-231 breast cancer cell/THP-1 macrophage coculture conditions in vitro. We 

hypothesized that classically-activated M1 macrophages would prohibit breast cancer 

growth while alternatively activated M2 macrophages would stimulate it. We further 

hypothesized that infection with VSV, and in particular with rM51R-M virus, would 

neutralize the stimulation of breast cancer cell growth even in the presence of M2 

macrophage populations. 

 

M1 macrophages inhibit breast cancer cell growth in coculture; M2 macrophages have 

no effect. 

 

To study MDA-MB-231 cell growth, the breast cancer cells were first labeled with Cell 

TrackerTM Violet so that they could be differentiated from the macrophages when in 

coculture. Like the phagocytosis assays, it was the pre-labeled breast cancer cells that 

were lifted from a cell culture dish with trypsin-EDTA and placed onto new dishes 

containing pre-polarized macrophage populations. Growth was then monitored over 

time by counting the labeled cells under a fluorescent microscope (Figure 6A). 

Representative images of these cells at the 14-hour time point reveal the nature of the 

data, which was then quantitated as the fold-change in growth relative to that at 2 

hours (Figure 6B-6E). The data suggest three conclusions. (1) The MDA-MB-231 cells 

grew over time by increasing their cell density by ~2.3 fold over the 38-hour growth 

period (Figure 6E). By the end of the experiment, there were a maximum of ~80 
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Figure 6. Interval Plot of MDA-MB-231 Cell Counts with or without Cocultured THP-1 
Macrophages – Comparison of Trypsin-lifted Breast Cancer Cells to Accutase®-lifted 
Macrophages. Coculture method where Cell TrackerTM Violet-labeled MDA-MB-231 
breast cancer cells were overlaid onto pre-polarized THP-1-derived macrophages (MDA-
Lift, A) or where pre-polarized THP-1 macrophages were overlaid onto Cell TrackerTM 
Violet-labeled MDA-MB-231 breast cancer cells (Mac-Lift, F). Representative, composite, 
live cell images highlight fluorescent breast cancer cells (white) and macrophages (clear) 
in coculture at 10X magnification under MDA-Lift conditions (B-D) or Mac-Lift conditions 
(G-I). Quantitation of breast cancer cell counts/image were expressed as a fold-change 
relative to the 2-hour time point under MDA-Lift conditions (n=3, E) or Mac-Lift 
conditions (n=3, J). Cell counts across the complete time intervals were compared using 
a Repeating Measures Two-Way ANOVA. Tukey’s Post-Hoc pairwise comparisons 
indicate significant differences by letter. Intervals that do not share a letter are 
significantly different from one another across the overall dataset. Individual time points 
were evaluated independently using a One-Way ANOVA. Dunnett’s Post-Hoc analysis 
indicates statistical significance compared to the MDA-MB-231 monocultures under 
mock conditions. *, p-value < 0.05). [Figure 6 is on the previous page.] 
 

 

cells/image. (2) M1 THP-1 macrophages, as hypothesized, inhibited this growth of MDA-

MB-231 cells. This was most noticeable by 26 hours and continued to the end of the 

experiment. This reduction in growth was lower than that of the breast cancer cells 

cocultured with M2 THP-1 macrophages too. (3) M2 THP1 macrophages neither reduced 

nor accentuated MDA-MB-231 cell growth in this experiment. This was an unexpected 

result as we anticipated a growth insurgence in response to M2 macrophages.  

 

Another result that was unexpected, but readily apparent, was that the MDA-MB-231 

breast cancer cells did not appear as healthy as desired nor was there consistent 

fluorescence omitted from the Cell TrackerTM Violet dye. In many cases the fluorescence 

from the cells was barely detectible at all. To remedy this, the cancer cell growth 

experiment was repeated, but this time with the macrophages overlaid onto the breast 
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cancer cells. In short, pre-polarized macrophage populations were lifted from a cell 

culture dish with Accutase® and then placed onto new dishes containing the pre-labeled 

breast cancer cells (Figure 6F). Growth was again monitored over time by counting the 

labeled cells under a fluorescent microscope (Figure 6J). The most notable difference 

between the two methodologies could be seen in the total cell counts at 38 hours, 

which under these new conditions increased to as many as 180 cells/image (Figure 6G-

6I). Moreover, the MDA-MB-231 cells were visibly healthy, and with more cells retaining 

Cell TrackerTM Violet dye, the overall trends in growth at each time point were far more 

apparent.  

 

Generally, the trends in breast cancer growth were the same regardless of which cell 

type was lifted and plated into the cocultures. First, when MDA-MB-231 cells were 

grown in monoculture, the cells expectedly showed a steady, nearly linear increase in 

growth up to the final time point of 38 hours (Figure 6J). The breast cancer cells also 

demonstrated a healthy morphology with little cell death outside what can be expected 

for a proliferating cell culture. 

 

In contrast, cocultured M1 THP-1 macrophages significantly inhibited MDA-MB-231 cell 

growth across the entire growth interval, resulting in a nearly 75% loss in cell number by 

38 hours (Figure 6J). This inhibition was first detected at 8 hours of coculture, a much 

earlier time in the Mac-Lift method (Figures 6H and 6J) than the 26 hours of coculture 

seen in the MDA-Lift method (Figures 6C and 6E). The images at 14 hours show the 
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reduced breast cancer cell numbers (Figures 6G and 6H), which were nearly 6-fold lower 

than MDA-MB-231 monocultures by the end of the experiment at 38 hours. Aside from 

the detached cells that had died already, we also noticed an unhealthy morphology in 

the attached breast cancer cells, some of which represented classical interpretations of 

necrotic or apoptotic cells with ruptured/fragmented shapes and blebbing/ 

disintegration, respectively (Yan et al., 2020; Ziegler & Groscurth, 2004). As observed in 

the MDA-Lift experiment, the M2 macrophages did not stimulate MDA-MB-231 breast 

cancer cell growth in coculture (Figures 6E and 6J). Indeed, across the entire growth 

interval, the M2 THP-1 macrophages showed some inhibition of breast cancer growth, 

but this was not statistically significant (Figure 6J). Thus, despite other studies showing 

that the presence of M2-polarized macrophages increases the growth rate/number of 

cancer cells, we did not detect that here.  

 

The best coculture procedure to use may depend on the nature of the assay and the cell 

type being analyzed. It was relatively easy to discern the phagocytic capacity of 

macrophages when it was the breast cancer cells that were lifted and replated in the 

assay. Conversely, when studying breast cancer growth, imaging worked best when it 

was the macrophages that were lifted and replated. Regardless, it bodes well that the 

breast cancer growth assay gave similar results using both methods as it allowed us to 

proceed with confidence into the next round of breast cancer cell growth experiments 

involving both coculture with macrophages and VSV infection.   
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VSV infection neutralizes breast cancer cell growth regardless of macrophage 

presence. 

 

The penultimate experiment in this study was to investigate the growth of breast cancer 

cells in coculture with pre-polarized macrophage populations following infection with 

the rwt and rM51R-M strains of VSV. This experiment was carried out as described in 

Figure 6F, except that virus was added to the cocultures after an initial 2-hour pre-

incubation and was kept in the cultures for rest of the experiment. Figure 7 shows 

representative images from the 14-hour time point where the impact of the virus was 

beginning to become apparent (Kopecky et al., 2001; Kopecky & Lyles, 2003). As before, 

we can see a visible difference in the number of MDA-MB-231 cells in monoculture 

relative to the cells cultured with M1 THP-1 macrophages  under mock conditions 

(Figures 7A and 7D). More apparent, however, is the reduction in breast cancer cells 

seen under this coculture condition in the presence of either viral strain at an MOI of 0.1 

pfu/cell (Figure 7D-7F). The breast cancer cells also appear more rounded following 

virus infection, particularly with rM51R-M virus (Figure 7C, 7F, and 7I). This 

indicates poor health, though these cells were not so damaged that they were left out of 

the quantification. Figure 8 shows the breast cancer cell counts from all assay conditions 

presented as a fold- change over the 2-hour time point. Figure 8A is the same data as in 

Figure 6J and reminds of the prevailing trends in breast cancer growth in the absence of 

VSV. We hypothesized that both viral strains would inhibit breast cancer growth in 

monoculture because VSV is an oncolytic virus. We further reasoned that this inhibition  
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Figure 7. Representative Images of MDA-MB-231/THP-1 Macrophage Cocultures 
Following Infection with VSV Strains at an MOI of 0.1. Cell TrackerTM Violet-labeled 
MDA-MB-231 breast cancer cells (white) in mono- or 1:1 coculture with pre-polarized 
THP-1 macrophages (Mac-Lift conditions – see Figure 6F) were pre-incubated for 2 
hours before infection with or without (Mock) rwt or rM51R-M virus at an MOI of 0.1 
pfu/cell. Representative, composite, live cell images were taken at 14 hours and 
highlight fluorescent breast cancer cells (white) and macrophages (clear) at 10X 
magnification.  
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Figure 8. Interval Plot of MDA-MB-231 Cell Counts in the Presence of M1 or M2 THP-1 
Macrophages with or without VSV Infection at an MOI of 0.1. Experimental conditions 
involving MDA-MB-231 breast cancer cell mono- or 1:1 cocultures with THP-1 
macrophages following infection with or without the indicated VSV strains (MOI of 0.1 
pfu/cell) are described in Figure 6F. Breast cancer cell growth was monitored over 38 
hours. Quantitation of breast cancer cell counts/images was expressed as a fold-change 
relative to MDA-MB-231 cells at 2 hours under mock conditions. Only MDA-MB-231 cells 
with evident, notable fluorescence were counted. Data are the mean + SE of three 
independent experiments. Statistical significance was determined by Repeating 
Measures Two-Way ANOVA. Here, the overall average trend in the data is expressed by 
letter. Conditions that do not share a letter differ significantly (p-value < 0.05). [Figure 8 
is on the previous page.] 
 

 

of breast cancer growth might even be more pronounced in the presence of M1 

macrophages as there would then be two entities with growth inhibitory effects present 

in culture. What we observed, however, was that VSV exhibited such an unexpected 

potency as a cancer cell growth inhibitor in the assay that it overshadowed all the 

experimental conditions being studied. Whether alone in monoculture (Figure 8A) or in 

coculture with macrophages (Figures 8B and 8C), breast cancer cells did not grow in the 

presence of either viral strain across the time interval of the assay. Even the M2 

macrophages were unable to protect the breast cancer cells from the cytopathic effects 

of VSV on breast cancer cells.   

 

We also conducted a statistical analysis at each time point in isolation to see if any 

subtle effects in the prior trend data would become more apparent when analyzed 

across all conditions (Figure 9). What can be gleaned by these independent evaluations  
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Figure 9. MDA-MB-231 Cell Counts in the Presence of M1 or M2 THP-1 Macrophages 
with or without VSV Infection at an MOI of 0.1 – Analysis of Independent Time Points. 
This figure provides additional statistical analysis of the data in Figure 8. Experimental 
conditions involving MDA-MB-231 breast cancer cell mono- or 1:1 cocultures with THP-1 
macrophages following infection with or without the indicated VSV strains (MOI of 0.1 
pfu/cell) are described in Figure 6F. Quantitation of breast cancer cell counts/image 
were expressed as a fold-change relative to MDA-MB-231 cells at 2 hours under mock 
conditions. Data are the mean + SE of three independent experiments. Significant 
differences were analyzed using Two-Way ANOVA. Each time interval was analyzed 
independently. Tukey’s Post-Hoc pairwise comparisons indicate differences in means by 
letter. Means that do not share a letter differs significantly (p-value < 0.05). 
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is that starting at 14 hours (Figure 9B), but more apparent by 26 and 38 hours (Figures 

9C and 9D), the M1- and M2-breast cancer cell cocultures under both virus conditions 

were showing identical growth inhibitory trends that were statistically significant from 

mock conditions. Evident in both Figures 8 and 9 is the reduction in fold-change by the 

38-hour time point, indicating that there were hardly any living MDA-MB-231 cells left in 

culture under any virus condition. 

 

The effect of VSV on MDA-MB-231 breast cancer cell growth was seen at a low MOI of 

0.1 pfu/cell. This represents an asynchronous infection. An asynchronous infection 

means that not all cells are subject to infection and that antiviral responses can be 

communicated across the culture. Clearly the breast cancer cells were obliterated under 

this infection regime making it difficult to parse out any mechanistic effects exerted by 

each macrophage subtype or viral strain. That said, much data supports using different 

MOIs to examine the ultimate impact of VSV infection as a cancer therapeutic(Ludwig-

Begall et al., 2021; Tang et al., 2023; Tang et al., 2022)  To be thorough in our 

investigations, we also did breast cancer cell growth assays in mono- and coculture and 

in the presence of either VSV strain at a higher MOI of 10 pfu/cell. This represents a 

synchronous infection where the presence of excess viral particles ensures that nearly  

every cell in culture may be infected. We were curious as to whether the cocultured M2 

macrophages might be protective of the breast cancer cells under this infection regime. 

 

Figure 10 shows the visual landscape of MDA-MB-231 breast cancer cell mono- and  
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Figure 10. Representative Images of MDA-MB-231/THP-1 Macrophage Cocultures 
Following Infection with VSV Strains at an MOI of 10. Cell TrackerTM Violet-labeled 
MDA-MB-231 breast cancer cells (white) in mono- or 1:1 coculture with pre-polarized 
THP-1 macrophages (Mac-Lift conditions – see Figure 6F) were pre-incubated for 2 
hours before infection with or without (Mock) rwt or rM51R-M virus at an MOI of 10 
pfu/cell). Representative, composite, live cell images were taken at 14 hours and 
highlight fluorescent breast cancer cells (white) and macrophages (clear) at 10X 
magnification.  
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cocultures containing M1 and M2 THP-1 macrophages subjected to rwt and rM51R-M 

infection. Much like before, the health of these cells at 14 hours was declining in the 

presence of VSV. The breast cancer cells appeared rounded and fragmented, suggesting 

a possible induction of apoptotic pathways. Meanwhile, the macrophages were also 

being impacted. Most noticeable was the reduction of cocultured M2 macrophages 

when subjected to rM51R-M virus infection (Figure 10I). These results were not as 

pronounced as with rwt virus infection (Figure 10H). M1 macrophages, in contrast, 

appeared to be unaffected by both viruses in coculture (Figures 10E and 10F). 

 

In this synchronous infection condition at an MOI of 10 pfu/cell, the overall MDA-MB-

231 cell counts reduced in nearly an identical way to the asynchronous condition at an 

MOI of 0.1 pfu/cell (compare Figures 8 and 11). Moreover, M2 macrophage cocultures 

still failed to shield the breast cancer cells from the cytopathicity of either VSV strain. In 

an independent time analysis, the most notable feature of this data was the drastic drop  

 

Figure 11. Interval Plot of MDA-MB-231 Cell Counts in the Presence of M1 or M2 
Macrophages with or without VSV Infection at an MOI of 10. Cell TrackerTM Violet-
labeled MDA-MB-231 breast cancer cells in mono- or 1:1 coculture with pre-polarized 
THP-1 macrophages (Mac-Lift conditions – see Figure 6F) were pre-incubated for 2 
hours before infection with or without (Mock) rwt or rM51R-M virus at an MOI of 10 
pfu/cell. Breast cancer cell growth was monitored over 38 hours. Only MDA-MB-231 
cells with evident, notable fluorescence were counted. Quantitation of breast cancer 
cell counts/image were expressed as a fold-change relative to MDA-MB-231 cells at 2 
hours under mock conditions. Data are the mean + SE of three independent 
experiments. Cell counts across the complete time intervals were compared using a 
Repeating Measures Two-Way ANOVA. Tukey’s Post-Hoc pairwise comparisons indicate 
significant differences by letter. Intervals that do not share a letter are significantly 
different from one another across the overall dataset (p-value < 0.05). [Figure 11 is on 
the next page.] 
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in MDA-MB-231 cell counts at 14 hours and persisting to 38 hours (Figures 12B-12D). 

This differs slightly from the experiment done at the lower MOI of 0.1 pfu/cell, as it took 

until 26 hours to note the drastic drop in MDA-MB-231 cell counts (Figures 9B-9D). 

Nevertheless, both viruses at both MOIs neutralize the breast cancer cells under the 

conditions assayed in this study.   
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Figure 12. MDA-MB-231 Cell Counts in the Presence of M1 or M2 THP-1 Macrophages 
with or without VSV Infection at an MOI of 10 – Analysis of Independent Time Points.  
This figure provides additional statistical analysis of the data in Figure 11. Experimental 
conditions involving MDA-MB-231 breast cancer cell mono- or 1:1 cocultures with THP-1 
macrophages following infection with or without the indicated VSV strains (MOI of 0.1 
pfu/cell) are described in Figure 6F. Quantitation of breast cancer cell counts/image 
were expressed as a fold-change relative to MDA-MB-231 cells at 2 hours under mock 
conditions. Data are the mean + SE of three independent experiments. Significant 
differences were analyzed using Two-Way ANOVA. Each time interval was analyzed 
independently. Tukey’s Post-Hoc pairwise comparisons indicate differences in means by 
letter. Means that do not share a letter differs significantly (p-value < 0.05). 
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CHAPTER 4:  DISCUSSION 

 

Triple-negapve breast cancer (TNBC) remains one of the most challenging and aggressive 

subtypes of breast cancer, primarily due to its lack of hormone receptors and HER2 

amplificapon, which limits the available targeted therapies. The TME plays a pivotal role 

in TNBC progression, with infiltrapng immune cells, parpcularly macrophages, 

contribupng to tumor growth and evasion of the immune system. Macrophages exist in 

two main phenotypes:  M1, which is associated with anptumor acpvity, and M2, which is 

associated with pro-tumoral acpvity. The balance between these two macrophage 

phenotypes within the TME plays a crucial role in cancer progression. Understanding the 

complex interplay between TNBC, macrophage subtypes, and innovapve therapeupc 

approaches is of paramount importance in the quest for more effecpve treatment 

strategies.  

 

This study invespgated the potenpal of vesicular stomapps virus (VSV) as a therapeupc 

oppon for TNBC. VSV is well-known for its selecpve oncolypc properpes. However, its 

influence on the intricate crosstalk between cancer cells and TAMs, specifically in the 

context of TNBC, remains an underexplored area of research. To remedy that, we 

cocultured MDA-MB-232 TNBC cells with pre-polarized THP-1 macrophages to simulate a 

TME containing TAM-like populapons. We then infected the cocultures with either the 

wild-type (rwt) or mutant (rM51R-M) strains of VSV as a therapy. One aim included the 

measurement of macrophage phagocypc acpvity, as this enabled dissecpon of the highly 



	 67 

malleable macrophage phenotype. Indeed, previous research from our lab has shown 

that the rM51R-M strain of VSV can repolarize M2 THP-1 macrophages in monoculture 

towards an M1-like phenotype, thereby suggespng spll another benefit to VSV’s 

anptumor arsenal, i.e., the ability to turn a ‘friend’ of cancer into a tumor ‘foe’ (Polzin et 

al., 2020).  This led us to the primary aim of this study, to compare VSV’s inhibipon of 

breast cancer cell growth in both mono- and coculture condipons. We hypothesized that 

VSV infecpon would not only exhibit oncolypc effects on TNBC cells, but would also shiy 

the cocultured macrophages to the M1 phenotype, thereby taking advantage of the 

anptumor properpes of these macrophages to exert an even more robust inhibipon of 

breast cancer development.  

 

The potenpal findings from this study were considered to have profound implicapons for 

the development of more targeted and efficacious therapeupc strategies against TNBC. If 

VSV could effecpvely disrupt the TME by reprogramming TAMs towards an anptumoral 

state, it may represent a novel approach for TNBC treatment. This approach also aligns 

with the broader goals of immunotherapy, where harnessing the power of the immune 

system to combat cancer is an evolving paradigm in oncology. 

 

Discussion of Phagocytosis Data 

 

Previous research in our lab discovered several important effects of VSV on THP-1 

macrophages (Polzin et al., 2020). First, the rwt strain of VSV induced significant cell 
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death on M2 macrophages, possibly by inhibipng host gene expression and triggering 

rapid apoptosis. The rwt virus also disarmed podosome formapon in the M2 

macrophages. On the other hand, the rM51R-M strain of VSV acpvated the anpviral 

STAT1 pathway in M2 macrophages, a pathway that produces M1-polarizing cytokines 

that, in turn, promoted certain aspects of M1 programming like producpon of the pro-

inflammatory factor TNF-α. Meanwhile, M1 macrophages, polarized by LPS and IFN-γ, 

remained resistant to infecpon, further emphasizing the potenpal of VSV to completely 

reprogram TAM populapons. More recently, Auspn Simmons, in his graduate thesis 

work, explored the phagocypc abilipes of THP-1 macrophages, focusing on how that 

acpvity responds to VSV infecpon (Simmons, 2021). He solidified, as was true of other 

studies, that M2 macrophages were more robust phagocytes than their M1 counterparts 

(A-Gonzalez et al., 2017; Aderem & Underhill, 1999a; Aderem & Underhill, 1999b; Schulz 

et al., 2019; Uribe-Querol & Rosales, 2020). He also found that infecpon with rM51R-M 

virus lowered the phagocypc capacity of M2 macrophages towards E.coli bioparpcles to 

that of M1 levels, validapng the possible change in phenotype suggested by the previous 

marker analysis (Owen, 2020; Polzin et al., 2020a). Simmons also examined VSV 

replicapon within MDA-MB-231 breast cancer/THP-1 macrophage cocultures, finding 

that VSV primarily infects cancer cells over macrophages and remains effecpve in 

decreasing cancer cell proliferapon despite diminished replicapon in coculture 

condipons (Simmons, 2021). 
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We first aimed to expand upon the phagocypc assay uplized in the Simmons thesis by (1) 

focusing on the ingespon of fluorescent latex beads, (2) using both M1 and M2 THP-1 

macrophage populapons, and (3) studying the effects of both rwt and rM51R-M strains. 

The focus on a phagocypc assay to idenpfy macrophage polarizapon states was partly 

due to previous failed asempts to detect reacpve oxygen/nitrogen species in THP-1 cells 

(Owen, 2020). In contrast, Simmons showed that phagocytosis was both measurable and 

dispnguishable in THP-1 macrophage subtypes (Simmons, 2021). We now sought to 

determine whether that was also true within coculture systems and whether the effect 

of rM51R-M virus was retained.   

 

First, we confirmed that more M2 THP-1 macrophages phagocytose latex beads than M1 

THP-macrophages, both in monoculture as well as in coculture with MDA-MB-231 breast 

cancer cells (Figure 4). The reduced phagocypc capability of the M1 macrophages aligns 

with the alternapve mechanisms (e.g., ROS producpon) these cells use to aid the 

immune response (Acharya et al., 2020; Aderem & Underhill, 1999a; Gonzalez et al., 

2023; Mendoza-Coronel & Ortega, 2017; Scott et al., 2001). Second, we were somewhat 

surprised to see that coculturing macrophages with MDA-MB-231 breast cancer cells 

increased phagocytosis so significantly, parpcularly in M2 macrophages.  

 

What would be the benefit for breast cancer cells to increase the percentage of acpvely 

phagocytosing macrophages? Before addressing this, it might first be important to 

menpon that our assay measures the phagocytosis of non-opsonized latex beads, not 
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infecpous agents (like the E.coli bioparpcles studied by Simmons) and not cancer cells 

(studied by other groups) (Cao et al., 2022; Fraser et al., 2009; Garcia-Aguilar et al., 

2016; Hess et al., 2009; Lingnau et al., 2007; Simmons, 2021; Swanson & Hoppe, 2004; 

Wright & Silverstein, 1982). Currently, there is a lot of interest in spmulapng 

phagocytosis to target and eliminate opsonized cancer cells. This not only kills the cancer 

cells, but also enables anpgen presentapon to the adappve immune system (Benoit et 

al., 2012; Benoit et al., 2012; Jaiswal et al., 2009; Pio et al., 2014; Tseng et al., 2013; 

Vinay et al., 2015; Wang et al., 2017; Zhang et al., 2016; Zhang et al., 2017). However, 

this is not what we were studying in this assay. Another key funcpon of macrophages is 

to phagocytose extracellular matrix material and apoptopc cells as part of wound 

healing. The phagocytosis of apoptopc cells, including dying cancer cells, is known as 

efferocytosis, which is very similar to phagocytosis, and is cripcal to maintaining pssue 

homeostasis (A-Gonzalez et al., 2017; Mukundan et al., 2009; Rőszer et al., 2011; Scott 

et al., 2001; Uribe-Querol & Rosales, 2020). Efferocytosis is thought to mediate a 

tolerance for cancer cells. This is based on the consistent exposure to anpgens from 

dying cancer cells (Hochreiter-Hufford & Ravichandran, 2013). Efferocytosis can also lead 

to the release of immunosuppressive factors like TGF-β and IL-10, which are both known 

to inhibit the acpvity of cytotoxic T cells and natural killer cells (Szondy et al., 2017; Zhou 

et al., 2020). Whether efferocytosis is going on in an acpvely growing MDA-MB-231 

breast cancer culture is unknown, but it might explain the observed increases in bead 

uptake here. Alternapvely, spmulapng a phagocypc mechanism that can be directed 

against other parpcles in the tumor microenvironment that need clearing (i.e., the 
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extracellular matrix), might also be beneficial to the kind of space-clearance needed to 

support conpnued cancer growth, if not invasion and metastasis as well.  

 

We hypothesized that rM51R-M virus would reduce phagocytosis of latex beads by M2 

THP-1 macrophages because we had seen that before with E.coli bioparpcles (Simmons, 

2021). Not only did we see that reducpon, but it also occurred in coculture with the 

breast cancer cells, and the results were indispnguishable from M1 macrophage mono- 

and cocultures. This suggests a repolarizapon of M2 macrophages to M1 macrophages 

based on a funcponal assay. rwt virus, meanwhile, had a comparapvely less effect on M2 

macrophage phagocytosis in coculture and no effect at all in monoculture. Since we had 

also previously seen rM51R-M virus-mediated decreases in viability in M2 macrophages, 

it was prudent to evaluate whether this decrease in phagocypc acpvity was simply due 

to M2 macrophage cell death (Polzin et al., 2020a). It was not. When comparing the M2 

macrophage counts in response to rM51R-M virus infecpon versus rwt virus infecpons, 

both decreased to comparable levels. Seeing that both infecpon condipons had similar 

numbers of macrophages, the effects we were witnessing can be asributed to virus 

modulapon of the macrophages, not simply oncolysis.  

 

Why does the rM51R-M virus reduce M2 macrophage phagocytosis more substanpally 

than the rwt virus? One answer may lie in what happens in macrophages infected by 

these two viral strains. rM51R-M virus has the potenpal to be a potent cancer 

therapeupc because deacpvapon of the M protein enables the host anpviral response. 
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This response naturally comes in the form of the type I IFNs (IFN-α and IFN-β). These 

IFNs are secreted by infected cells and induce anpviral acpvity in neighboring cells 

(McNab et al., 2015; Murira & Lamarre, 2016). Strikingly, such anpviral signaling is 

similar to the response of macrophages to LPS and the type II IFN-γ during M1 

polarizapon. IFN-γ is produced by many immune cells, including cytotoxic T-cells and 

natural killer cells, and spmulates macrophages to clear infecpous agents (Green et al., 

2017; Lee & Ashkar, 2018). By virtue of the overlap between anpviral and M1 

polarizapon signaling, rM51R-M virus infecpons essenpally promote M1-polarizapon, 

replete with M1 markers and M1 funcpons, which in the case of phagocytosis of non-

opsonized latex beads is far lower than that of M2 macrophages. This suppression in 

phagocytosis in M1 macrophages has been previously asributed to the downregulapon 

of macrophage receptors with collagenous structure (MARCO), which is a major binding 

receptor on the surface of macrophages for nonopsonized parpcles (Wang et al., 2015). 

To this end, IFN-γ spmulates M1-like behavior and acpvity as a means of confronpng 

infecpon, which translates to a decrease in phagocytosis in favor of other mechanisms of 

defense (Schütze et al., 2021). Infecpon with rwt virus does not follow this paradigm as 

its intact M protein does shut down host gene expression, no anpviral response is 

elicited, and thereby no M1 polarizapon factors are released into the media. 

 

Discussion of Breast Cancer Cell Growth Data 
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The ulpmate goal of this study was to invespgate breast cancer cell growth in vitro, but 

to do so under condipons in which the cells were intermixed with pre-polarized M1 and 

M2 macrophage populapons. The macrophages would thereby serve as a surrogate for 

TAMs when in coculture. Under mock condipons MDA-MB-231 monocultures showed a 

trending increase in growth. This was sensible given the aggressively proliferapve nature 

of this TNBC cell line. A similar expectapon was met with regards to the breast cancer 

cell/M1 macrophage cocultures in that the macrophages exerted a significant inhibitory 

effect on breast cancer cell growth. This result aligns with data supporpng the anp-

proliferapve nature of M1 macrophages on cancer cell populapons both in vitro and in 

vivo (Gavalas et al., 2010b; Cao et al., 2022; Edin et al., 2012; Finn, 2012; Jochems & 

Schlom, 2011; Lv et al., 2022; Pan, 2012). What deviated from our inipal hypothesis was 

the behavior of breast cancer cell/M2 macrophage cocultures. While there was a 

trending increase in growth under these condipons, it was not significantly different 

from MDA-MB-231 monocultures. M2 macrophages are typically shown to support 

cancer cell growth (Biswas et al., 2012; Genin et al., 2015a; Liu et al., 2021; Mantovani et 

al., 2002; Salmaninejad et al., 2019; Sousa et al., 2015; Yuan et al., 2015; Zhou et al., 

2022). However, there are some key differences in how other groups conduct their in 

vitro studies when showing the growth-supporpng qualipes of M2 macrophage 

populapons on various forms of cancer. Many researchers stray from the uplizapon of 

THP-1 cells in favor of primary blood monocytes (Chanput et al., 2014; Genin et al., 

2015; Hoppenbrouwers et al., 2022). For example, one assay showed stapspcally 

significant increases in pancreapc cancer cell growth when the condiponed media from 
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M2 peritoneal blood macrophages was applied. Perhaps, the use of THP-1-derived 

macrophages, a monocypc leukemia cell line, fails to match the nature of primary cells 

when in coculture. The robustness of interleukin expression in primary monocytes as 

compared to THP-1-derived cells may also explain our dampened effect 

(Hoppenbrouwers et al., 2022). 

 

Perhaps no other result in this study was more pronounced than the reducpons in MDA-

MB-231 cell growth following infecpon with rwt or rM51R-M virus. No cell growth was 

detected beyond the inipal counts at 2 hours, and there were significant decreases as 

early as 14 hours. These decreases were observed with both asynchronous (MOI of 0.1 

pfu/cell) and synchronous (MOI of 10 pfu/cell) infecpon condipons, and with or without 

cocultured macrophages of either polarizapon state. All growth intervals showed the 

same stapspcal reducpons. Even M2 macrophages failed to block the inhibitory impact 

of these viral strains on this breast cancer cell line. There is data to support the loss in 

breast cancer cell growth. It is based on MTT assay results from a former lab member 

Jessica McCanless, who was the first to idenpfy the harmful effects of VSV infecpon on 

MDA-MB-231 cell viability (McCanless, 2019). Other data support the susceppbility of 

breast cancer cells to rM51R-M infecpon as well (Ahmed et al., 2010). However, no 

previous study has, to our knowledge, seen the kind of decimapon seen here, though it 

is possible that cell count data reveals a more substanpal effect on the cells than the 

metabolic acpvity measured in MTT assays. 
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As menponed prior, one of the most crucial findings in this study was how the M2 

macrophages failed to protect MDA-MB-231 cells from the oncolypc acpvity of VSV. This  

is in direct opposipon to similar studies regarding the protecpve qualipes of M2s in 

response to chemotherapies (Shree et al., 2011). Although macrophages were not 

directly counted in the growth assays as they were in phagocytosis assays, we have 

evidence from those prior counts to suggest that this effect is not due to a similar effect 

on macrophages. Macrophages are spll present and visible in the growth assay images as 

well. In the case of rM51R-M virus, these data suggest that the lack of protecpve 

qualipes from the M2 macrophages might simply be due to their newfound modulapon 

into M1 macrophages following virus infecpon. However, a different hypothesis must be 

formulated for rwt virus, which unlike rM51R-M virus, does not have the same 

macrophage repolarizapon effects in culture. 

 

Future DirecBons 

 

Several oncolypc viruses have been known to encourage a macrophage polarizapon 

switch by modulapng cytokine secrepons (Cao et al., 2021; Cripe et al., 2015; Delwar et 

al., 2018; Heo et al., 2011; Kwan et al., 2021; Kwan et al., 2021; Packiriswamy et al., 

2020; Piersma et al., 2007; Shalhout et al., 2023). In this study, through analysis of 

macrophage phagocypc funcpon and breast cancer cell growth, we add commentary to 

the hypothesis that rM51R-M virus induces an M1-like phenotype change in M2 

macrophages. We have seen that the phagocytosis acpvity of M2 macrophages dropped 
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to that of M1 macrophages, but we have not exhausted our means of idenpfying the 

totality of this possible polarizapon change. One clear objecpve following this study 

would be to use flow cytometry to idenpfy surface markers associated with M1 (CD80, 

CD86, TLR2, TLR4) and M2 macrophages (CD204, CD163, and CD206) to further 

substanpate changes in macrophage subtype (Liu et al., 2022). We then, could evaluate 

the levels of these markers as a funcpon of mono- and coculture condipons and in the 

presence or absence of VSV infecpons. 

 

Another direcpon of analysis would be to establish a more direct phagocytosis assay that 

pertains to the engulfment of cancer cells themselves. This can be accomplished using a 

mixture of flow cytometry and fluorescent microscopy. Flow cytometry can be used to 

idenpfy tumor anpgen-posipve macrophages undergoing presentapon following 

phagocytosis of cancer cells. Complimenpng this, fluorescent microscopy imaging could 

idenpfy if labeled cancer cells are being internalized by macrophage populapons. 

However, it is important to note that most of these approaches are based in flow 

cytometry given the efficient means of collecpng larger data sets and the many 

parameters that can be measured using this technique (Alvey & Discher, 2017; Martinez-

Marin et al., 2017; Munn et al., 1990; Xu et al., 2023). 

 

In our experiments, we did not see a spmulatory effect by M2 THP-1 macrophages on 

MDA-MB-231 breast cancer cell growth. It is possible that such effects were not seen 

because of the nature of this cancer cell line. MDA-MB-231 cells are considered among 
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the more aggressive of breast cancer cell lines, so proliferapve that it may be difficult for 

a supporpng cell to spmulate it any further. Future studies of cancer cell/macrophage 

cross-talk in coculture might be advised to employ less aggressive breast cancer cell 

lines, such as MCF7 or T47D. These alternate cell line models may help tease out 

whether M2-to-M1 macrophage repolarizapon by rM51R-M virus is a part of its 

anptumor arsenal. Relatedly, another potenpal avenue could be found in tespng primary 

macrophages in coculture. Previous work by graduate student Dalton Sizemore has 

established the use of human peripheral blood monocyte-derived macrophage, which 

behave in monoculture in ways similar to THP-1 macrophages (Sizemore, 2021). We 

could reassess the current coculture assays using these primary cells to see if our data 

relapng to THP-1-derived macrophages is significantly different. This approach could 

potenpally elevate the experiments conducted in this lab to be more funcponally 

relevant to data in the cancer research field.  

 

Regardless of the possible issues with this coculture model system, the conducted 

experiments do carry profound implicapons for the treatment of TNBC. Successful 

outcomes such as the decline in MDA-MB-231 cell counts by M1 THP-1 macrophages 

alone or by either infecpon with rwt or rM51R-M virus suggest a potenpally powerful 2-

pronged therapeupc approach. It is uncertain whether TNBCs might be uniformly 

sensipve to M1 macrophages and/or VSV, but, if so, then employment of such a 

mechanism against a type of cancer that is recalcitrant to current therapies is a 

promising considerapon in oncology research.   
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Letchworth, G. J., RodrıǴuez, L. L., & Del Cbarrera, J. (1999). Vesicular 

stomatitis. Veterinary Journal, 157(3), 239–
260. https://doi.org/10.1053/tvjl.1998.0303 

 
Lewis, C. E., & Pollard, J. W. (2006). Distinct role of macrophages in different tumor 

microenvironments. Cancer Research, 66(2), 605–612.  
https://doi.org/10.1158/0008-5472.can-05-4005 
 

Li, M., He, L., Zhu, J., Zhang, P., & Liang, S. (2022). Targeting tumor-associated 
macrophages for cancer treatment. Cell & Bioscience, 12(1).  
https://doi.org/10.1186/s13578-022-00823-5 

 
Li, P., Ma, C., Li, J., You, S., Dang, L., Wu, J., Hao, Z., Li, J., Zhi, Y., Chen, L., & Sun, S. 

(2022). Proteomic characterization of four subtypes of M2 macrophages derived 
from human THP-1 cells. Journal of Zhejiang University: Science B, 23(5), 407–422. 
https://doi.org/10.1631/jzus.B2100930 

 
Lichty, B. D., Power, A. T., Stojdl, D. F., & Bell, J. C. (2004). Vesicular stomatitis virus: Re-

inventing the bullet. Trends in Molecular Medicine, 10(5), 210–216. 
https://doi.org/10.1016/j.molmed.2004.03.003 

 
Lin, D., Shen, Y., & Liang, T. (2023). Oncolytic virotherapy: basic principles, recent 

advances and future directions. Signal Transduction and Targeted Therapy, 8(1), 
156. https://doi.org/10.1038/s41392-023-01407-6 

 
Lingnau, M., Höflich, C., Volk, H. D., Sabat, R., & Döcke, W. D. (2007). Interleukin-10 

enhances the CD14-dependent phagocytosis of bacteria and apoptotic cells by 
human monocytes. Human Immunology, 68(9), 730–738. 
https://doi.org/10.1016/j.humimm.2007.06.004 

 
Liu, J., Geng, X., Hou, J., & Wu, G. (2021). New insights into M1/M2 macrophages: key 

modulators in cancer progression. Cancer cell international, 21(1), 389. 
https://doi.org/10.1186/s12935-021-02089-2 

 
Liu, L., Stokes, J. V., Tan, W., & Pruett, S. B. (2022). An optimized flow cytometry panel 

for classifying macrophage polarization. Journal of Immunological Methods, 511. 
https://doi.org/10.1016/J.JIM.2022.113378 

 

https://doi.org/10.4049/jimmunol.0713732
https://doi.org/10.1053/tvjl.1998.0303
https://doi.org/10.1158/0008-5472.can-05-4005
https://doi.org/10.1186/s13578-022-00823-5
https://doi.org/10.1631/jzus.B2100930
https://doi.org/10.1016/j.molmed.2004.03.003
https://doi.org/10.1038/s41392-023-01407-6
https://doi.org/10.1016/j.humimm.2007.06.004
https://doi.org/10.1186/s12935-021-02089-2
https://doi.org/10.1016/J.JIM.2022.113378


	 92 

Liu, S., Zhang, J., Fang, S., Zhang, Q., Zhu, G., Tian, Y., Zhao, M., & Liu, F. (2021). 
Macrophage polarization contributes to the efficacy of an oncolytic HSV-1 targeting 
human uveal melanoma in a murine xenograft model. Experimental Eye Research, 
202, 108285. https://doi.org/10.1016/J.EXER.2020.108285 

 
Liu, Y., & Zeng, G. (2012). Cancer and innate immune system interactions. Journal of 

Immunotherapy, 35(4), 299–308. https://doi.org/10.1097/cji.0b013e3182518e83 
 
Ludwig-Begall, L. F., Di Felice, E., Toffoli, B., Ceci, C., Di Martino, B., Marsilio, F., Mauroy, 

A., & Thiry, E. (2021). Analysis of Synchronous and Asynchronous In Vitro Infections 
with Homologous Murine Norovirus Strains Reveals Time-Dependent Viral 
Interference Effects. Viruses, 13(5), 823. https://doi.org/10.3390/v13050823 

 
Lv, C., Li, S., Zhao, J., Yang, P., & Yang, C. (2022). M1 Macrophages Enhance Survival and 

Invasion of Oral Squamous Cell Carcinoma by Inducing GDF15-Mediated ErbB2 
Phosphorylation. ACS Omega, 7(13), 11405–11414. 
https://doi.org/10.1021/acsomega.2c00571 

 
Ma, J., Liu, L., Che, G., Yu, N., Dai, F., & You, Z. (2010). The M1 form of tumor-associated 

macrophages in non-small cell lung cancer is positively associated with survival 
time. BMC Cancer, 10(1), 1–9. https://doi.org/10.1186/1471-2407-10-
112/TABLES/3 

 
Ma, R. Y., Zhang, H., Li, X. F., Zhang, C. B., Selli, C., Tagliavini, G., Lam, A. D., Prost, S., 

Sims, A. H., Hu, H. Y., Ying, T., Wang, Z., Ye, Z., Pollard, J. W., & Qian, B. Z. (2020). 
Monocyte-derived macrophages promote breast cancer bone metastasis 
outgrowth. The Journal of experimental medicine, 217(11), e20191820. 
https://doi.org/10.1084/jem.20191820 

 
Madden, D. R., Garboczi, D. N., & Wiley, D. C. (1993). The antigenic identity of peptide-

MHC complexes: a comparison of the conformations of five viral peptides 
presented by HLA-A2. Cell, 75(4), 693–708. https://doi.org/10.1016/0092-
8674(93)90490-h 

 
Mantovani, A., Allavena, P., Sica, A., & Balkwill, F. R. (2008). Cancer-related 

inflammation. Nature, 454(7203), 436–444. https://doi.org/10.1038/nature07205 
 
Mantovani, A., Sozzani, S., Locati, M., Allavena, P., & Sica, A. (2002). Macrophage 

polarization: Tumor-associated macrophages as a paradigm for polarized M2 
mononuclear phagocytes. Trends in Immunology, 23(11), 549–555. 
https://doi.org/10.1016/S1471-4906(02)02302-5 

 

https://doi.org/10.1016/J.EXER.2020.108285
https://doi.org/10.1097/cji.0b013e3182518e83
https://doi.org/10.3390/v13050823
https://doi.org/10.1021/acsomega.2c00571
https://doi.org/10.1186/1471-2407-10-112/TABLES/3
https://doi.org/10.1186/1471-2407-10-112/TABLES/3
https://doi.org/10.1084/jem.20191820
https://doi.org/10.1016/0092-8674(93)90490-h
https://doi.org/10.1016/0092-8674(93)90490-h
https://doi.org/10.1038/nature07205
https://doi.org/10.1016/S1471-4906(02)02302-5


	 93 

Markiewski, M. M., & Lambris, J. D. (2009). Is complement good or bad for cancer 
patients? A new perspective on an old dilemma. Trends in Immunology, 30(6), 286–
292. https://doi.org/10.1016/j.it.2009.04.002 

 
Martínez, F. O., & Gordon, S. (2014). The M1 and M2 paradigm of macrophage 

activation: time for reassessment. F1000 Prime Reports, 6. 
 https://doi.org/10.12703/p6-13 

 
Martinez-Marin, D., Jarvis, C., Nelius, T., & Filleur, S. (2017). Assessment of phagocytic 

activity in live macrophages-tumor cells co-cultures by Confocal and Nomarski 
Microscopy. Biology Methods and Protocols, 2(1).  
https://doi.org/10.1093/biomethods/bpx002 

 
McCanless, J. (2019). Modulation of breast tumor associated macrophages by oncolytic 

vesicular stomatitis virus. [Master’s thesis, Appalachian State University]. 
 
McNab, F. W., Mayer-Barber, K. D., Sher, A., Wack, A., & O’Garra, A. (2015). Type I 

interferons in infectious disease. Nature Reviews Immunology, 15(2), 87–103.  
https://doi.org/10.1038/nri3787 

 
Melief, C. J. M. (2007). Cancer: Immune pact with the enemy. Nature, 450(7171), 803–

804.  
https://doi.org/10.1038/nature06363 

 
Mendoza-Coronel, E., & Ortega, E. (2017). Macrophage polarization modulates FcγR- 

and CD13-mediated phagocytosis and reactive oxygen species production, 
independently of receptor membrane expression. Frontiers in Immunology, 8, 303. 
https://doi.org/10.3389/fimmu.2017.00303 

 
Miles, D. W., Chan, A., Dirix, L. Y., Cortés, J., Pivot, X., Tomczak, P., Delozier, T., Sohn, J. 

H., Provencher, L., Puglisi, F., Harbeck, N., Steger, G. G., Schneeweiss, A., Wardley, 
A. M., Chlistalla, A., & Romieu, G. (2010). Phase III study of bevacizumab plus 
docetaxel compared with placebo plus docetaxel for the first-line treatment of 
human epidermal growth factor receptor 2-negative metastatic breast cancer. 
Journal of Clinical Oncology, 28(20), 3239–3247. 
https://doi.org/10.1200/JCO.2008.21.6457 

 
Miller, K. D., Wang, M., Gralow, J. R., Dickler, M. N., Cobleigh, M. A., Perez, E. A., 

Shenkier, T., Cella, D., & Davidson, N. E. (2007). Paclitaxel plus Bevacizumab versus 
Paclitaxel Alone for Metastatic Breast Cancer. The New England Journal of 
Medicine, 357(26), 2666–2676. https://doi.org/10.1056/nejmoa072113 

 
 

https://doi.org/10.1016/j.it.2009.04.002
https://doi.org/10.12703/p6-13
https://doi.org/10.1093/biomethods/bpx002
https://doi.org/10.1038/nri3787
https://doi.org/10.1038/nature06363
https://doi.org/10.3389/fimmu.2017.00303
https://doi.org/10.1200/JCO.2008.21.6457
https://doi.org/10.1056/nejmoa072113


	 94 

Mills, C. D., & Ley, K. (2014). M1 and M2 Macrophages: The chicken and the egg of 
immunity. Journal of Innate Immunity, 6(6), 716–726.  
https://doi.org/10.1159/000364945 

 
Min, A. K. T., Mimura, K., Nakajima, S., Okayama, H., Saito, K., Sakamoto, W., Fujita, S., 

Endo, H., Saito, M., Saze, Z., Momma, T., Ohki, S., & Kono, K. (2021). Therapeutic 
potential of anti-VEGF receptor 2 therapy targeting for M2-tumor-associated 
macrophages in colorectal cancer. Cancer Immunology, Immunotherapy, 70(2), 
289–298. https://doi.org/10.1007/s00262-020-02676-8 

 
Moffett, A. S., Deng, Y., & Levine, H. (2023). Modeling the role of immune cell 

conversion in the Tumor-Immune microenvironment. Bulletin of Mathematical 
Biology, 85(10). https://doi.org/10.1007/s11538-023-01201-z 

 
Moglan, A. M., Albaradie, O. A., Alsayegh, F. F., Alharbi, H. M., Samman, Y. M., Jalal, M. 

M., Saeedi, N. H., Mahmoud, A. B., & Alkayyal, A. A. (2023). Preclinical efficacy of 
oncolytic VSV-IFNβ in treating cancer: A systematic review. Frontiers in 
Immunology, 14, 1085940. https://doi.org/10.3389/fimmu.2023.1085940 

 
Morahan, P. S., Connor, J., & Leary, K. (1985). Viruses and the versatile 

macrophage. British Medical Bulletin, 41(1), 15–
21. https://doi.org/10.1093/oxfordjournals.bmb.a072017 

 
Mosser, D. M., Hamidzadeh, K., & Goncalves, R. (2021). Macrophages and the 

maintenance of homeostasis. Cellular & Molecular Immunology, 18(3), 579–587. 
https://doi.org/10.1038/s41423-020-00541-3 

 
Mpakali, A., & Stratikos, E. (2021). The Role of Antigen processing and presentation in 

cancer and the efficacy of immune checkpoint inhibitor 
immunotherapy. Cancers, 13(1), 134. https://doi.org/10.3390/cancers13010134 

 
Mukundan, L., Odegaard, J. I., Morel, C. R., Heredia, J. E., Mwangi, J. W., Ricardo-

Gonzalez, R. R., Goh, Y. P. S., Eagle, A. R., Dunn, S. E., Awakuni, J. U. H., Nguyen, K. 
D., Steinman, L., Michie, S. A., & Chawla, A. (2009). PPAR-Δ senses and orchestrates 
clearance of apoptotic cells to promote tolerance. Nature Medicine, 15(11), 1266–
1272. https://doi.org/10.1038/nm.2048 

 
Munn, D. H., & Cheung, N. K. (1990). Phagocytosis of tumor cells by human monocytes 

cultured in recombinant macrophage colony-stimulating factor. The Journal of 
Experimental Medicine, 172(1), 231–237. https://doi.org/10.1084/jem.172.1.231 

 
 
 

https://doi.org/10.1159/000364945
https://doi.org/10.1007/s00262-020-02676-8
https://doi.org/10.1007/s11538-023-01201-z
https://doi.org/10.3389/fimmu.2023.1085940
https://doi.org/10.1093/oxfordjournals.bmb.a072017
https://doi.org/10.1038/s41423-020-00541-3
https://doi.org/10.3390/cancers13010134
https://doi.org/10.1038/nm.2048
https://doi.org/10.1084/jem.172.1.231


	 95 

Muraoka, D., Seo, N., Hayashi, T., Tahara, Y., Fujii, K., Tawara, I., Miyahara, Y., Okamori, 
K., Yagita, H., Imoto, S., Yamaguchi, R., Komura, M., Miyano, S., Goto, M., Sawada, 
S. I., Asai, A., Ikeda, H., Akiyoshi, K., Harada, N., & Shiku, H. (2019). Antigen delivery 
targeted to tumor-associated macrophages overcomes tumor immune resistance. 
Journal of Clinical Investigation, 129(3), 1278–1294. 
https://doi.org/10.1172/JCI97642 

 
Murira, A., & Lamarre, A. (2016). Type-I Interferon Responses: From Friend to Foe in the 

Battle against Chronic Viral Infection. Frontiers in Immunology, 7, 609. 
https://doi.org/10.3389/fimmu.2016.00609 

 
Murray, P. J., Allen, J. E., Biswas, S. K., Fisher, E. A., Gilroy, D. W., Goerdt, S., Gordon, S., 

Hamilton, J. A., Ivashkiv, L. B., Lawrence, T., Locati, M., Mantovani, A., Martínez, F. 
O., Mège, J. L., Mosser, D. M., Natoli, G., Saeij, J. P. J., Schultze, J. L., Shirey, K. A., 
Wynn, T. A. (2014). Macrophage activation and polarization: nomenclature and 
experimental guidelines. Immunity, 41(2), 339–
340. https://doi.org/10.1016/j.immuni.2014.07.009 

 
Murray, P. J., & Wynn, T. A. (2011). Protective and pathogenic functions of macrophage 

subsets. Nature Reviews Immunology, 11(11), 723–
737. https://doi.org/10.1038/nri3073 

 
Neve, R. M., Chin, K., Fridlyand, J., Yeh, J., Baehner, F. L., Fevr, T., Clark, L., Bayani, N., 

Coppe, J. P., Tong, F., Speed, T., Spellman, P. T., DeVries, S., Lapuk, A., Wang, N. J., 
Kuo, W. L., Stilwell, J. L., Pinkel, D., Albertson, D. G., … Gray, J. W. (2006). A 
collection of breast cancer cell lines for the study of functionally distinct cancer 
subtypes. Cancer Cell, 10(6), 515–527. https://doi.org/10.1016/j.ccr.2006.10.008 

 
Niavarani, S.-R., Lawson, C., Boudaud, M., Simard, C., & Tai, L.-H. (2020). Oncolytic 

vesicular stomatitis virus-based cellular vaccine improves triple-negative breast 
cancer outcome by enhancing natural killer and CD8 + T-cell functionality. J 
Immunother Cancer, 8, 465. https://doi.org/10.1136/jitc-2019-000465 

 
Nishikawa, H., Jäger, E., Ritter, G., Old, L. J., & Gnjatic, S. (2005). CD4+ CD25+ regulatory 

T cells control the induction of antigen-specific CD4+ helper T cell responses in 
cancer patients. Blood, 106(3), 1008–1011. https://doi.org/10.1182/blood-2005-
02-0607 

 
Ohuchida, K., Mizumoto, K., Murakami, M., Li, Q., Sato, N., Nagai, E., Matsumoto, K., 

Nakamura, T., & Tanaka, M. (2004). Radiation to stromal fibroblasts increases 
invasiveness of pancreatic cancer cells through tumor-stromal interactions. Cancer 
Research, 64(9), 3215–3222. https://doi.org/10.1158/0008-5472.can-03-2464 

 

https://doi.org/10.1172/JCI97642
https://doi.org/10.3389/fimmu.2016.00609
https://doi.org/10.1016/j.immuni.2014.07.009
https://doi.org/10.1038/nri3073
https://doi.org/10.1016/j.ccr.2006.10.008
https://doi.org/10.1136/jitc-2019-000465
https://doi.org/10.1182/blood-2005-02-0607
https://doi.org/10.1182/blood-2005-02-0607
https://doi.org/10.1158/0008-5472.can-03-2464


	 96 

Ostrand-Rosenberg, S. (2008). Immune surveillance: a balance between protumor and 
antitumor immunity. Current Opinion in Genetics & Development, 18(1), 11–18.  
https://doi.org/10.1016/j.gde.2007.12.007 

 
Owen, S. (2020). The type I interferon anti-viral pathway contributes to macrophage 

polarization following infection with oncolytic vesicular stomatitis virus. [Master’s 
thesis, Appalachian State University]. 
 

Packiriswamy, N., Upreti, D., Zhou, Y., Khan, R., Miller, A., Diaz, R. M., Rooney, C. M., 
Dispenzieri, A., Peng, K. W., & Russell, S. J. (2020). Oncolytic measles virus therapy 
enhances tumor antigen-specific T-cell responses in patients with multiple 
myeloma. Leukemia 2020, 34(12), 3310–3322. https://doi.org/10.1038/s41375-
020-0828-7 

 
Pagès F, Berger A, Camus M, Sanchez-Cabo F, Costes A, Molidor R, Mlecnik B, Kirilovsky 

A, Nilsson M, Damotte D, Meatchi T, Bruneval P, Cugnenc PH, Trajanoski Z, Fridman 
WH, Galon J. (2005). Effector memory T cells, early metastasis, and survival in 
colorectal cancer. New England Journal of Medicine, 353(25), 2654-2666. 
https://doi.org/10.1056/NEJMoa051424 

 
Pan X. Q. (2012). The mechanism of the anticancer function of M1 macrophages and 

their use in the clinic. Chinese Journal of Cancer, 31(12), 557–563. 
https://doi.org/10.5732/cjc.012.10046 

 
Pantano, F., Berti, P., Guida, F. M., Perrone, G., Vincenzi, B., Maria, M., Amato, C., Righi, 

D., Dell’aquila, E., Graziano, F., Catalano, V., Caricato, M., Rizzo, S., Muda, A. O., 
Russo, A., Tonini, G., & Santini, D. (2013). The role of macrophages polarization in 
predicting prognosis of radically resected gastric cancer patients. Cell, 17(11), 
1415–1421. https://doi.org/10.1111/jcmm.12109 

 
Pe, K. C. S., Saetung, R., Yodsurang, V., Chaotham, C., Suppipat, K., Chanvorachote, P., & 

Tawinwung, S. (2022). Triple-negative breast cancer influences a mixed M1/M2 
macrophage phenotype associated with tumor aggressiveness. PloS ONE, 17(8), 
e0273044. https://doi.org/10.1371/journal.pone.0273044 
 

Russell, S., Peng, KW. & Bell, J. (2012). Oncolytic virotherapy. Nature Biotechnology 30, 
658–670. https://doi.org/10.1038/nbt.2287 
 

Piersma, S. J., Jordanova, E. S., Van Poelgeest, M. I., Kwappenberg, K. M. C., Van Der 
Hulst, J. M., Drijfhout, J. W., Melief, C. J., Kenter, G. G., Fleuren, G. J., Offringa, R., & 
Van Der Burg, S. H. (2007). High number of intraepithelial CD8+ tumor-infiltrating 
lymphocytes Is associated with the absence of lymph node metastases in patients 
with large early-stage cervical cancer. Cancer Research, 67(1), 354–361.  
https://doi.org/10.1158/0008-5472.can-06-3388 

https://doi.org/10.1016/j.gde.2007.12.007
https://doi.org/10.1038/s41375-020-0828-7
https://doi.org/10.1038/s41375-020-0828-7
https://doi.org/10.1056/NEJMoa051424
https://doi.org/10.5732/cjc.012.10046
https://doi.org/10.1111/jcmm.12109
https://doi.org/10.1371/journal.pone.0273044
https://doi.org/10.1038/nbt.2287
https://doi.org/10.1158/0008-5472.can-06-3388


	 97 

 
Pikarsky, E., Porat, R. M., Stein, I., Abramovitch, R., Amit, S., Kasem, S., Gutkovich-Pyest, 

E., Urieli-Shoval, S., Galun, E., & Ben-Neriah, Y. (2004). NF-κB functions as a tumour 
promoter in inflammation-associated cancer. Nature, 431(7007), 461–466.  
https://doi.org/10.1038/nature02924 

 
Pio, R., Corrales, L., & Lambris, J. D. (2014). The role of complement in tumor growth. 

Advances in Experimental Medicine and Biology, 772, 229–262. 
https://doi.org/10.1007/978-1-4614-5915-6_11 
 

Polzin, M., McCanless, J., Owen, S., Sizemore, D., Lucero, E., Fuller, R., Neufeld, H. S., 
Seals, D. F., & Ahmed, M. (2020). Oncolytic vesicular stomatitis viruses selectively 
target M2 macrophages. Virus Research, 284, 197991. 
https://doi.org/10.1016/j.virusres.2020.197991 

 
Porcheray, F., Viaud, S., Rimaniol, A. C., Léone, C., Samah, B., Dereuddre-Bosquet, N., 

Dormont, D., & Gras, G. (2005). Macrophage activation switching: An asset for the 
resolution of inflammation. Clinical and Experimental Immunology, 142(3), 481–
489. https://doi.org/10.1111/j.1365-2249.2005.02934.x 

 
Porosnicu, M., Quinson, A. M., Crossley, K., Luecke, S., & Lauer, U. M. (2022). Phase I 

study of VSV-GP (BI 1831169) as monotherapy or combined with ezabenlimab in 
advanced and refractory solid tumors. Future Oncology, 18(24), 2627–2638. 
https://doi.org/10.2217/fon-2022-0439 

 
Prestwich, R., Errington, F., Hatfield, P., Merrick, A., Ilett, E. J., Selby, P. J., & Melcher, A. 

(2008). The immune system — is it relevant to cancer development, progression 
and treatment? Clinical Oncology, 20(2), 101–
112. https://doi.org/10.1016/j.clon.2007.10.011 

 
Prestwich, R., Harrington, K. J., Pandha, H., Vile, R. G., Melcher, A., & Errington, F. 

(2008). Oncolytic viruses: a novel form of immunotherapy. Expert Review of 
Anticancer Therapy, 8(10), 1581–
1588. https://doi.org/10.1586/14737140.8.10.1581 

 
Rautela, J., Souza-Fonseca-Guimaraes, F., Hediyeh-Zadeh, S., Delconte, R. B., Davis, M. J., 

& Huntington, N. D. (2018). Molecular insight into targeting the NK cell immune 
response to cancer. Immunology and Cell Biology, 96(5), 477–484. 
https://doi.org/10.1111/IMCB.12045 

 
Raux, H., Obiang, L., Richard, N., Harper, F., Blondel, D., & Gaudin, Y. (2010). The matrix 

protein of vesicular stomatitis virus binds dynamin for efficient viral 
assembly. Journal of Virology, 84(24), 12609–
12618. https://doi.org/10.1128/jvi.01400-10 

https://doi.org/10.1038/nature02924
https://doi.org/10.1007/978-1-4614-5915-6_11
https://doi.org/10.1016/j.virusres.2020.197991
https://doi.org/10.1111/j.1365-2249.2005.02934.x
https://doi.org/10.2217/fon-2022-0439
https://doi.org/10.1016/j.clon.2007.10.011
https://doi.org/10.1586/14737140.8.10.1581
https://doi.org/10.1111/IMCB.12045
https://doi.org/10.1128/jvi.01400-10


	 98 

 
Rosenberg, S. A. (2001). Progress in human tumour immunology and immunotherapy. 

Nature, 411(6835), 380–384. https://doi.org/10.1038/35077246 
 
Röszer, T. (2015). Understanding the mysterious M2 macrophage through activation 

markers and effector mechanisms. Mediators of Inflammation, 2015, 1–16.  
https://doi.org/10.1155/2015/816460 

 
Röszer, T., Menéndez-Gutierrez, M. P., Lefterova, M. I., Alameda, D., Núñez, V., Lazar, 

M. A., Fischer, T., & Ricote, M. (2011). Autoimmune kidney disease and impaired 
engulfment of apoptotic cells in mice with macrophage peroxisome proliferator-
activated receptor γ or retinoid X receptor α deficiency. Journal of 
Immunology, 186(1), 621–631.  
https://doi.org/10.4049/jimmunol.1002230 
 

Russell, L., Peng, K. W., Russell, S. J., & Diaz, R. M. (2019). Oncolytic viruses: priming time 
for cancer immunotherapy. BioDrugs, 33(5), 485–501. 
https://doi.org/10.1007/S40259-019-00367-0 

 
Salmaninejad, A., Valilou, S. F., Soltani, A., Ahmadi, S., Abarghan, Y. J., Rosengren, R. J., & 

Sahebkar, A. (2019). Tumor-associated macrophages: role in cancer development 
and therapeutic implications. Cellular Oncology, 42(5), 591–608. 
https://doi.org/10.1007/s13402-019-00453-z 

 
Schulz, D., Severin, Y., Zanotelli, V. R. T., & Bodenmiller, B. (2019). In-depth 

characterization of monocyte-derived macrophages using a mass cytometry-based 
phagocytosis assay. Scientific Reports, 9(1). https://doi.org/10.1038/s41598-018-
38127-9 
 

Schütze, S., Kaufmann, A., Bunkowski, S., Ribes, S., & Nau, R. (2021). Interferon-gamma 
impairs phagocytosis of Escherichia coli by primary murine peritoneal macrophages 
stimulated with LPS and differentially modulates proinflammatory cytokine 
release. Cytokine X, 3(3), 100057. https://doi.org/10.1016/j.cytox.2021.100057 

 
Scott, R. S., McMahon, E. J., Pop, S. M., Reap, E. A., Caricchio, R., Cohen, P. L., Earp, H. S., 

& Matsushima, G. K. (2001). Phagocytosis and clearance of apoptotic cells is 
mediated by MER. Nature, 411(6834), 207–211. https://doi.org/10.1038/35075603 

 
Sehouli, J., Loddenkemper, C., Cornu, T. I., Schwachula, T., Hoffmüller, U., Grützkau, A., 

Lohneis, P., Dickhaus, T., Gröne, J., Kruschewski, M., Mustea, A., Türbachova, I., 
Baron, U., & Olek, S. (2011). Epigenetic quantification of tumor-infiltrating T-
lymphocytes. Epigenetics, 6(2), 236–246. https://doi.org/10.4161/epi.6.2.13755 

 

https://doi.org/10.1038/35077246
https://doi.org/10.1155/2015/816460
https://doi.org/10.4049/jimmunol.1002230
https://doi.org/10.1007/S40259-019-00367-0
https://doi.org/10.1007/s13402-019-00453-z
https://doi.org/10.1038/s41598-018-38127-9
https://doi.org/10.1038/s41598-018-38127-9
https://doi.org/10.1016/j.cytox.2021.100057
https://doi.org/10.1038/35075603
https://doi.org/10.4161/epi.6.2.13755


	 99 

Shalhout, S. Z., Miller, D. M., Emerick, K. S., & Kaufman, H. L. (2023). Therapy with 
oncolytic viruses: progress and challenges. Nature Reviews Clinical Oncology, 20(3), 
160–177. https://doi.org/10.1038/s41571-022-00719-w 

 
 
Shashkova, E. V., Doronin, K., Senac, J. S., & Barry, M. A. (2008). Macrophage depletion 

combined with anticoagulant therapy increases therapeutic window of systemic 
treatment with oncolytic adenovirus. Cancer Research, 68(14), 5896–5904. 
https://doi.org/10.1158/0008-5472.CAN-08-0488 

 
Shree, T., Olson, O. C., Elie, B. T., Kester, J. C., Garfall, A. L., Simpson, K., Bell-Mcguinn, K. 

M., Zabor, E. C., Brogi, E., & Joyce, J. A. (2011). Macrophages and cathepsin 
proteases blunt chemotherapeutic response in breast cancer. Genes and 
Development, 25(23), 2465–2479. https://doi.org/10.1101/gad.180331.111 

 
Siegel, R. L., Miller, K. D., Wagle, N. S., & Jemal, A. (2023). Cancer statistics, 2023. CA: A 

Cancer Journal for Clinicians, 73(1), 17–48. https://doi.org/10.3322/caac.21763 
 
Simmons, A. (2021). Vesicular stoimatitis virus suppresses the phagocytic capacity of a 

tumor-promoting macrophage population. [Master’s thesis, Appalachian State 
University]. 
 

Sinclair, J., & Sissons, P. (1996). Latent and persistent infections of monocytes and 
macrophages. Intervirology, 39(5–6), 293–301. https://doi.org/10.1159/000150501 
 

Sousa, S., Brion, R., Lintunen, M., Kronqvist, P., Sandholm, J., Mönkkönen, J., 
Kellokumpu-Lehtinen, P., Lauttia, S., Tynninen, O., Joensuu, H., Heymann, D., & 
Määttä, J. A. (2015). Human breast cancer cells educate macrophages toward the 
M2 activation status. Breast Cancer Research, 17(1), 
101. https://doi.org/10.1186/s13058-015-0621-0 

 
Standish, L. J., Sweet, E. S., Novack, J., Wenner, C. A., Bridge, C., Nelson, A., Martzen, M., 

& Torkelson, C. (2008). Breast cancer and the immune system. Journal of the 
Society for Integrative Oncology, 6(4), 158-
168. https://doi.org/10.2310/7200.2008.0027 

 
Stewart, D. A., Yang, Y., Makowski, L., & Troester, M. A. (2012). Basal-like breast cancer 

cells induce phenotypic and genomic changes in macrophages. Molecular Cancer 
Research, 10(6), 727–738. https://doi.org/10.1158/1541-7786.MCR-11-0604 

 
Stojdl, D. F., Lichty, B. D., TenOever, B. R., Paterson, J. M., Power, A. T., Knowles, S., 

Marius, R., Reynard, J., Poliquin, L., Atkins, H., Brown, E. G., Durbin, R. K., Durbin, J. 
E., Hiscott, J., & Bell, J. C. (2003). VSV strains with defects in their ability to 

https://doi.org/10.1038/s41571-022-00719-w
https://doi.org/10.1158/0008-5472.CAN-08-0488
https://doi.org/10.1101/gad.180331.111
https://doi.org/10.3322/caac.21763
https://doi.org/10.1159/000150501
https://doi.org/10.1186/s13058-015-0621-0
https://doi.org/10.2310/7200.2008.0027
https://doi.org/10.1158/1541-7786.MCR-11-0604


	 100 

shutdown innate immunity are potent systemic anti-cancer agents. Cancer Cell, 
4(4), 263–275. https://doi.org/10.1016/S1535-6108(03)00241-1 

 
Strzelecka, A., Kwiatkowska, K., & Sobota, A. (1997). Tyrosine phosphorylation and Fcγ 

receptor-mediated phagocytosis. FEBS Letters, 400(1), 11–14.  
https://doi.org/10.1016/s0014-5793(96)01359-2 

 
Sung, H., Ferlay, J., Siegel, R. L., Laversanne, M., Soerjomataram, I., Jemal, A., & Bray, F. 

(2021). Global Cancer Statistics 2020: GLOBOCAN estimates of incidence and 
mortality worldwide for 36 cancers in 185 countries. CA: A Cancer Journal for 
Clinicians, 71(3), 209–249. https://doi.org/10.3322/caac.21660 

 
Swanson, J. A., & Hoppe, A. D. (2004). The coordination of signaling during Fc receptor-

mediated phagocytosis. Journal of Leukocyte Biology, 76(6), 1093–1103. 
https://doi.org/10.1189/jlb.0804439 

 
Szondy, Z., Sarang, Z., Kiss, B., Garabuczi, É., & Köröskényi, K. (2017). Anti-inflammatory 

Mechanisms Triggered by Apoptotic Cells during Their Clearance. Frontiers in 
Immunology, 8, 909. https://doi.org/10.3389/fimmu.2017.00909 

 
Tak, P. P., & Firestein, G. S. (2001). NF-κB: a key role in inflammatory diseases. Journal of 

Clinical Investigation, 107(1), 7–11. https://doi.org/10.1172/jci11830 
 
Tang, L., Huang, Z., Mei, H., & Hu, Y. (2023). Immunotherapy in hematologic 

malignancies: achievements, challenges and future prospects. Signal Transduction 
and Targeted Therapy, 8(1), 306. https://doi.org/10.1038/s41392-023-01521-5 

 
Tang, S., Shi, L., Luker, B. T., Mickler, C., Suresh, B., Lesinski, G. B., Fan, D., Liu, Y., & Luo, 

M. (2022). Modulation of the tumor microenvironment by armed vesicular 
stomatitis virus in a syngeneic pancreatic cancer model. Virology Journal, 19(1), 1–
13. 	https://doi.org/10.1186/s12985-022-01757-7	
 

Tian, L., Xu, B., Teng, K., Song, M., Zhu, Z., Chen, Y., Wang, J., Zhang, J., Feng, M., Kaur, 
B., Rodriguez, L. R., Caligiuri, M. A., & Yu, J. (2022). Targeting Fc receptor-mediated 
effects and the “don’t eat me” signal with an oncolytic virus expressing an anti-
CD47 antibody to treat metastatic ovarian cancer. Clinical Cancer Research, 28(1), 
201–214.  
https://doi.org/10.1158/1078-0432.ccr-21-1248 

 
Troester, M. A., Lee, M. H., Carter, M., Fan, C., Cowan, D. W., Perez, E. R., Pirone, J. R., 

Perou, C. M., Joseph Jerry, D., & Schneider, S. S. (2009). Activation of host wound 
responses in breast cancer microenvironment. Clinical Cancer Research, 15(22), 
7020–7028.  
https://doi.org/10.1158/1078-0432.CCR-09-1126 

https://doi.org/10.1016/S1535-6108(03)00241-1
https://doi.org/10.1016/s0014-5793(96)01359-2
https://doi.org/10.3322/caac.21660
https://doi.org/10.1189/jlb.0804439
https://doi.org/10.3389/fimmu.2017.00909
https://doi.org/10.1172/jci11830
https://doi.org/10.1038/s41392-023-01521-5
https://doi.org/10.1186/s12985-022-01757-7
https://doi.org/10.1158/1078-0432.ccr-21-1248
https://doi.org/10.1158/1078-0432.CCR-09-1126


	 101 

 
Tseng, D., Volkmer, J. P., Willingham, S. B., Contreras-Trujillo, H., Fathman, J. W., 

Fernhoff, N. B., Seita, J., Inlay, M. A., Weiskopf, K., Miyanishi, M., & Weissman, I. L. 
(2013). Anti-CD47 antibody-mediated phagocytosis of cancer by macrophages 
primes an effective antitumor T-cell response. Proceedings of the National 
Academy of Sciences of the United States of America, 110(27), 11103–11108. 
https://doi.org/10.1073/pnas.1305569110 

 
Uribe-Querol, E., & Rosales, C. (2020). Phagocytosis: our current understanding of a 

universal biological process. Frontiers in Immunology, 11, 1066.  
https://doi.org/10.3389/fimmu.2020.01066 

 
Uutela, M., Wirzenius, M., Paavonen, K., Rajantie, I., He, Y., Karpanen, T., Lohela, M., 

Wiig, H., Salven, P., Pajusola, K., Eriksson, U., & Alitalo, K. (2004). PDGF-D induces 
macrophage recruitment, increased interstitial pressure, and blood vessel 
maturation during angiogenesis. Blood, 104(10), 3198–3204. 
https://doi.org/10.1182/blood-2004-04-1485 

 
Van Bommel, P. E., He, Y., Schepel, I., Hendriks, M. a. J. M., Wiersma, V. R., Van Ginkel, 

R. J., Van Meerten, T., Ammatuna, E., Huls, G., Samplonius, D. F., Helfrich, W., & 
Bremer, E. (2017). CD20-selective inhibition of CD47-SIRPα “don’t eat me” signaling 
with a bispecific antibody-derivative enhances the anticancer activity of 
daratumumab, alemtuzumab and obinutuzumab. OncoImmunology, 7(2). 
https://doi.org/10.1080/2162402x.2017.1386361 

 
Velazquez-Salinas, L., Naik, S., Pauszek, S. J., Peng, K. W., Russell, S. J., & RodrıǴuez, L. L. 
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