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ABSTRACT 

Cancer-associated immunosuppression represents a major contributor to tumor progression 
and impairment of spontaneous or therapeutically-induced anti-tumor immunity. Myeloid 
cells are a key mediator of such immunosuppression. These tumor-associated myeloid cells 
promote angiogenesis, metastasis, and prevent immune-mediated attack and elimination of 
cancer cells. Thus, it is not surprising that current cancer immunotherapeutic approaches, 
which exploit immune cell functions to target cancer, aim to overcome immunosuppression 
within the tumor microenvironment (TME).  

Oncolytic viruses (OVs) represent a novel class of anti-cancer therapeutic agents. OVs, 
including reovirus, preferentially target and kill cancer cells. Additionally, numerous OVs 
readily overturn the otherwise suppressed immune system and facilitate the activation of 
beneficial anti-tumor T cell responses. Contrary to this paradigm, our previous findings 
illustrated that reovirus transiently augments a myeloid cell population, commonly 
associated with an immunosuppressive phenotype, following reovirus administration. 
Thus, this thesis focuses on elucidating the biological and therapeutic impact that these 
cells have on reovirus-based OV therapy. As such, the broad objectives of this thesis are to 
1) phenotypically and functionally characterize reovirus-driven myeloid cells in the context 
of OV therapy, 2) implement complementary immunological interventions to modulate 
these cells during therapy, and 3) develop a mass spectrometry-based proteomics platform 
to understand how these cells respond throughout virus infection in vivo.  

The following work illustrates that reovirus drives the accumulation of suppressive 
monocytic myeloid cells (MMCs) within the TME and enhances tumor-associated 
immunosuppression. Depletion of these MMCs in the TME (using gemcitabine) 
accelerated the development of anti-tumor T cell immunity and improved therapeutic 
efficacy. Although the use of gemcitabine hampered MMC accumulation, it also hindered 
reovirus replication. Hence, an alternative approach to manipulate these MMCs could 
benefit OV therapy effectiveness. 

Lastly, the implementation of our quantitative temporal in vivo proteomics platform 
unveiled that reovirus-driven MMCs, in the context of infection and absence of a TME, 
naturally possess anti-viral/pro-inflammatory properties and are precursors for antigen-
presenting cells. With such environmentally-dependent and contrasting cellular properties, 
our data suggest that, as an alternative to MMC depletion strategies, future work could 
harness the pro-inflammatory phenotype of these MMCs to further potentiate the 
generation of anti-tumor immunity during OV therapy. 
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CHAPTER 1: INTRODUCTION 

This work focuses on the use of oncolytic viruses (OVs), “onco” originating from the Greek 

word onkos meaning mass to describe cancer and “lytic” describing killing, to target and 

treat cancers. Although the oncolytic properties of viruses have been known or suspected 

since the early 1900s, it has only been within the last 30 years that our understanding and 

application of OVs have entered into the clinics. OV research encompasses three major 

fields of biology: 1) virology, 2) cancer biology, and 3) immunology (particularly cancer 

immunology). Although many studies attempt to isolate or focus on one or the other, all 

three fields must be taken into consideration to effectively implement OV therapy in the 

clinics. To this end, the following sections will introduce anti-viral immunity, OVs, and 

cancer immunology separately and then amalgamate these topics together. Thus, it is 

important to understand that unlike a normal homeostatic niche in which common viral 

infections occur, theses viruses are replicating in an “altered” tumor microenvironment 

(TME) that can either hinder or aid virus replication. Additionally, the dosage and route of 

infection does not completely recapitulate how a virus will naturally induce a host immune 

response. Importantly, the combination of these differences (i.e., high dosage, unnatural 

route of administration, and the TME) has spawned the following project which focuses on 

a specific monocytic myeloid cell population that arises within the site of infection 

immediately following therapeutic injection1-6. Monocytic myeloid cells (MMCs) are 

notorious for their plasticity and effect on both cancer progression and cancer 

immunotherapies. As will be illustrated in this thesis, we demonstrate that these monocytic 

myeloid cells have a fundamental role in the efficacy of OV therapy6. Moving forward, it 

is imperative to consider both desirable and undesirable immune aspects of OV therapy and 
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strategically manipulate these immune aspects to further enhance the therapeutic efficacy 

of OVs. 

1.1 ANTI-VIRAL IMMUNE RESPONSE 

Following initial exposure to a virus, the host rapidly prompts the activation of the innate 

immune system, which effectively recognizes viral components through pattern recognition 

receptors (PRRs). Although these PRRs are not specific to a sequence or peptide against 

viruses, they recognize evolutionary conserved features identified as pattern-associated 

molecular patterns (PAMPs) (e.g., double-stranded (ds)RNA, viral capsids, RNA with 5’-

triphosphate ends, viral DNA, or viral proteins), which are molecular structures naturally 

foreign/unconventional to the host cell. There are several classes of PRRs which have 

proven to be pivotal in the initial innate immune response of the host: Toll-like receptors 

(TLRs), retinoic acid-inducible gene I (RIG-I)-like receptors, nucleotide oligomerization 

domain (NOD)-like receptors, and absent in melanoma 2 (AIM2)-like receptors7-9. Viral 

component recognition by these PRRs and subsequent signaling of downstream host cell 

factors drive the cascade of innate and adaptive anti-viral immunity. A virus can activate 

multiple PRRs, which improves anti-viral responsiveness. For example, the dsRNA virus 

reovirus has been shown to activate RIG-I, melanoma differentiation-associated gene 5 

(MDA5) (also known as helicard or IFIH1), and TLR310, 11. RIG-I and MDA5 identify 

cytoplasmic dsRNA and RNAs with 5’-triphosphate ends, which are normally capped on 

host RNA. TLR3 binds dsRNA within endosomes, thus providing surveillance in different 

cellular compartments. Activation of PRRs mediates downstream signaling, which 

ultimately stimulates nuclear factor kappa-light-chain-enhancer of activated B cells 

(NFκB), and interferon responsive factors (e.g., IRF3 and IRF7), which drive pro-
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inflammatory cytokine release and local interferon (IFN) response7. It is important to note 

that the type of PRR activated additionally impacts the cellular and host responsiveness. 

For example, a study by Rojas et al. demonstrated that the selective activation of TLR3-

TIR-domain-containing adapter-inducing interferon-β (TRIF) signaling pathway versus the 

natural vaccinia virus-mediated TLR2 activation skewed the immune response to a more 

cytolytic T lymphocyte immune response involved in viral clearance as opposed to an 

antibody-mediated response12.  

Following the primary PRR activation and pro-inflammatory and IFN response, this local 

anti-viral environment is further heightened by neighbouring cells via IFN-mediated 

autocrine and paracrine signaling through the JAK/STAT pathway. Thus, infected and 

neighbouring/bystander cells will signal through this pathway leading to the expression of 

numerous IFN-associated genes, resulting in the upregulation of anti-viral mediators, such 

as protein kinase R (PKR), oligoadenylate synthesis, and cytokines/chemokines (e.g., 

tumor necrosis factor-α [TNF-α]; interleukin [IL]-1β, IL-2, IL-6, IL-12; regulated on 

activation, normal T cell expressed and secreted [RANTES]; CD40L; CC chemokine 

ligand [CCL]-2, and CCL3) to alert the immune system and mediate increased immune cell 

infiltration (via chemokines and increased intercellular adhesion molecule [ICAM] 

expression on the endothelium). Recruited innate immune cells (e.g., plasmacytoid 

dendritic cells [pDCs], DCs, neutrophils, monocytes, macrophages, natural killer [NK] 

cells, NKT cells) further perpetuate the cytokine and chemokine response, limit infection, 

and support the antigen presentation process to mediate the development of anti-viral 

adaptive immunity. In addition to cytokine secretion, NK cells can release cytotoxic 

granules and directly kill target cells with “altered” or absent class I major 
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histocompatibility complex (MHC), which is commonly affected by specific viruses7. 

Furthermore, infiltrating neutrophils and monocytes also have their specialized roles by 

means of phagocytosis and virus degradation through reactive oxygen species (ROS), nitric 

oxide (NO), and proteolytic enzymes13, 14.  

In this anti-viral environment, DCs and scavenging myeloid cells ingest cellular debris and 

virus particles, migrate to the peripheral lymphoid tissues, express antigen and 

costimulatory molecules, mature into antigen-presenting cells (APCs), and activate naïve 

T cells. The ability of APCs to activate naïve T cells represents the bridge between innate 

and adaptive immunity and requires three signals: 1) specific antigen presentation in the 

context of MHC (class I or II), 2) costimulatory molecule interaction (CD28-B7 molecule 

interaction), and 3) cytokine production mediated by the innate PRR pathways (e.g., IL-6, 

IL-12, transforming growth factor beta [TGF-β], and IL-4).  It is important to note that 

DCs, macrophages, and B cells are considered as APCs. However, unlike DCs which are 

notably the superior APCs for naïve CD4+ and CD8+ T cell activation and expansion, 

macrophages and B cells specialize in processing and presentation of extracellular and 

soluble antigens, respectively, and interact mainly with effector CD4+ T cells that are 

already primed.  

Following sufficient antigen-specific T cell activation by APCs, these T cells expand into 

effector cells and following clonal expansion, traffic to the site of infection, where they 

mediate anti-viral immunity. In particular, CD4+ T cells can differentiate into several 

subsets of functionally distinct effector cells (e.g., T helper cell type 1 [TH1], T helper cell 

type 2 [TH2], T helper cell type 17 [TH17], T Follicular Helper cell [TFH], and regulatory T 

cells [Tregs]). Importantly, the type of CD4+ T cell dictates the effector response and is 
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commonly pathogen-specific. On the one hand, TH1 cells produce high IFN-γ, IL-2, and 

IL-12 and are important in cell-mediated responses (activate macrophages and CD8+ T 

cells), which is common in viral and bacterial infections. On the other hand, TH2 cells 

produce IL-4, IL-5, and IL-13 and are commonly associated with parasitic infections and 

antibody-mediated/B cell-mediated immune responses. Particularly important for virus 

infections is CD8+ T cell-mediated cytotoxic response. Effector CD8+ T cells recognize 

specific viral antigens in the context of class I MHC on target cells and release perforin and 

granzymes to mediate apoptosis of the virus-infected target cell. Notably, immunological 

memory against virus-associated antigens also develop during this infection process, which 

enhances virus clearance upon secondary exposure.  

1.2 ONCOLYTIC VIRUSES (OVs) 

OVs represent a class of naturally occurring or engineered viruses that preferentially kill 

cancer cells, through a process known as oncolysis, while leaving non-cancerous cells 

relatively unharmed. This preferential tropism of OVs stems from cellular signaling and 

anti-viral immune response aberrations within cancer cells. Such an immune-compromised 

state within cells reduces virus clearance and promotes virus replication/progeny formation 

simultaneously. The first clinical indications that viruses could be utilized as an anti-cancer 

agent came from the early twentieth century with reports describing cancer patients who 

had brief periods of clinical remission following contraction of an infectious disease15, 16. 

Throughout the 1940-80s, numerous viruses (e.g., Egypt 101, measles, mumps, 

encephalomyelitis, influenza, rabies, herpes simplex virus [HSV], West Nile, and Ilheus 

virus) were investigated for their oncolytic potential in early clinical trials/case reports and 

various transplanted tumors in mice17-26. For example, the Egypt 101 virus showed no 
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curative effect but transiently inhibited tumor growth in at least 4, and possibly 9, of 27 

patients in whom the infection was established22. A clinical trial in 1974 demonstrated the 

clinical utility of mumps virus in 90 patients with terminal cancer of various kinds27. This 

early clinical trial determined that 37 patients responded well to treatment. Furthermore, 

patients who retained physical strength showed continuously suppressed tumor growth 

following the initial effect of treatment27. Additionally, early work or incidences using 

attenuated viruses as anti-cancer agents also surfaced in the 1950-60s with the use of an 

attenuated Venezuelan equine encephalomyelitis virus28, and in cases of rabies virus 

vaccinations26, 29. Although these early studies showed promise, many 

clinicians/researchers dismissed the utility of these novel class of anti-cancer agents due to 

the inherent safety risks, restricted methods to control virulence, and limited knowledge of 

the biological mechanisms associated with tumor tropism.  

Following these early promising signs of therapy with infectious agents, the link between 

oncolytic viruses and cancer therapy continued to grow with our increasing knowledge of 

molecular biology, virology, and tumor immunology/anti-tumor immunity. Ultimately, it 

was the connection between oncogenes (i.e., Ras) and enhanced virus replication and 

spread which propelled the field of OV therapy or oncotherapy to where it is today30. 

Subsequently, additional well-studied characteristics of cancer were unveiled and exploited 

by oncolytic viruses such as common cancer mutations affecting IFN-signaling/anti-viral 

responsiveness31-38 and the anti-apoptotic nature of cancer cells39. For instance, Stojdl et al. 

illustrated that vesicular stomatitis virus (VSV) selectively killed a variety of human tumor 

cell lines that were unresponsive to IFN supplementation while normal human primary cell 

cultures were completely protected35. Furthermore, naturally occurring VSV variants, 
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which are attenuated in IFN-responsive cells due to their defective VSV M protein, retained 

a highly lytic potential and therapeutic efficacy in multiple tumor models 

(immunocompromised and competent)40. Numerous studies have since confirmed such a 

link between OV affinity towards cancer cells and cancer-associated aberrant anti-viral 

immune response with other viruses (e.g., influenza, reovirus, HSV-1, Newcastle disease 

virus [NDV], and mumps)41-45. Subsequently, researchers genetically modified viruses to 

be IFN-sensitive and therefore preferentially replicate in cancer cells45, 46. The anti-viral 

mediator protein kinase R (PKR) readily binds to dsRNA and mediates translation 

inhibition through the activation of eukaryotic translation initiation factor eIF2α and thus, 

prevents viral protein synthesis47, 48. Evidently, tumors tend to have aberrant or reduced 

PKR activity, commonly due to hyperactive Ras pathway signaling. Such impaired anti-

viral state provides a selective niche for PKR-sensitive viruses41, 45. With this in mind, 

researchers mutated virus-specific PKR inhibition mechanisms, naturally possessed by 

HSV-1 and influenza viruses, to render only PKR-defective cancer cells vulnerable to 

infection41, 45. For example, a mutant HSV-1 (designated R3616) with the deleted γ34.5 

gene, which normally prevents PKR-mediated translation inhibition, selectively replicates 

in Ras-induced transformed NIH-3T3 cells41. Another study on pancreatic cancer cells 

illustrated that the Ras activation state was irrelevant, as it was the unregulated PI3-kinase 

pathway which ultimately allowed R3616 to overcome the PKR-mediated anti-viral 

response49. Such studies allude to the redundancy of how mutations in anti-viral response 

pathways can differ in various cancer types and how cancer-associated impaired anti-viral 

immune mechanisms set up a preferential virus replicative niche.  
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In addition to the aberrations in anti-viral immune mechanisms resulting in OV 

permissiveness, anti-apoptotic characteristics of cancer cells also contribute to increased 

susceptibility to OV infections. Wild type (WT) adenovirus possess the E1A gene and E1B 

genes, which once expressed, induce cellular proliferation and inhibition of E1A-induced 

apoptosis, respectively. Due to the frequent mutations of p53, tumor suppressor and 

regulator of apoptosis, in cancer, an engineered adenovirus depleted of the E1B protein, 

ONYX-015, would preferentially replicate in p53-mutated cells as opposed to normal 

cells50. Furthermore, the B cell lymphoma (BCL) family of cell survival proteins are 

commonly overexpressed in tumor cells. Thus, oncolytic viruses, like NDV, tend to 

preferentially replicate in cells overexpressing BCL-XL, which prolongs the incubation 

time for virus progeny formation and spread39. 

It is now known that numerous OVs also directly target cancer cells as a result of 

abnormally high expression of virus-specific surface receptors and entry mediators. For 

instance, intracellular adhesion molecule 1 (ICAM-1/CD54) and decay accelerating factor 

(DAF) have been shown to be overexpressed in multiple myeloma, melanoma, and breast 

cancer, and are instrumental in coxsackievirus entry51-53.  Edmonston strain and wild type 

isolates of measles viruses use CD46, CDw150 (SLAM), and PVRL4 (Nectin 4), 

respectively, for cell entry, both of which are cell surface markers that are overexpressed 

in a variety of cancers54-61. The herpesvirus entry mediator (HVEM) receptor, used for 

HSV-1 attachment/entry, is commonly overexpressed in carcinomas and melanomas. 

Echovirus has a natural tropism for ovarian cancer cells because it utilizes the often 

overexpressed I domain of integrin α2β1 for cellular entry62. Additionally, researchers have 

also engineered OVs, such as adenovirus, lentivirus, and measles virus, to directly target 
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unique cancer-associated markers as cell entry receptors63-65. Notably, adenovirus Ad5/3-

∆24 was modified to incorporate an RGD (Arg- Gly- Asp) motif in the outer layer of the 

adenovirus capsid; such a modification permits virus entry through binding to αvβ3 and 

αvβ5 integrins, which are overexpressed on ovarian cancer cells66. This modified 

adenovirus is currently undergoing clinical trials65-67. Especially with the potential to 

genetically engineer OVs for cancer-associated markers, OVs represent a novel mean to 

selectively target and kill cancer cells based on abnormal receptor expression.  

Ultimately the natural or engineered tropism of various OVs has prompted their use as a 

safe anti-cancer therapeutic agent. Currently, numerous viruses (e.g., reovirus30, NDV68, 

measles virus24, 57, 69-75, VSV76, vaccinia virus77, poliovirus78, HSV79, adenovirus80, Sendai 

virus81, maraba virus82, 83, and coxsackievirus84) are being tested as a monotherapy and in 

various combination treatment regimens to optimize their potential. Of the abovementioned 

OVs, two have been approved for clinical use: 1) H101 (Shanghai Sunway Biotech) and 2) 

Talimogen laherparepvec (T-VEC). H101 is a genetically modified adenovirus which was 

approved in China (November 2005) for the treatment of nasopharyngeal carcinoma in 

combination with chemotherapy and is only regionally used85. T-VEC, an attenuated HSV-

1-based OV, has been adapted to endogenously express the immunomodulatory cytokine 

granulocyte macrophage colony-stimulating factor (GM-CSF) and was the first OV to be 

approved by the U.S. Food and Drug Administration (FDA). While H101 is approved only 

in China, T-VEC has now been used in North America, Europe, and Australia86. An open-

label randomized phase III clinical trial (OPTiM) with an enrolment of 295 advanced 

melanoma patients showed that T-VEC had significant durable response rate of 16.3% and 
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enhanced overall median survival by 4.1 months. The FDA approval of T-VEC represents 

the first OV candidate for international clinical practice87.  

1.3 THE 3 MODES OF OV-MEDIATED CANCER CELL KILLING 

To date, the mechanisms through which OVs facilitate tumor regression are not completely 

understood. However, it is accepted that OVs target cancers through at least three major 

modes: 1) virus-induced oncolysis, 2) immune-mediated cancer cell killing, and 3) 

disruption of tumor vasculature or anti-angiogenic properties. While the direct oncolytic 

properties of OVs have previously progressed the field of OV therapy, both immune- and 

vasculature remodeling-mediated tumor regression are now recognized as critical elements 

for tumor eradication. Novel approaches that focus on these aspects are further enhancing 

the efficacy of OV therapy. It is also important to note that the anti-viral immune response 

against oncolytic viruses provides a beneficial anti-tumor effect while simultaneously 

hampering both the spread and replication of the viruses itself. Hence, the therapeutic 

outcome depends on a complex interplay between the opposing forces of anti-viral and 

anti-tumor immunity, and both forces must be considered when devising an appropriate 

therapeutic treatment.  

The lytic potential of OVs stems from their natural ability to usurp the host cells for virus 

replication, progeny formation, and ultimately spread. Importantly, recent studies have 

illustrated that how the cell dies with respect to the immune system plays a critical role 

linking the lytic potential with the anti-tumor immune potential of OV therapy84, 88, 89. In 

addition to driving an anti-viral immune response, an influx of immune cell infiltration, and 

an inflammatory cytokines production, several OVs induce immunogenic cell death 
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(ICD)90. This newly recognized means of cell death represents a novel pro-inflammatory 

death profile which releases immunomodulatory molecules and promotes the induction of 

a potent anti-cancer adaptive immune response91. Extensively studied in the context of 

various chemotherapeutics91, ICD is characterized by the surface expression of calreticulin, 

extracellular release of adenosine triphosphate (ATP) and high mobility group box 1 

(HMGB1), and involves endoplasmic reticulum (ER) stress and reactive oxygen species. 

ICD drives both innate and adaptive immunity through the presentation of “danger” signals 

(e.g., damage-associated molecular pattern (DAMP) and/or PAMP molecules) to DCs, all 

of which occur following OV administration. Thus, it is not surprising that OVs can 

mediate ICD. To date, several OVs have been known to induce the release of HMGB1, 

ATP, and/or uric acid90. For instance, CD40-ligand expressing adenovirus [Ad5/3-hTERT-

E1A-hCD40L], coxsackievirus B3, and measles virus have shown their direct ability to 

mediate the key requirements to induce ICD84, 88, 89. Other OVs such as vaccinia virus, 

parvovirus, and HSV mediate the induction of ICD as a monotherapy or in combination 

with chemotherapeutics92-95.  It has yet to be determined whether this induction of ICD is 

due to eventual release of DAMPs during late stage apoptosis, autophagy and/or necrosis, 

or following virus-mediated immune cytotoxic death90. Nonetheless, it is important to 

consider that cancer cell necrosis has also been associated with the development of 

advanced cancer and poor prognosis96. Specifically, the well-known DAMP IL-1α has been 

associated with promoting malignant cell transformation and proliferation following 

necrotic release97. Such findings have led to monotherapeutic approaches to inhibit IL-1α, 

which are currently in phase III clinical trials (see ClinicalTrials.gov identifiers 

NCT02138422 and NCT01767857). Although it is acknowledged that OVs induce local 

ICD and promote the presentation of both virus- and tumor-associated antigens, it is 
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important to consider negative side effects (i.e., IL-1α release and malignant cell 

transformation) of ICD during OV therapy. 

The second mode of OV-mediated cancer cell killing is the induction of anti-tumor 

immunity. As a consequence of being pathogens, OVs naturally drive the development of a 

robust anti-viral immune response. Due to the preferential targeting and replication of OVs 

in the tumor niche, this prompts the inadvertent generation of anti-tumor immunity in the 

process. Although numerous mechanisms have evolved in the TME to limit inflammation 

(to be discussed in detail in the following sections), OVs have been shown to establish an 

environment conducive to a functional anti-viral immune response, while simultaneously 

generating a potent and clinically meaningful anti-tumor immunity1, 98, 99. OVs induce the 

expression of class I MHC pathway-related molecules, thus providing immediate 

tumor/viral immune recognition in cancer-bearing hosts1. OV administration drives a 

potent pro-inflammatory cytokine and chemokine profile and thus overturns the 

immunosuppressive nature of the TME and mediates the influx of innate immune cells. 

Although some OVs have shown negative effects on the immune system, such as vaccinia 

specifically targeting DC populations100, numerous OVs (e.g., reovirus, HSV, adenovirus, 

poxvirus, and measles virus) have been shown to drive both DC cytokine production and 

maturation101, 102. Furthermore, the direct lytic properties of OVs further potentiate the anti-

tumor immune response through the induction of ICD. With such a favourable TME and 

OV-mediated ICD, tumor-associated and viral antigens are readily presented by 

professional APCs to naïve T cells promoting the generation of a clinically meaningful 

adaptive immunity (both effector and memory)99, 103, 104. Such an adaptive anti-tumor 

immunity, specifically CD8+ T cell-mediated, is fundamental in tumor regression and the 
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therapeutic efficacy of treatment, as this adaptive immunity results in the eradication of 

existing cancer and continual anti-tumor and anti-viral surveillance, even following the 

discontinuation of therapy. This has been evident in tumor challenge experiments, where 

tumor growth is prevented in mice that have received an adoptive transfer of lymphocytes 

from OV-treated tumor-bearing mice105, 106. To date, multiple reports have shown, using T 

cell depletion studies in immunocompetent animals, that the therapeutic efficacy of OV 

treatment is highly influenced by the anti-tumor immune arm of OV therapy106-108.  

Tumor vasculature destruction and anti-angiogenic properties have been recently 

recognized as a third mode of OV-mediated cancer cell killing. The development of tumor 

architecture represents a complex network between non-cancerous bystander cells and 

cancer cells. In many instances, the TME creates an acidic microenvironment and drives 

the overexpression of immunosuppressive cytokines such as TGF-β and pro-angiogenic 

factor vascular endothelial growth factor (VEGF). Such an increase in pro-angiogenic 

factors, especially in the context of solid tumors, mediates the formation of a novel tumor 

vasculature to support tumor progression through the delivery of oxygen and essential 

nutrients. In the recent years of OV research, studies have illustrated that some OVs (e.g., 

adenovirus, HSV, and vaccinia virus) have anti-vascular properties, and thereby inhibit 

tumor perfusion and progression109-111. For instance, the adenovirus protein E1A binds and 

inhibits angiogenic factor p300. This inhibition regulates the production of VEGF and 

ultimately impedes tumor angiogenesis112.  On the other hand, VSV has been shown to 

naturally elicit the accumulation of neutrophils and promote clot formation, thereby killing 

cancer cells and mediating tumor vasculature disruption and cellular starvation113. In 

addition, VSV has also been shown to infect tumor-associated vasculature without harming 
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normal vasculature114. Although the exact mechanism has yet to be determined, it is 

suggested that the tumor-endothelial or tumor-stromal cell interactions promote a pro-virus 

environment109, 115. Ultimately, the use of either natural or engineered OVs with anti-

vasculature properties could impede tumor-associated endothelial cell proliferation, 

prevent oxygen and nutrient supply, and induce cancer cell death. Such approaches with 

natural/engineered anti-vascular OVs or combination therapies with anti-VEGF antibodies 

are currently undergoing investigations to enhance OV-based therapy109, 116. Of note, anti-

angiogenic and vasculature disruption-mediated mechanisms have differing therapeutic 

efficacy based on the stage of tumor development. On one hand, anti-angiogenic therapy 

prevents initiation and subsequent development/growth of tumor vasculature, and thus is 

more effective in early stage tumors. On the other hand, vasculature disruption is beneficial 

in late stage tumors where the tumors are dependent on established tumor vasculature. 

Thus, it is imperative that the proper combination or OVs is utilized based on the stage of 

tumor development.    

With our greater understanding of how OVs effectively mediate cancer cell killing, the field 

of OV therapy is developing novel strategies tailored to enhance therapeutic outcome. To 

date, numerous combination strategies have been investigated including enhancing OV-

mediated oncolysis (e.g., radiation or chemotherapy), tumor vasculature remodeling with 

anti-angiogenic factors, and skewing or prolonging anti-tumor immunity (e.g., immune 

checkpoint blockade inhibitors117, 118, TLR-signaling manipulation12, cytokine 

supplementation87, and heterologous virus prime-boost strategies119). One such strategy is 

the combination of OVs with immune checkpoint blockade inhibitors (i.e., programmed 

cell death protein 1 [PD-1], programmed death-ligand 1 [PD-L1] or cytotoxic T-
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lymphocyte associated protein 4 [CTLA-4]) to prevent T cell exhaustion. To date, 

numerous OVs (e.g., reovirus, Maraba virus, VSV, vaccinia virus, NDV) have shown 

clinical benefit with these immunomodulators119-122. Altogether, such complementary 

combination therapies alongside OV therapy have illustrated much promise for the 

treatment of a multitude of cancers.  

 

1.4 ONCOLYTIC REOVIRUS AS A MONOTHERAPEUTIC AGENT 

Respiratory Enteric Orphan virus, commonly known as reovirus, is a human pathogen 

isolated from the respiratory and gastrointestinal tracts. It is referred to as an “orphan” virus 

due to its asymptomatic nature, despite the recent discovery that reoviruses can break 

dietary antigen tolerance, suggesting that reovirus is a possible culprit for the onset of celiac 

disease123. Reovirus consists of a non-enveloped, icosahedral capsid and has a 10-segment 

dsRNA genome. Commonly studied as a natural model of acute virus infection, reovirus 

(type 3 Dearing strain) is also a potent OV currently undergoing phase I, II, and III clinical 

trials internationally103. Unlike double-stranded DNA (dsDNA) OVs, such as adenovirus 

and HSV which can be genetically engineered to enhance tumor tropism, anti-tumor 

immunity, or oncolytic potency; the decreased genomic stability of dsRNA viruses has 

made genetic manipulation of reovirus difficult. To date, there are no genetically 

engineered reovirus variants undergoing clinical trials. However, natural reovirus has been 

shown to kill a variety of cancer types including cancers of the breast, lung, head and neck, 

brain, bladder, lymphoma, ovarian, skin, epithelium, spinal, prostate, and colon124-136. Early 

connections with reovirus and its oncolytic attributes were first observed in the paper by 
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Hashiro et al., where it was shown that certain tumors and spontaneously transformed cell 

lines (e.g., W-18Va2, HEP-2, HeLa, and L-929 cell-lines, KB, RA) had preferential 

susceptibility toward oncolysis137. Furthermore, simian virus (SV-40)-transformed human 

embryonic lung cells (WI-38 cells) showed enhanced sensitivity to reovirus cytotoxicity 

compared to non-transformed WI-38 cells138. While these studies provided a glimpse into 

the oncolytic potential of reovirus, it was the study by Coffey et al. that linked the activated 

Ras pathway to the selective oncolytic effect of reovirus30. This report demonstrated that a 

single intratumoral reovirus injection could mediate the regression of established human 

U87 glioblastoma or v-erbB–transformed NIH 3T3 tumors in 80% of xenografted severe 

combined immunodeficient (SCID) mice. Furthermore, reovirus injection, in an immune 

competent mouse model (C3H mice bearing Ras-transformed C3H-10T1/2 tumors), had 

effectively mediated complete regression in 65% of treated mice30. Subsequent studies 

aimed to further understand the association of the Ras-transformation and cancer cell 

permissiveness to reovirus infection/replication. In particular, Marcato et al. demonstrated 

that Ras-transformation mediated selective viral oncolysis by enhancing virus uncoating, 

particle infectivity, and apoptosis-dependent release of virus progeny139, 140. Additionally, 

it was illustrated that oncogenic Ras was also involved in the regulation of innate anti-viral 

defence mechanisms, specifically the suppression of IFN-β. Shmulevitz et al. extensively 

demonstrated that the MEK/ERK pathway, downstream of Ras, inhibits IFN-β expression 

through the regulation of RIG-I36.  

Following the study by Coffey et al., numerous studies focused on elaborating the 

therapeutic potential of reovirus as a single anti-cancer agent in a range of cancer types: 

breast, brain, ovarian, lymphoma, spinal, bladder, colon103, 124, 125, 127, 130, 134, 136, 141. One 
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study showed that reovirus killed 100% of ex vivo low-passage surgically excised human 

gliomas from nine patients130. Additionally, a study by Hata et al. demonstrated the ability 

of reovirus to selectively kill cancer cells by directly comparing oncolysis of six human 

breast cancer cell lines (SK-BR-3, CRL1500, KPL4, MCFT, MDA-MB-453, and MDA-

MB-231) with the normal mammary gland epithelial cell line (Hs578Bst)124. To 

complement this study, Norman et al. utilized a bilateral tumor model of MDA-MB-453 in 

SCID mice and demonstrated that reovirus could be successfully used for systemic therapy 

for breast cancer, as the remote non-injected tumor also responded to reovirus treatment126.  

In support of pre-clinical studies, phase I clinical trials with REOLYSIN® (Pelareoprep), 

hereon referred to as reovirus, as a monotherapy demonstrated the safety, tolerability, and 

preferential cancer cell killing in humans with a variety of tumor types142-145. In particular, 

six prostate cancer patients were placed in a translational study to assess the therapeutic 

efficacy of a single reovirus injection followed by prostatectomies three weeks later. 

Immunohistochemical analysis of resected prostate tissues revealed that reovirus 

preferentially infected cancerous tissue as opposed to non-cancerous tissue and increased 

lymphocyte infiltration within the tumor milieu142. With such promising results, reovirus 

progressed on to its first phase II clinical trial in 2008 for the treatment of metastatic 

melanoma146. Although productive reovirus replication was detected in 2 of 13 melanoma 

metastases after one week of treatment, no patients met the complete or partial response. It 

was suggested that combination therapy, as opposed to monotherapy, could be more 

efficacious. In contrast, another phase II clinical trial for the intravenous administration of 

reovirus in 52 patients with lung metastases of soft tissue sarcomas demonstrated a total 

clinical benefit rate of 43% (i.e., 19 of 44 evaluable patients experienced stable disease for 
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2 to 22 months)147. These results suggest that reovirus was well tolerated and that reovirus 

shows promise for intravenous therapy for metastatic sarcomas. 

Similar to other OVs, reovirus invokes a chain of immunological events that ultimately 

drives the development of an anti-tumor immune response even in the presence of various 

tumor-induced immunosuppressive mechanisms1, 98, 105, 148-150. Multiple studies affirm that 

reovirus treatment/administration mediates increased levels of pro-inflammatory cytokines 

and chemokines1, 98, 151, DC maturation, and innate and adaptive anti-tumor immunity98, 151. 

Furthermore, reovirus-stimulated DCs possess the ability to prime tumor antigen-specific 

T cells (both in vitro and in vivo)98 and increase the cytolytic activity of innate immune 

cells (e.g., neutrophils, monocytes, and NK cells)3, 151-153. Importantly, reovirus drives a 

tumor-specific immunity capable of protecting the host against subsequent tumor challenge 

even after discontinuation of therapy98. These pre-clinical studies have now driven 

reovirus-based OV therapy into a new realm which takes an advantage of anti-tumor 

immunity and combination approaches to further potentiate such a response.  

1.5 ONCOLYTIC REOVIRUS: COMBINATION TREATMENT 

To enhance its treatment efficacy, reovirus was combined with various anti-cancer 

treatment options such as chemotherapeutic agents or radiotherapy. Pre-clinical studies 

revealed synergistic effects, both in vitro and in vivo, with reovirus in combination with 

chemotherapeutic agents such as cisplatin, gemcitabine, vinblastine, paclitaxel, docetaxel, 

or cisplatin-paclitaxel doublet chemotherapy or radiotherapy131-133, 135, 154. One of such 

studies investigated the synergistic effect of reovirus combination therapy with various 

chemotherapeutics against human non-small-cell lung cancer (NSCLC) cells135. 
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Interestingly, a synergistic effect was observed in cell lines that were responsive to the 

chemotherapy compounds alone (cisplatin, gemcitabine, or vinblastine); however, 

regardless of the cell line sensitivity to paclitaxel, the combination of reovirus and 

paclitaxel was invariably synergistic in all NSCLC cell lines. The authors speculated that 

accelerated apoptosis triggered by paclitaxel-mediated mitotic arrest further enhanced 

treatment effectiveness. In agreement of this hypothesis, several studies have illustrated 

that the activation or stabilization of apoptotic pathways (via p53-dependent NFκB 

activation) further heightens reovirus-induced apoptosis128, 129. These pre-clinical studies 

suggest that a combination approach further enhances reovirus-mediated cytotoxicity. 

The first clinical trial administering reovirus intratumorally in combination with palliative 

radiotherapy was conducted on patients with melanoma, squamous cell carcinoma of the 

skin, lung, ovarian, head and neck, esophageal, colorectal, and pancreatic cancers 155. This 

study determined that the combination therapy was well tolerated with minimal toxicity 

profiles. A subsequent phase II trial confirmed the safety and positive clinical outcomes of 

the combination regimen with low radiotherapy156. Future reovirus clinical trials in 

combination with radical radiotherapy are expected to be designed for a curative intent.  

In addition to palliative radiotherapy, combinatorial reovirus and chemotherapy clinical 

trials have been completed or are ongoing. Recently, results from Phase II clinical trials 

have shown that reovirus in combination with various chemotherapeutics are well tolerated; 

however, they have demonstrated no significant progression-free survival (PFS). These 

trials include the use of reovirus in combination with: paclitaxel/carboplatin (for metastatic 

pancreatic adenocarcinoma (PDAC)157, malignant melanoma158, and NSCLC)159, paclitaxel 

(for recurrent ovarian, tubal, or peritoneal cancers)160, and pemetrexed/docetaxel (for 
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advanced stage refractory platinum doublet NSCLC)161. Of note, the randomized Phase II 

trial for reovirus with upfront treatment of metastatic PDAC showed no improvement with 

regards to PFS157. However, patient immune phenotypes, specifically decreased levels of 

IL-6 and IL-10, increased memory T cells, and lowered CTLA-4 expression on CD8+ T 

cells, were associated with overall positive patient survival regardless of treatment162. In 

addition, reovirus treatment mediated increased fractalkine, IL-10, RANTES, Stromal cell-

derived factor 1(SDF-1), and VEGF-A cytokine levels and the frequency of Tregs, CD4+ 

CTLA4+, CD8+ CTLA4+, and CD8+ TIM3+ T cells subsets in comparison to the 

paclitaxel/carboplatin treatment in patients157. These Phase II clinical trials suggest that 

reovirus is well tolerated but novel approaches are needed to further enhance the efficacy 

of reovirus-based OV therapy with an emphasis on the therapeutic manipulation of 

immunosuppressive mediators. 

Recently, numerous immunotherapeutic approaches are being combined with standard 

reovirus therapy to enhance and prolong the effects of anti-tumor immunity. One such 

approach is the combination of reovirus with immune checkpoint blockade inhibitor, anti-

PD-1. This combination of reovirus and PD-1 blockade in the B16 mouse melanoma model 

enhanced reovirus-mediated pro-inflammatory cytokine secretion and NK cell cytotoxicity, 

decreased Treg functionality, and significantly prolonged tumor-bearing host survival in 

comparison to each treatment alone117. This study and others further confirm the benefit of 

immunotherapy complementation with reovirus and pushed such strategies into clinical 

trials117, 119, 163. To date, reovirus is being combined with Pembrolizumab (anti-PD-1) alone 

or with chemotherapy (gemcitabine, Irinotecan, Leucovorin, or 5-fluorouracil) in PDAC 

patients (NCT02620423)164, Lenalidomide or Pomalidomide in multiple myeloma patients 
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(NCT03015922), and with GM-CSF for skin melanoma (NCT03282188). All of these 

combinations have immunomodulatory effects such as affecting angiogenesis and/or the 

immunosuppressive niche (Lenalidomide/Pomalidomide), driving enhanced myeloid cell 

homing and activity (GM-CSF), or preventing T cell exhaustion (Pembrolizumab/anti-PD-

1). Of the indicated clinical trials above, data from the phase I trial using reovirus with 

pembrolizumab and chemotherapy have shown manageable safety profiles, and 1 of 11 

patients had a partial response to treatment. Importantly, the primary objective of this phase 

I clinical trial was safety and secondary tumor response and reovirus replication/immune 

analysis. Thus, further evaluation of these combinations is suggested to be studied in both 

pre-clinical and clinical settings. 

1.6 CURRENT OBSTACLES LIMITING THE EFFICACY OF OV 
THERAPY 

With the completion of numerous clinical trials and with continued progress in pre-clinical 

studies, the use of reovirus as an anti-cancer agent in combination seems like an 

increasingly favourable alternative to a monotherapeutic approach. Importantly, both pre-

clinical and clinical studies have recognized key obstacles that dictate the successful 

translation of reovirus-based OV therapy. These key obstacles are associated with 1) 

difficulties in systemic reovirus delivery, 2) anti-viral immunity, and 3) tumor-associated 

immunosuppressive mechanisms.  

First, reovirus delivery to tumor cells through systemic/intravenous administration 

represents a major obstacle in the optimization of reovirus-based OV therapy. Although 

intratumoral injections are the best means to deliver the highest dosage of virus particles to 

the tumor vicinity, a systemic viral administration increases the probability of treating 
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metastatic or multi-nodular tumors. However, due to various host factors, such as 

neutralizing anti-reovirus antibodies (NARAs), non-specific organ entrapment (spleen, 

lung, and liver), scavenging immune cells, and/or vascular dysregulation/collapse165, 166, 

the successful delivery of therapeutic virus dosage is significantly reduced in many 

intravenously administered OVs167. Thus, pre-clinical studies with OVs are using means 

such as cell carriers to not only avoid immune detection but also for their tumor-homing 

properties to tumor microenviroments167-171.  For instance, Eisenstein et al. engineered a 

strain of VSV (rVSV(MΔ51)-M3) which binds to myeloid-derived suppressor cells 

(MDSCs), via non-neutralizing VSV antibody and fragment crystallizable (FC) receptor 

interactions, to use the MDSC’s natural tropism to the TME. This approach increased VSV-

homing to the TME and improved systemic administration169. Interestingly, a reovirus 

Phase I clinical study demonstrated that intravenously injected reovirus was naturally 

associated with peripheral blood mononuclear cells (PBMCs) in 14% of patients 10 days 

post the last reovirus injection. Additional findings suggest that administered reovirus is 

often taken up by PBMCs and carried systemically while also avoiding circulating 

NARAs171. To enhance systemic reovirus delivery and overcome circulating NARAs, 

Jennings et al. conducted reovirus-loading of lymphokine-activated killer cells co-cultured 

with DCs. They demonstrated that ascites, associated with peritoneal carcinomatosis in 

ovarian cancer, inhibits reovirus-induced oncolysis due to the presence of NARAs170. Thus, 

reovirus-loading of these cell carriers enhanced the tumor cell killing, pro-inflammatory 

cytokine production, and the generation of a specific anti-tumor adaptive immune response. 

With respect to the prevalence of NARAs in most adults owing to previous exposure to 

reovirus during their lifetime142, 146, 155, 171-176, such an approach promises to enhance 

systemic reovirus delivery.  
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As one may expect, the host immune system poses a major hurdle for reovirus-based OV 

therapy as the therapeutic administration of reovirus drives two contrasting immunities: 

anti-viral and anti-tumor. Whereas anti-tumor immunity is highly desirable as it targets 

cancer cells, anti-viral immunity curtails the replication and spread of reovirus prematurely 

before sufficient tumor eradication. A few studies have minimized the humoral anti-viral 

adaptive immunity by packaging OVs within cell carriers or by hampering NARA 

production to prevent NARA-virus interactions12, 167, 170, 174, 177. Other studies have taken a 

heterogenous OV boost approach, which primes the tumor microenvironment with one OV 

followed by a subsequent treatment or “boost” with a different OV119, 178, thus avoiding the 

adaptive anti-viral response against a particular virus and generating a more robust anti-

tumor immunity. In particular, Ilett et al. conducted a study focused on using reovirus to 

prime followed by a VSV-ASMEL (VSV expressing a cDNA library of melanoma 

antigens) boost for the treatment of subcutaneous B16 melanoma tumors. This approach 

significantly improved the survival of B16 tumor-bearing mice119. Further, this study 

additionally incorporated both anti-PD-1 therapy and GM-CSF treatment with this 

heterogenous boost approach and generated a fully systemic and effective anti-tumor 

immunotherapy119. Such an approach paves the way for future OV-based combination 

studies to enhance anti-tumor immunity while minimizing the restraining effects of anti-

viral adaptive immunity.  

The third obstacle, and the most relevant with regards to my thesis, is the appropriate 

management of tumor-associated immunosuppression during OV therapy. Cancer 

immunotherapies have shown considerable promise; however, cancer-associated 

immunosuppression can hamper an anti-tumor immune response. Although reovirus and 
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other OVs overturn multiple tumor immune evasion mechanisms, a greater understanding 

of how an immunosuppressive TME responds to treatment and how it can be manipulated 

must be revealed to enhance the effectiveness of therapy. To this end, the following sections 

will cover cancer-associated immunosuppression and follow up on how understanding this 

immunosuppressive component is vital to further enhance the efficacy of OV therapy. 

1.7 CANCER-ASSOCIATED IMMUNOSUPPRESSION AND ITS 

EFFECT ON CANCER IMMUNOTHERAPY 

Early efforts to understand tumor biology and progression were conducted solely on 

transformed cells. Considerable evidence now suggests that non-neoplastic cells play key 

roles in all stages of cancer progression (initiation, growth, invasion, and metastasis)179-181. 

The cellular constituents of the TME can be composed of a plethora of cell types (e.g., T 

cells, B cells, NK cells, mast cells, macrophages, DCs, fibroblasts, pericytes, granulocytic 

cells [neutrophils, basophils, eosinophils], and immature myeloid cells). According to the 

immunoediting hypothesis182, 183, the host immune system and tumor cells undergo three 

stages of complex interaction: elimination, equilibrium, and escape. The tumor elimination 

phase represents a state in which the innate and adaptive immune systems cooperate in the 

detection and elimination of the transformed cells. This state is commonly accompanied by 

a TH1 response, which is indicative of anti-tumor cell-mediated cytotoxicity, and the 

expression of IL-2, IL-12, IL-15, IL-18, and IFN-γ cytokines. In this model, tumor 

infiltrating/resident lymphocytes act as sentinels by recognizing and eliminating nascent 

transformed cells. On one hand, this immune response plays a fundamental role in tumor 

elimination and progression; however, on the other hand, it pressures tumors to adopt 

immune evasive mechanisms and avoid such immune assault. Furthermore, in situations of 
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chronic inflammation, a persistent inflammatory state can act as a driving force for 

tumorigenesis and even promote an exhaustive TME, leading to a phase of tumor escape. 

The phase of equilibrium represents one that has immune-mediated control of tumor 

progression leading to tumor dormancy but not elimination. Both clinical and pre-clinical 

studies, in which a host becomes immunocompromised or is immunocompromised 

following organ transplantation, have proposed such a phase as there is a resurgence of 

tumor progression once the immune pressure has been lifted184-186. Lastly, the escape phase 

is one that tumor cells have persisted through immune pressure and evaded immune-

mediated elimination. Such immune evasion mechanisms include the development of TH2-

like TME (i.e., high levels of IL-4, IL-5, IL-10, and IL-13), immune checkpoint blockades, 

tissue barriers, regulatory/dysfunctional immune cells, and defective antigen 

presentation187-194. To increase the complexity of such Darwinian phenomena, TMEs are 

heterogenous in nature and develop differently on a case-by-case basis. For instance, 

Gajewski et al. suggest that there are generally two broad groups of immunological profiles 

in cancer patients: 1) “hot” tumors with T cell infiltration and 2) “cold” non-T cell-

infiltrated tumors187. The first immunological profile, “hot” tumors, represents an 

exhaustive TME commonly composed of increased immune checkpoint mediators, 

impaired DCs, increased frequencies of immunosuppressive immune cells such as Tregs and 

MDSCs. It is postulated that this type of TME has arisen because of a spontaneous anti-

tumor immune response187. “Cold” tumors are characterized by poor chemokine 

expression, void of T cell infiltrate, lack of established immune checkpoint mediators, 

immunosuppressive cytokines, and a tissue/extracellular barrier to prevent effector cell 

chemotaxis187. From a clinical and immunotherapeutic perspective, these 

immunosuppressive mechanisms are negatively correlated with patient prognosis and are 
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major obstacles for the therapeutic efficacy of treatment. Such heterogeneity in TME 

suggests that the most effective cancer treatment is one that is devised based on the 

individual’s immunological profile, which forms the basis of modern personalized 

immunotherapies. 

Cancer-associated immunosuppression is represented in many forms and it is ultimately 

characterized as mechanisms which prevent the infiltration, activation, survival, and/or 

function of innate and adaptive effector immune cells. It is important to note that numerous 

immune cells (e.g., Tregs, B cells, mast cells, tumor-associated macrophages [TAMs], 

immature monocytic myeloid cells/monocytic MDSCs, fibroblast, endothelial cells, 

pericytes, granulocytic cells/granulocytic MDSCs) have or acquire immunosuppressive 

functions leading to tumor immune evasion (summarized in Table 1.1). For instance, 

tumor-associated endothelial cells can establish a “tumor endothelial barrier”195 which 

directly affects T cell infiltration, function, and survival. This “tumor endothelial barrier” 

can affect T cell infiltration through the downregulation and/or declustering of ICAM1 and 

vasculature cell adhesion molecule 1 (VCAM1)195, 196. Furthermore, tumor-associated 

endothelial cells can selectively upregulate immune checkpoint mediators and 

immunosuppressive factors (PGE2, IL-10, and TGF-β) and mediate T cell apoptosis by 

expressing apoptosis-inducing molecules such as TRAIL and FasL197-199. Similarly, cancer-

associated fibroblasts (CAFs) have been shown to contribute to the downregulation of 

endothelial adhesion molecules, minimize lymphocyte infiltration, and additionally 

promote TAM and MDSC recruitment and accumulation200-202. Depletion of fibroblast 

activating protein-α (FAP)-expressing CAFs mediates a shift in balance from a TH2 to a 

TH1-like immune profile and reduced levels of MDSCs, TAMs, and Tregs within the 
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TME200, 202-204.  In addition to cancer-associated endothelial and fibroblasts which 

significantly contribute to the TME and architecture of the tumor, infiltrating immune cells 

such as regulatory B cells (Bregs) and Tregs also exhibit immunosuppressive potential leading 

to tumor progression and impaired anti-tumor immunity. One of such mechanisms of 

immunosuppression by both Bregs and Tregs is the secretion of IL-10, TGF-β, and IL-35 

cytokines, leading to decreased TH1-type immune response in CD4+ T cells, CD8+ T cells, 

and monocytes205-207. Tregs have also been shown to mediate immunosuppression of CD8+ 

T cells via the competitive scavenging of local IL-2208. Furthermore, both Bregs and Tregs 

can suppress effector T cell function via the actions of checkpoint inhibitors (e.g., PD-L1 

and cytotoxic T-lymphocyte-associated antigen 4 [CTLA-4]). Lastly, cancer-associated 

myeloid cells, encompassing both granulocytic myeloid cells and monocytic myeloid cells 

(MMCs), significantly contribute to both innate and adaptive immunosuppressive 

mechanisms. Unlike their phagocytic and anti-viral or anti-bacterial counterpart, 

immunosuppressive G-MDSCs have been shown to promote tumor progression via 

increased angiogenesis, metastasis, and immunosuppression. Immunosuppressive G-

MDSC-mediated immunosuppression has been commonly associated with increased 

secretion of reactive oxygen species (ROS), immunosuppressive cytokine secretion (e.g., 

TGF-β), and production of arginase 1 (ARG1)209, which limit the anti-tumor potential by 

promoting a more immunosuppressive TME or by directly affecting innate and adaptive 

immune cell function. It is important to note that G-MDSCs and tumor-associated 

neutrophils (TANs) are indistinguishable with common surface markers. However, TANs 

have illustrated both anti-tumor and pro-tumor properties. For instance, Eruslanov et al. 

illustrated that TANs acquire a pro-inflammatory phenotype and promote T cell activation 

in early stage human lung cancer210. Similar results were illustrated by Fridlender et al., 
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who showed that TGF-β blockade mediated an influx of TANs with high levels of pro-

inflammatory cytokines and anti-tumor cytotoxic properties211. Interestingly, TANs 

possessed pro-tumor properties prior to TGF-β blockade, suggesting that TANs are 

environmentally responsive and that TGF-β is a significant contributor to the 

immunosuppressive nature of TANs211. Importantly, tumor cells themselves also have 

numerous immunosuppressive mechanisms (e.g., nutrient deprivation, PD-L1 expression, 

high indoleamine 2,3-dioxygenase [IDO] expression, and FasL expression) which both 

enhance cancer-associated immunosuppression and limit anti-tumor immunity212-214. 

In an era where there is a growing interest in cancer immunotherapies, it is of the utmost 

importance to understand the TME and manipulate the existing immunosuppressive 

burdens that hamper the efficacy of therapy. To date, the FDA has approved multiple 

immunotherapeutic approaches, such as sipuleucel-T (APC 8015, Provenge) vaccine215, 

ipilimumab216, lambrolizumab217, and T-VEC218. Although patients treated with cancer 

vaccines, OVs, and immune checkpoint blockade inhibitors (anti-PD-1, anti-PD-L1, or 

anti-CTLA-4 antibodies) develop antigen-specific T cell responses, only a minority of them 

demonstrate clinical benefits219-221. These results suggest that novel approaches must be 

considered to prime an effective anti-tumor response in the TME while altering/tailoring 

the immunosuppressive mechanisms in play.  

As indicated above, numerous cells encourage the development of cancer-associated 

immunosuppression and act through various mechanisms. Of such cells, monocytic 

myeloid cells are now being appreciated as a major influencer of anti-tumor immunity and 

cancer progression. As such the focus of my project was to study MMCs.   
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Table 1.1. TME-associated Immunosuppressive Immune Cellular Constituents. 

Cell Types Immunosuppressive Mechanisms Ref 

Myeloid-derived 
suppressor cells 
(monocytic & 
granulocytic) 

-Deplete T cell-essential nutrients (ARG1- and iNOS-mediated) 
-secrete immunosuppressive cytokines (i.e., TGF-β, IL-10) 
-produce oxidative stress which impedes antigen-specific stimulation and 
responsiveness of T cells 
-interfere with lymphocyte trafficking (ADAM17) 
-affect T cell viability and function via PD-L1 and TIM3 expression 
-secrete IDO which upregulates IL-6 production and their 
recruitment/accumulation. IDO also depletes tryptophan which is an 
essential nutrient for T cell viability and proliferation 

190, 

222-

227 

Tumor-
associated 
macrophages 

-secrete immunosuppressive factors (TGF-β, IL-10, ARG1, and PGE2) 
-recruit Tregs (CCL22-mediated) 
-express PD-L1, B7-H3/H4 which affects T cell viability/function 
-secrete IDO which affects T cell viability and proliferation 

228-

234 

Plasmacytoid 
dendritic cells 

-secrete immunosuppressive factors such as IDO 
-express PD-L1 which affects T cell viability and function 

235-

237 
Tumor-
associated 
neutrophils 

-deplete arginine (T cell-essential nutrient) 
-promote oxidative stress (ROS) which impedes antigen-specific stimulation 
and responsiveness of T cells 
-secrete VEGF promoting angiogenesis and poor vascularization 

238, 

239 

Regulatory T 
cells 

-secrete immunosuppressive cytokines (IL-10, TGF-β) 
-deplete IL-2, IL-7, IL-12, and IL-15  
-impair antigen-presenting cell costimulatory molecule presentation 
(CTLA4) 
-inhibit myeloid cell differentiation (LAG3) 

206, 

240-

243 

Regulatory B 
cells 

-secrete immunosuppressive cytokines (IL-10, TGF-β) 
-express PD-L1, CTLA-4, and FasL 

205, 

244 

Mast cells 

-mediate ultraviolet-B-induced immunosuppression through the secretion of 
histamines and TNF-α 
-secrete immunosuppressive cytokines (TGF-β and IL-10) 
-secrete VEGF to decrease cell adhesion molecules 

245 

Cancer-
associated 
fibroblasts 

-secrete SDF-1 and TGF-β which enforce an immunosuppressive niche 
-stimulate VEGF expression 
-recruit tumor-associated macrophages and MDSCs 
-mediate the downregulation of cell adhesion molecules 

200, 

202, 

203, 

246 

Tumor 
endothelial cells 

-provide a barrier against immune infiltration 
-secrete immunosuppressive factors (PGE2, IL-10, and TGF-β) 
-express several checkpoint inhibitors (PD-L1, PD-L2, TIM3, B7-H3/H4) 
-mediate the selective accumulation of Tregs 
-mediate T cell apoptosis via Fas-FasL interaction and TRAIL expression 
-downregulate cell adhesion molecules to prevent T cell infiltration into the 
TME 

195-

199 

Pericytes 

-secrete immunosuppressive factors such as TGF-β, PGE2, hepatocyte 
growth factor (HGF), and human leukocyte antigen-G (HLA-G) 
-increase oxidative stress (NO) thereby hindering effector cell 
responsiveness 

247 
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1.8 MONOCYTIC MYELOID CELLS (MMCS) 

MMCs are essential contributors to tissue homeostasis, anti-pathogenic clearance and 

defence, immune tolerance, and known for their role in initiating and sustaining adaptive 

immunity. They have been assigned context-dependent and contrasting phenotypes, 

ranging from immunostimulatory to immunosuppressive, in response to a plethora of 

pathological conditions (such as infections248, autoimmunity249, and cancer progression250-

252). MMCs arise in the bone marrow (BM) from hematopoietic stem cells (HSCs) and after 

a step-wise progression into common progenitor cells, emigrate from the BM to the 

circulation via a CCL2-CCR2 or CX3C-chemokine ligand 1 dependent mechanism. Under 

normal conditions, monocytes replenish tissue macrophages and dendritic cells in a steady 

state and represent 2-5% of circulating white blood cells in a healthy mouse. Of note, these 

are a heterogenous population of cells and are characterized using various markers, which 

will be described in the following sections. Following infection, pro-inflammatory signals, 

including pro-inflammatory cytokines and PAMPs, induce the emigration of MMCs from 

the BM to the site of infection. These MMCs sufficiently mount a rigorous immune 

response and aid in the clearance of numerous pathogens (e.g., Listeria monocytogenes, 

Klebsiella pneumoniae, or influenza virus infection248, 253, 254).  For example, influenza 

virus-mediated MMC recruitment is a major contributor to the excessive collateral damage 

within the lungs; however, the absence of such recruitment impairs viral clearance254. In 

addition to this direct anti-microbial role, these MMCs carry pathogenic antigens to local 

lymph nodes, where they further differentiate into DCs or transfer antigens to classical 

dendritic cells255. MMC-differentiated DCs can be as effective as classical DCs in priming 

CD4+ and CD8+ T cells13, 256. This suggests that MMCs can contribute to pathogen-specific 
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T cell responses throughout the development of adaptive immunity257.  Under pathological 

conditions (e.g., cancer, sepsis, autoimmunity), the common myeloid progenitor cells 

(CMPs) have impaired or altered differentiation and possess an immunosuppressive 

phenotype, identified as either monocytic myeloid-derived suppressor cells (M-MDSCs) or 

granulocytic/polymorphonuclear myeloid-derived suppressor cells (G-MDSCs). M-

MDSCs are not terminally differentiated as they have been shown to further differentiate 

into alternatively-activated macrophages (M2-macrophages)251, which further supports 

tumor progression. Ultimately, these immunosuppressive MMCs predominantly have a 

negative correlation with patient survival and promote both cancer-associated 

immunosuppression and progression.  

To this end, the following sections will focus on the role of suppressive MMCs/monocytic 

MDSCs (in relation to their G-MDSC counterparts), tumor-associated macrophages 

(TAMs), and impaired DCs. These populations/cellular states (highlighted in Figure 1.1) 

will be described in the context of cancer and with respect to their immunosuppressive 

functions, functional impairments, pro-tumor properties, and their role with regards to the 

efficacy of cancer immunotherapies.  
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Figure  1 

Figure 1.1. Myeloid Cell Differentiation Under Normal and Pathological Conditions. 
Myeloid cells arise from the bone marrow as hematopoietic stem cells (HSCs) and 
subsequently differentiate into common myeloid progenitor cells (CMPs). During normal 
myelopoiesis, CMPs can differentiate into granulocytic cells (eosinophils, basophils, and 
neutrophils) or monocytic cells (monocytes, macrophages, and dendritic cells). Under 
pathological conditions, such as tumor development or sepsis, CMPs have impaired 
differentiation and maturation and thus, the immunosuppressive phenotypes/states of 
granulocytic and monocytic myeloid cells (G-MDSCs and M-MDSCs, respectively) 
accumulate. M-MDSCs have also been shown to further differentiate into terminally 
differentiated macrophages (specifically M2-like macrophages; tumor-associated 
macrophage [TAM]) in tumor models. The term monocytic myeloid cell (MMC), in the 
context of this thesis, is represented as both monocytes and M-MDSCs regardless of 
functional discrepancies.  
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1.8.1 Myeloid-derived Suppressor Cells (MDSCs) 

Extensive evidence, thus far, indicates that MDSCs are key players in the regulation of 

tumor progression because they suppress host immunity and promote both angiogenesis 

and metastasis222. Thus, it is not surprising that elevated frequencies of MDSCs are often 

associated with advanced cancer stage, decreased disease-free survival, and correlate with 

poor clinical outcome209, 258. Initially termed to capture the functionality and not a novel 

population of myeloid cells, MDSCs represent a heterogeneous group of myeloid 

progenitor cells. They are currently characterized as being both monocytic (M-MDSCs) 

and granulocytic/polymorphonuclear (G-MDSCs/PMN-MDSCs) in nature. Mouse MDSCs 

are commonly characterized by the expression of myeloid lineage markers (myeloid 

differentiation antigen [Gr-1]) and integrin alpha M (CD11b). Gr-1 can be further 

dichotomized into lymphocyte antigen 6 complex, locus G (Ly6G) and locus C (Ly6C) to 

separate monocytic versus granulocytic lineages. In mice, M-MDSCs are identified as 

CD11b+ Ly6G- Ly6Chigh or CD11b+ Gr-1low Ly6Chigh cells while G-MDSCs are recognized 

as CD11b+ Ly6G+ Ly6Clow or CD11b+ Gr-1high Ly6Clow cells. Human MDSCs are 

commonly characterized by the expression of CD11b+ CD14+ HLA-DR-/low CD15- for M-

MDSCs and CD11b+ CD14- CD15+ or CD11b+ CD14- CD66b+ for G-MDSCs. Since few 

CD15+ cells are CD11b-, the CD33 myeloid marker can also be used in place of CD11b 

and thus, displays as CD33+ and CD33dim in M-MDSCs and G-MDSCs, respectively259, 260. 

MDSCs represent a broad and transient state of immature myeloid progenitors and are 

termed as suppressor cells based on their ability to suppress innate and adaptive immune 

cells. As the surface marker phenotype of MDSCs overlaps with the markers used to 
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phenotype monocytes, neutrophils, and macrophages, functional assays are often 

conducted to classify these immature myeloid cells as “suppressive” MDSCs251. 

In healthy individuals, myeloid progenitor cells are generated in the BM and subsequently 

differentiate into monocytes, granulocytes (neutrophils, basophils, eosinophils), 

macrophages, or dendritic cells. However, under pathological conditions such as cancer, 

infections, trauma, or sepsis, the complete differentiation and maturation of myeloid 

progenitor cells are impaired, resulting in the accumulation of MDSCs222. Numerous 

tumor-derived cytokines such as granulocyte-macrophage colony-stimulating factor (GM-

CSF), granulocyte-CSF (G-CSF), and macrophage-CSF (M-CSF), stem cell factor (SCF), 

VEGF, and IL-3 promote myelopoiesis and contribute to impaired myeloid cell 

maturation222, 261. Furthermore, pro-inflammatory cytokines such as IFN-γ, IL-4, IL-6, IL-

10, and IL-13 also initiate a feedback response that mediates the expansion of MDSCs262. 

MDSC accumulation contributes to the immunosuppressive nature of TMEs and has been 

documented in various cancer types including those of breast, ovarian, colon, kidney, and 

prostate223, 263-265. 

MDSCs mediate immunosuppression via a plethora of mechanisms, which are further 

dependent on their phenotypic heterogeneity. For instance, G-MDSCs predominantly 

suppress antigen-specific T cells through the production of ROS. In contrast, M-MDSCs 

suppress mainly effector T cells via high expression of enzymes ARG1, inducible nitric 

oxide synthase (iNOS), and reactive nitrogen species. In general, the immunomodulatory 

functions of MDSCs can be broadly categorized into five main classes. The first is through 

the depletion of T cell-essential nutrients, primarily L-arginine and L-cysteine, resulting in 

the downregulation of the T cell receptor (TCR) ζ-chain and subsequent proliferation arrest 
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of activated T cells. MDSC-mediated depletion of L-arginine is induced by the 

overexpression of ARG1 and iNOS224. L-cysteine depletion is mediated by the increased 

consumption and sequestration by MDSCs266. The second MDSC suppression mechanism 

is the secretion of immunosuppressive factors (e.g., TGF-β and IL-10) which can inhibit 

NK cells225, promote Treg expansion, impair DC function, and modulate the cytokine 

production of macrophages to favour tumor progression (TH2-like macrophage). Oxidative 

stress represents the third mechanism of immunosuppression as increased ROS and reactive 

nitrogen species (peroxynitrite) mediate the loss of TCR ζ-chain and affect TCR and IL-2 

signaling via nitration or nitrosylation, respectively190, 222. Finally, MDSCs also interfere 

with lymphocyte trafficking and viability. Surface expression of the metalloproteinase 

ADAM17 cleaves T cell surface expressed-CD62L, which is required for T cell migration 

to draining lymph nodes267. MDSCs also express PD-L1 and galectin-9 (GAL9), which 

when bound to their respective molecules (PD-1 and T cell membrane protein 3 [TIM3], 

respectively) mediate T cell apoptosis and/or anergy226, 227. To this end, MDSCs represent 

crucial orchestrators of tumor-associated immunosuppression using numerous direct and 

indirect mechanisms. 

In line with their immunosuppressive activities, MDSCs hamper the successful 

implementation of numerous cancer immunotherapeutic approaches, including cancer 

vaccines, immune checkpoint blockade inhibitors, adoptive T cell therapy, and OVs2, 4-6, 

268-274. Such therapeutic hindrance was evident in a study by De Henau et al. which 

demonstrated that targeting PI3Kγ in myeloid cells overcomes resistance to checkpoint 

blockade therapy268. Interestingly, pharmacological inhibition of PI3Kγ, which signals via 

Akt and mTOR and thereby inhibits NFκB activation275, drove a more pro-inflammatory 
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tumor-associated myeloid cell phenotype, increased PD-1 and CTLA-4 expression on T 

cells, and ultimately overcame checkpoint inhibitor blockade therapy resistance268. To this 

end, various approaches are currently targeting MDSCs through the 1) promotion of MDSC 

differentiation and maturation, 2) depletion of MDSC populations utilizing 

chemotherapeutics, and 3) the functional inhibition of MDSCs. The use of all-trans-retinoic 

acid (ATRA) during combination therapy is currently under clinical trials to promote 

MDSC differentiation and maturation276. ATRA is a necessary factor for the maturation of 

myeloid cells and alleviates MDSC-mediated immunosuppression273, 277. It is important to 

note that ATRA can also promote the accumulation and function of Tregs
278. Thus, the 

strategic management of each population must be considered when using such an approach. 

The depletion of MDSCs using chemotherapeutics (e.g., gemcitabine and 5-fluorouracil [5-

FU]) has been utilized in numerous combination therapies as they have been shown to 

selectively deplete MDSCs279-281. The fact that gemcitabine and 5-FU are commonly used 

chemotherapeutic agents makes them promising candidates for combination therapy in 

clinical trials. In addition to chemotherapeutics, small molecule inhibitors such as sunitinib 

and verumurafenib reduce both MDSC and Treg levels within cancers of multiple origins282-

284. The functional inhibition of MDSCs is also being pursued with the use of multiple 

factors such as PI3Kγ, phosphodiesterase type 5 (PDE-5)285 or cyclooxygenase-2 (COX-2) 

inhibitors286. In particular, COX-2 inhibitors alter the TME by reducing MDSC-

chemotactic factor CCL2 and upregulating T cell associated chemokine CXCL10286. 

Altogether, the selective depletion or inhibition of MDSCs has generally been associated 

with enhanced therapeutic outcome for cancer patients. 

1.8.2 Tumor-associated Macrophages (TAMs) 
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Although much of the focus on the suppressive capacity of myeloid cells is directed towards 

MDSCs, TAMs have a major role in the development of the TME, inhibition of 

chemotherapy-induced apoptosis, promotion of angiogenesis and tumor metastasis261, 287-

289. Macrophages are a group of terminally differentiated myeloid cells that are necessary 

to eliminate infectious agents, promote wound healing, and regulate adaptive immunity in 

healthy individuals. This varied array of functionality is due to the plastic nature of these 

cells, as their function is dictated by environmental stimuli. Macrophages lie on a gradient 

of two spectrums, one being the “classically-activated” or M1 macrophages and the other 

being the “alternatively-activated” or M2 macrophages. The generation of M1-like 

macrophages is stimulated by IFN-γ and PAMPs and they express high levels of 

immunostimulatory cytokines (such as IL-12, IL-1β, and TNF-α) and little to no IL-10. 

Furthermore, M1-like macrophages have high surface expression of CCR2, low expression 

of scavenging receptors (e.g., CD206 and CD163), and are highly glycolytic with lower 

oxidative phosphorylation metabolic potential. In contrast, M2-like macrophages are 

commonly triggered by IL-4, IL-10, VEGF, and IL-13 and glucocorticoid hormones, have 

reduced expression of pro-stimulatory cytokines and heightened expression of IL-10. M2-

like macrophages are commonly associated with low CCR2 expression, high scavenger 

receptor surface expression, increased oxidative phosphorylation, and decreased glycolysis 

metabolism290.  In the context of cancer, the heightened frequency of TAMs is commonly 

attributed to increased circulating precursor (CCR2high, CD11b+ cells) recruitment and 

differentiation in the tumor niche291, 292.  This accumulation perpetuates an 

immunosuppressive TME through the production of multiple immunosuppressive factors 

(TGF-β, IL-10, ARG1, and prostaglandin E2 [PGE2]). TAMs are ineffective APCs that can 

interact extensively with other immune cells and enhance MDSC function, support Treg 
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recruitment through the secretion of chemokine (C-C motif) ligand 22 (CCL22)293, and 

suppress T cell function via the expression of PD-L1228. Animal studies which hindered 

TAM recruitment and accumulation, via genetic ablation of the crucial maintenance 

regulator M-CSF, showed delayed tumor progression and malignancy294, 295. Furthermore, 

human studies revealed positive associations between CCL2 and/or M-CSF overexpression 

and poor prognosis in numerous types of cancers (e.g., breast, colorectal, endometrial, 

pancreatic, and hepatocellular tumors296-301). Such accumulation of pro-tumor mediators 

promotes a self-propagating and impenetrable environment that impedes the development 

of an anti-tumor immune response. 

In addition to the generally negative connotation that TAMs (M2-like phenotype) have on 

cancer progression, they can also hamper the responsiveness of cancer therapies. For 

instance, TAMs have been shown to limit chemotherapy efficacy (e.g., doxorubicin, 

melphalan, or dexamethasone) via PSGL-1/selectin and ICAM-1/CD18 interactions in 

multiple myeloma and prevent cancer cell apoptosis302. M2-like macrophages were also 

found to accumulate in perivascular areas and promote tumor revascularization and relapse 

following chemotherapy with cyclophosphamide in a Lewis lung carcinoma model303. 

Additionally, Arlauckas et al. illustrated that TAMs significantly limit the effectiveness of 

anti-PD-1 therapy by accruing the anti-PD-1 antibodies through the Fc domain glycan and 

the Fcg receptors expressed by TAMs. Disrupting Fc binding enhances immunotherapy-

mediated tumor regression and prolongs anti-PD-1 antibody binding to TME-infiltrating 

CD8+ T cells304. Thus, TAMs represent an important cellular population with potential to 

negatively skew therapeutic efficacy. Hence, current approaches are attempting to deplete 

TAM populations through different means such as targeting M-CSF-M-CSFR signaling 
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with monoclonal antibodies201, 305, 306, small molecule inhibitors305, 307, 308, and nanoparticle-

based gene expression silencing309, 310. Additionally, approaches tailored to reprogram 

TAMs and harness potential pro-inflammatory or anti-tumor properties (M1-phenotype) 

are currently being utilized to enhance therapeutic outcomes. For instance, the use of 

receptor tyrosine kinase MerTK triggers a pro-inflammatory phenotype in TAMs, enhances 

T cell infiltration, and improves tumor progression in pre-clinical mouse models311, 312. 

Furthermore, studies have suggested that chromatin remodelling with either histone 

deacetylase inhibitors313, 314 or bromodomain/extra-terminal motif proteins315, 316 affect M1-

like polarization. These studies suggest the TAM “reprogramming” can impede tumor 

progression and ameliorate therapeutic effectiveness.  

1.8.3 Functionally Impaired DCs 

DCs are major professional APCs and bridge the gap between innate and adaptive 

immunity. Although DCs are not generally viewed as “pro-tumor” immune cells, the 

functional impairment of DCs tolerates the development of tumors and encourages 

immunosuppression within the TME. Functionally impaired DCs tend to be immature DCs 

that express lower levels of costimulatory molecules, such as CD40, CD80, and CD86, and 

are defective in antigen presentation in the context of MHC class I and II molecules. 

Furthermore, several tumor-derived mediators such as VEGF, M-CSF, GM-CSF, IL-6, and 

IL-10 contribute to this altered differentiation state317. The accumulation of 

immunosuppressive cells (MDSCs and Tregs) hampers DC differentiation222 and mediates 

the downregulation of costimulatory molecule expression242, ultimately impairing DC-

antigen presentation and activation potential. Certain subsets of DCs also further promote 

immunosuppression. For example, pDCs, commonly associated with a robust type 1 IFN 
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response following viral infections, tend to be tolerogenic, defective in IFN production, and 

can express indoleamine 2,3-dioxygenase (IDO) and PD-L1 within the TME235-237. Such 

impairment of adaptive immune priming represents a major obstacle in the effort to 

effectively generate an anti-tumor immune response in a clinical setting. 

Interestingly, due to the plastic nature of DCs, impaired DCs can regain costimulatory 

molecular expression, antigen presentation capabilities, and cytokine production following 

therapeutic interventions98, 151. Recent studies also revealed a specific subset of CD8+ DCs 

that may induce type I IFN production, mediated via the STING pathway318, and is 

postulated to be key mediators in the spontaneous generation of anti-tumor immunity 

observed in immune-infiltrating tumors. These studies strive to find a means to alter DC 

impairment to enhance immunotherapeutic anti-tumor T cell priming. 

1.9 CANCER-ASSOCIATED IMMUNOSUPPRESSION AND OV 
THERAPY 

In consideration of both the immunological and oncolytic properties associated with the 

use of OVs, it is possible that overcoming cancer-associated immunosuppression could 

enhance the effectiveness of anti-tumor immunity. Pre-clinical and clinical studies have 

combined various OVs with immunotherapeutic strategies (e.g., checkpoint blockade 

inhibitors [anti-PD-1 and anti-CTLA-4], GM-CSF supplementation, and 

immunosuppressive cell [MDSCs or Tregs] depletion), which have been shown to 

significantly aid the therapeutic effectiveness of OV therapy. For example, combination 

treatment of OVs with MDSC-depleting drugs increased therapeutic responsiveness319-325. 

Furthermore, Walker et al. found that targeting PGE2, a major mediator in MDSC and Treg 

development and activity, using an HSV-1 constitutively expressing 15-prostaglandin 
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dehydrogenase (targets PGE2 degradation) significantly decreased splenic MDSCs, 

alleviated immunosuppression, and reduced tumor burden in primary and metastatic 

murine breast cancer models326. Such studies suggest that TME immunosuppression limits 

OV therapy and that the manipulation of such mechanisms could further enhance the 

effectiveness of treatment. 

As indicated above, reovirus has been shown to hijack myeloid cells for tumor trafficking, 

overturn immunosuppressive mechanisms, and promote anti-tumor immunity1, 101, 104, 170, 

171, 327. However, our previous work has also shown that reovirus administration mediates 

an early recruitment and accumulation of MDSCs within the TME1. At the time, the 

detailed characteristics, the pathophysiological implications, and significance of such 

virus-driven myeloid cell population in the context of reovirus-based OV therapy were 

unknown. Thus, the following research was designed to focus on the evaluation of such a 

population with respect to its role in infection and reovirus-based OV therapy, and whether 

the therapeutic manipulation of such a population could enhance the efficacy of OV 

therapy. 
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CHAPTER 2: MATERIALS AND METHODS 

2.1 CELL LINES & REAGENTS 

Mouse ovarian surface epithelial (MOSE) ID8 and ID8-ova cells were obtained from Edith 

Lord (University of Rochester, Rochester, NY)328 and cultured in complete Dulbecco's 

Modified Eagle Medium (DMEM) which included: 5% (vol/vol) Glutamax, 10% fetal 

bovine serum (FBS), 1X sodium pyruvate, 1X nonessential amino acids, and 1X Antibiotic-

Antimycotic (Anti-Anti) (all from Invitrogen, Carlsbad, CA). Mouse fibroblast L929 cells 

were purchased from American Type Culture Collection (ATCC) (Manassas, VA) and 

complete minimum essential media (MEM) containing 5 % FBS, 1X sodium pyruvate, 1X 

nonessential amino acids, and 1X Anti-Anti (all from Invitrogen, Carlsbad, CA). The 

following reagents (antibodies, peptides, and cellular stains) were used for single cell flow 

cytometry analysis. DAF-FM Diacetate (4-Amino-5-Methylamino-2',7'-

Difluorofluorescein Diacetate) (D23844), CM-H2DCFDA (C6827), and Alexa Fluor® 

488-Annexin V, and 5- (and -6)-carboxyfluorescein diacetate succinimidyl ester (CFSE) 

were purchased from Molecular Probes (Thermo-Fisher Scientific, Rochford, IL, USA). 

Cell viability staining 7-Amino-Actinomycin D (7-AAD) was purchased from BD 

Biosciences (Mississauga, Ontario, Canada). Ovalbumin peptide- SIINFEKL (ova257-264) 

was purchased from GenScript (Piscataway, NJ). A full list of antibodies including primary 

conjugated fluorochrome, clone, and distributor can be found in Table 2.1.  
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Table 2.1. Antibodies Utilized for Flow Cytometry or Western Blot Analysis. Unless the 
reactivity is indicated, the following antibodies react to mouse proteins. 

 

Target Clone Fluorescence Company 
β-Actin C4 non-conjugated Santa Cruz (California, USA) 
CCR2 Cat#FAB5538a APC R&D systems (Minneapolis, MN) 

CD115 T38-320 PE BD Bioscience (San Jose, CA) 
CD11b M1/70 PerCP-Cy™5.5 BioLegend (San Diego, CA) 
CD11b M1/70 FITC BD Bioscience (San Jose, CA) 
CD11c HL3 BV786 BD Bioscience (San Jose, CA) 
CD14 rmC5-3 PE-CF594 BD Bioscience (San Jose, CA) 

CD206  C068C2 APC BioLegend (San Diego, CA) 
CD273 TY25 BV421 BD Bioscience (San Jose, CA) 
CD274 MIH5 PE BD Bioscience (San Jose, CA) 

CD28 37.51 non-conjugated eBioscience (San Diego, CA) 
CD3 eBio500A2 PE eBioscience (San Diego, CA) 
CD3 145-2C11 non-conjugated eBioscience (San Diego, CA) 
CD4 RM4-5 FITC eBioscience (San Diego, CA) 

CD45 30-F11 APC-Cy™7 BD Bioscience (San Jose, CA) 
CD69 H1.2F3 APC eBioscience (San Diego, CA) 
CD71 R17217 PE eBioscience (San Diego, CA) 

CD8  53-6.7 PerCP eBioscience (San Diego, CA) 
CD86 GL1 BV605 BD Bioscience (San Jose, CA) 
F4/80 6F12 BV510 BD Bioscience (San Jose, CA) 
F4/80  BM8 APC eBioscience (San Diego, CA) 
Gr1.1 RB6-8C5 APC eBioscience (San Diego, CA) 

Gr1.1 RB6-8C5 
Alexa Fluor® 
488 eBioscience (San Diego, CA) 

H2.kb 
(SIINFEKL) 

25-D1.16 PE  

IFNγ  eBiol7-7311 APC eBioscience (San Diego, CA) 
Ly6C AL-21 PE-Cy™7 BD Bioscience (San Jose, CA) 
Ly6C  HK1.4 APC BioLegend (San Diego, CA) 
Ly6C  HK1.4 PE BioLegend (San Diego, CA) 
Ly6G 1A8 APC/Cy7™ BioLegend (San Diego, CA) 
Ly6G 1A8 BV711 BD Bioscience (San Jose, CA) 
Ly6G  1A8 Alexa Fluor® 

647 
BioLegend (San Diego, CA) 

Ly6G  1A8 FITC BioLegend (San Diego, CA) 
MHC-11(I-A/I-

E) 
M5/114.15.2 Alexa Fluor® 

647 
BioLegend (San Diego, CA) 

MHC-I  AF6-88.5.5.3 APC BioLegend (San Diego, CA) 
NK-1.1 PK136 PE BD Bioscience (San Jose, CA) 

Reovirus 
(Rabbit) 

Poly clonal non-conjugated In house 

Anti-Rabbit 2o 
ab Poly clonal Cy™2 

Jackson ImmunoResearch Laboratories 
(West Grove, PA) 

Anti-Rabbit 2o 
ab Poly clonal 

Alexa Fluor® 
488 

Thermo-Fisher Scientific, Rochford, IL, 
USA 

Table 2 
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2.2 ANIMALS 

In vivo experimental procedures were approved by the Dalhousie University Animal Ethics 

Committee in accordance with the regulations/guidelines from the Canadian Council on 

Animal Care (CCAC). C57BL/6 mice were purchased from Charles River Laboratory 

(Montreal, Quebec, Canada), while CCR2 KO and C57BL/6-green fluorescent protein 

(GFP) mice were purchased from Jackson Laboratory (Bar Harbor, ME).  

2.3 REOVIRUS PLAQUE PICKING AND TITERING 

Reovirus was titered on L929 cells by standard plaque assay. L929 cells were seeded in 12-

well plates and grown until they were 80-90% confluent in complete MEM. Original virus 

stock was serially diluted (1/10) in MEM incomplete. Growth medium for the L929 cells 

was removed, cells were washed with phosphate-buffered saline (PBS), and reovirus 

dilutions were added to the 12-well plates at a total volume of 100 μL per well. Cells were 

infected with reovirus for 1 hr and shook every 10 mins to prevent cells from drying out. 

Subsequently, reovirus dilutions were removed from the wells and agar plugs were added 

(equal volume of 2X MEM complete and 2% agar). Plates were then incubated at 37oC, at 

5% CO2, for 96 hrs to allow visible virus plaque formation. Individual virus plaques were 

either collected with a glass pipette and bulb for reovirus expansion/collection or titers were 

performed using standard crystal violet staining procedures to identify the concentration of 

the virus in plaque forming units (pfu)/mL.  

Standard crystal violet staining was conducted by the process of formaldehyde fixation (30-

40% formaldehyde in PBS), manual agar plug removal, methanol wash, and crystal violet 

stain (1% crystal violet in 50% ethanol) for ~1 min. Crystal violet stain was removed and 
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the cells were rinsed with water. Plates were allowed to dry prior to manually counting 

plaques.    

Individual plaques from the reovirus standard plaque assay were collected, incubated in 1 

mL of incomplete MEM for 24 hrs at 4oC, and then added to a T75 flask of ~80-90% 

confluent L929 cells. The cells and individual virus plaques were incubated at 37oC at 5% 

CO2 until all cells were dead (approximately 72 hrs). Dead cells and supernatant were 

collected as reovirus stocks for expansion/collection and stored at -20oC until needed.  

2.4 REOVIRUS EXPANSION AND COLLECTION 

Reovirus expansion was performed in L929 cells in a spin culture round-bottom flask. L929 

cells were grown in a spin culture with complete Joklik modified minimum essential media 

(JMEM; 11.05 g/L JMEM powder, 2.2 g/L NaHCO3, 1.2 g/L, 1 g/L glucose, pH 7.2) at 

37oC until they reached a concentration of 1x106 cells/mL. Then, an individual reovirus 

stock was thawed, where half of the stock was used per liter of cells, and the spin culture 

temperature was reduced to 32.5oC. The infection proceeded for ~3 days and the culturing 

temperature was maintained at 30.5-32.5oC, depending on the percentage of cell death to 

control the virus replication rate and to expand the collection window. Once the percentage 

of cell death reached 50-60%, the flasks were placed at 4oC overnight. The following day, 

cells were collected, by centrifugation at 500xg for 15 mins, and placed at -80oC for short 

term (1-7 days) prior to reovirus extraction.  

2.5 REOVIRUS EXTRACTION AND DIALYSIS 

The collected cell pellet was resuspended in 15 mL of resuspension buffer (0.25 M NaCl, 

10 mM Tris-HCl [pH 8.0]) per 1L of L929 cells cultured from the reovirus expansion. 
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Reovirus was extracted using Vertrel (Dymar Chemicals Ltd., Mississauga, ON), followed 

by a repetitive sequence of sonication/homogenization, centrifugation, supernatant 

collections, and a final ultra centrifugation of 107,000 xg for 1 hr at 4oC (a detailed 

schematic is illustrated in Figure 2.1). Following ultra centrifugation, the supernatant was 

removed, and the pellet was kept at 4oC overnight. The following day, the virus/debris 

pellet was resuspended in 1 mL of SSC buffer (0.15 M NaCl, 0.015 M sodium citrate, pH 

7.0), homogenized via glass homogenizer, gently pipetted on a CsCl gradient ranging from 

1.2-1.4 g/ml in 20 mM Tris-HCl (pH 7.4), and spun at 107,000 xg for 2 hrs at 4oC. 

Following centrifugation, the whole and empty reovirus particles were separated within the 

gradient. The whole reovirus fraction was collected with a 21G needle and placed in 

dialysis tubing for a 3-day dialysis process. Importantly, the dialysis buffer (0.15 M NaCl, 

15 mM MgCl2, 10 mM Tris-HCl [pH 7.4]) was changed a total of three times with fresh 

dialysis buffer. Following dialysis, reovirus was titered via a standard plaque assay and 

stored at 4oC. The particle to pfu ratio was calculated based on the optical density (OD)260 

using the following formula: 1 OD260 = 2.1x1012 reovirus particles. 
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protocol (step #1). 
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Figure  2 
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2.6 BONE MARROW AND MDSC ISOLATION 

BM cells were harvested from the femurs and tibias of sacrificed 6-8-week-old C57BL/6 

mice and flushed using a 26G needle attached to a syringe containing complete RPMI 1640 

media. Peritoneal cavity (PC)-derived myeloid cells were harvested via flushing the PC 

with 5 mL of PBS with 10 mM ethylenediaminetetraacetic acid (EDTA), PBS-EDTA, or 

separated from the ascitic fluid of tumor-bearing C57BL/6 mice via Ficoll gradient (95021-

205L, GE Healthcare, Quebec, Canada) and centrifugation at 400 xg for 40 mins. Harvested 

single cell suspensions were strained through 40-70 μm cell strainers and treated with red 

blood cell (RBC)-lysing ammonium-chloride-potassium (ACK) buffer. Cells were washed 

with PBS-EDTA, pelleted via centrifugation, and isolated following the manufacturer’s 

instructions for the mouse myeloid-derived suppressor cell isolation kit (Miltenyi Biotec, 

Auburn, CA). The purity of these isolated MDSCs exceeded 90%. PC- and BM-derived 

myeloid cells were cultured in complete RPMI 1640 medium supplemented with 1X 

GlutaMax™. Cell-free ascitic fluid was collected from reovirus-treated or non-treated 

ovarian cancer-bearing hosts via centrifugation prior to ACK treatment and washing. Cell-

free ascitic fluid was stored at -80oC until further use for the indicated assays. 

2.7 M1- AND M2-LIKE MACROPHAGE GENERATION 

BM cells were collected from femurs and tibias as described above and cultured for 6-8 

days in RPMI complete media supplemented with granulocyte macrophage colony-

stimulating factor (20 ng/mL, for M1-like macrophages) or macrophage colony-stimulating 

factor (100 ng/mL, for M2-like macrophages). Adherent cells were used for the indicated 

experiments after 6-8 days in culture. 
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2.8 FLOW CYTOMETRY AND FLUORESCENCE-ACTIVATED CELL 
SORTING 
 

Following single cell suspension isolation of cells through flushing (BM or PC) or tissue 

homogenization (spleen, tumor, liver, lung, and mesenteric lymph node), cells were 

strained through a 40-70 μm cell strainer, washed with flow cytometry running buffer 

(FACs buffer [PBS-EDTA with 1% FBS]), and treated with ACK. Flow cytometry for 

MHC-ova (SIINFEKL) was conducted by first pulsing unlabelled immune cells harvested 

from the PC with SIINFEKL peptide (5 μg/mL) for 2 hrs at 37oC in RPMI complete 

medium. Harvested cells (PC, tumor, ascites, spleen, and BM) were washed with FACs 

buffer and blocked with anti-CD16/32 antibody prior to primary-conjugated antibody. For 

metabolic stains, cells were incubated with 2.5 μM DAF-FM Diacetate or 2.5 μM CM-

H2DCFDA (DCF) for 30 mins at 37°C, in combination with other antibodies, in FACs 

buffer. The eBioscienceTM mouse regulatory T cell staining kit #3 (San Diego, CA) was 

used for the intracellular staining of IFN-γ following the extracellular staining of cell 

surface markers. Cells harvested for flow cytometry, with the exception of DAF-FM or 

DCF stained cells, were fixed with 4 % paraformaldehyde, washed, and re-suspended in 

FACs buffer prior to analysis. Cells harvested for cellular sorting were sorted live with the 

FACSariaIII (BD Biosciences, San Jose, CA) to obtain individual cell populations (greater 

than 93% purity).  

Flow cytometry data were collected using a BD FACSCalibur, BD FACS Canto II, or the 

BD LSR Fortessa SORP flow cytometer (BD Bioscience, San Jose, CA). Data acquisition 

was performed with the use of CellQuest Pro or BD FACSDiva™ Software (BD 
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Bioscience, San Jose, CA). Flow cytometry analysis was analyzed with FCS Express V3 

or V6 software (DeNovo Software, Los Angeles, CA).  

2.9 CHEMOTAXIS ASSAY 

Chemotaxis of MDSCs was measured using 24-well transwell plates with an 8 μm pore 

size (Corning, cat#: 3422). The test supernatant or medium was added to the bottom 

chamber and 1x106 harvested BM cells were added to the top chamber. Samples were 

incubated at 37oC, for 2 hrs, in 5% CO2 incubator. Cells from the bottom chamber were 

harvested, stained and then analyzed using flow cytometry. The chemotaxis of myeloid 

cells was represented as the fold change of migrating myeloid cell subpopulation over 

control (complete medium alone). 

2.10 ANTIBODY-BASED QUANTITATIVE CYTOKINE ARRAY 

Cell-free ascites and blood collected from reovirus treated or non-treated tumor-bearing 

animals were evaluated with antibody-based Quantibody Cytokine Arrays (Raybiotech, 

Inc., Norcross, GA). For this evaluation, a custom array containing antibodies against GM-

CSF, G-CSF, M-CSF, VEGF, SCF, MCP-1, SDF-1α, IL-10, IL-12p70, IL-13, IL-6, IFN-

γ, IL-1β, TNF-α, RANTES, MIP-1α, IL-8 and MIG was designed and implemented.   

2.11 T CELL FUNCTIONAL ASSAYS  

The suppressive nature of myeloid cells and the tumor microenvironment were quantified 

by monitoring their ability to suppress T cell proliferation and IFN-γ production. T cell 

proliferation was examined using a carboxyfluorescein succinimidyl ester (CFSE)-based 

cell proliferation assay as previously described329. For this, CFSE-labelled T cells were 

cultured in the presence of the indicated splenocyte to MDSC cell number ratio  and 
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simultaneously activated using anti-CD3 and anti-CD28 antibodies for 96 hrs and analyzed 

for the halving of CFSE fluorescence. The cell division index (CDI) is defined as the 

percentage of cells with halved CFSE fluorescence after stimulation divided by halved 

CFSE fluorescence cultured in medium only. T cell suppression is defined as the percentage 

of T cell proliferation subtracted from 100% (controls being 100% proliferation) for the 

respective treatment. To monitor the MDSC-mediated suppression of IFN-γ production, T 

cells from naïve mice were activated by anti-CD3 and anti-CD28 antibodies in the presence 

of the indicated ratio of isolated myeloid cell populations. Eighteen hours following T cell 

stimulation, the cells were treated with 2 μg/mL Brefeldin A (BFA) (Sigma, B7651) and 

incubated for an additional 6 hrs prior to intracellular and extracellular staining for IFN-γ 

and T cell markers (CD3 and CD8), respectively. The percentage of CD3+, CD8+, IFN-γ+ 

cells was analyzed via flow cytometry, and the IFN-γ response was calculated as a fold 

change compared to the respective controls. As a positive control, concanavalin A (ConA) 

was also used where indicated at 1.25-2.5 μg/mL. 

2.12 QUANTITATIVE REAL-TIME POLYMERASE CHAIN 
REACTION (QPCR) 
 

RNA extractions were conducted using TRIzol™ methodology. RNA was quantified and 

1-2 μg of RNA was used to synthesize cDNA using Superscript II (Invitrogen, Burlington, 

ON). qPCR was performed using GoTaq qPCR Master mix (Promega, Madison, WI) or 

SsoAdvanced Universal SYBR Green Supermix (BioRad, Hercules, CA) and analyzed on 

CFX Manager Software (BioRad, Hercules, CA). All primers used, as described in Table 

2.2, were purchased from Invitrogen. Primers were designed using NCBI Primer Blast Tool 

and tested for primer efficiency and primer dimers prior to use. qPCR results were analyzed  
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Table 3.2. Gene-specific Mouse Primer Sequences Utilized for qPCR. 

Primer Forward Sequence (5’-3’)  Reverse Sequence (5’-3’) 
Β2m  ATGGGAAGCCGAACATACTG  CAGTCTCAGTGGGGGTGAAT 
Cd3  TCTCGGAAGTCGAGGACAGT  TTGAGGCTGGTGTGTAGCA 
Cd4  AGGAAGTGAACCTGGTGGTG  CTCCTGCTTCAGGGTCAGTC 
Cd8  ACTGCAAGGAAGCAAGTGGT  CACCGCTAAAGGCAGTTCTC 

Cox2 AGAAGGAAATGGCTGCAGAA  GCTCGGCTTCCAGTATTGAG 
Gapdh TGGCAAAGTGGAGATTGTTG  AAGATGGTGATGGGCTTCCC 
Gm-csf ATGCCTGTCACGTTGAATGA  CCGTAGACCCTGCTCGAATA 

H2d  GAGTGAGCCTGAGGAACCTG  AGCCAGACATCTGCTGGAGT 
Ido1 GGGGGTCAGTGGAGTAGACA  TGGGCAGCTTTTCAACTTCT 
Ifn-β CCCTATGGAGATGACGGAGA  ACTTGAGGTGGTCGTCTGTC 
Ifn-γ  GCGTCATTGAATCACACCTG  TGAGCTCATTGAATGCTTGG 
Il-1β GCCCATCCTCTGTGACTCAT  AGGCCACAGGTATTTTGTCG 
Il-4  CCTCACAGCAACGAAGAACA  AAATATGCGAAGCACCTTGG 
Il-6  CCGGAGAGGAGACTTCACAG  TCCACGATTTCCCAGAGAAC 

Il-10  CCAGGGAGATCCTTTGATGA  AACTGGCCACAGTTTTCAGG 
Tap1  CTGTTCAGGTCCTGCTCTCC  CCACAAGGCCTTTCATGTTT 
Tap2  GCTGTGGGGACTGCTAAAAG  GCAGAAGCCACTCGGACTAC 
Tgf-β GGACTCTCCACCTGCAAGAC  GACTGGCGAGCCTTAGTTTG 
Arg-1 TTAGGCCAAGGTGCTTGCTGCC  TACCATGGCCCTGAGGAGGTTC 
Ccl2 GTTAACGCCCCACTCACCTG  GCTTCTTTGGGACACCTGCT 

Cxcr1 CCAGGTATCGGTCCACACTG  AATGCTGCCCACTGGAGATT 
Cxcr2 CCTGTTCTTTGCCCTGACCT  GCACAGGGTTGAGCCAAAAG 

iNos TCCTGGACATTACGACCCCT  AGGCCTCCAATCTCTGCCTA 
S100a8 TGGAGAAGGCCTTGAGCAAC  AGTCATTCTTGTAGAGGGCATGG 
S100a9 GCCAACAAAGCACCTTCTCAG  TTCCTTCTTGCTCAGGGTGTC 

Sdf-1 GCTCTGCATCAGTGACGGTA  TCAGATGCTTGACGTTGGCT 
Cd40 AAGGATAATGAGATGTTACCCCTG  AAAGGTCAGGAAGCAGCCATC 

Igtp AGCCGTCTTTTCACGACTT  TGTACTCCGAGCTACCTGCT 
Serpina3k  CTGCTGCCACAGGGGTTATT  AGCCAACTTTGGAACAGCCA 

Ccl7 AAGTGGGTCGAGGAGGCTAT  CCATTCCTTAGGCGTGACCA 
Ifit3 TGTGGAGTGCTGCTTATGGG  TCAAAAGGTGCTCTGTCTGCT 

Irgm1 ATGACAACATGGGCGAGTG  GATCTGCGGAGGGAAGATGG 
Ifi205a AGCAGGCCACTTCTGTTGTT  GCAGGACTTGCTTCTTGCCT 

Irf4 CCATGCATGCTGATGCCTTC  CAGAAAGCACCCGTGAGACT 
Ccl17 AATGTAGGCCGAGAGTGCTG  TGCCCTGGACAGTCAGAAAC 
Cd86 ACGATGGACCCCAGATGCACCA  GCGTCTCCACGGAAACAGCA 
Cd68 CCACAGGCAGCACAGTGGACA  TCCACAGCAGAAGCTTTGGCCC 
Socs1 CAACGGAACTGCTTCTTCGC  AGCTCGAAAAGGCAGTCGAA 
Mrc1 TCAGAACAGACTGCGTGGA  AGGGATCGCCTGTTTTCCAG 
Pepd CTATTCGCCCTGAACAGGCA  CAGGTGGCGTAGCTATCAGG 

H2-ab1 CCCTCAACCACCACAACACT  ACATCTTGCTCCAGGCAGAC 
Cd74 TCATACCCCACTTCCCGTCT  GGGCCTTTATAGCGGTAGCC 
Tpp1 GCCGCACTATCTGATGGCTA  GCGGCCATTGAGGATTCTGT 
Lip1 TCCCACCAAGTAGGTGTAGG  CATCTTCCGGGAGTGGTCCT 
Ym1 ACCCCTGCCTGTGTACTCACCT  CACTGAACGGGGCAGGTCCAAA 

Cd206 TCAGCTATTGGACGCGAGGCA  TCCGGGTTGCAAGTTGCCGT 
Il4 TGGGTCTCAACCCCCAGCTAGT  TGCATGGCGTCCCTTCTCCTGT 
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using the Livak and Schmittgen’s 2-ΔΔCT method330. To calculate fold change, signals 

were first normalized against GAPDH and then compared against the respective controls. 

2.13 WESTERN BLOTS 

Whole cell lysates were harvested and lysed using RIPA buffer (50 mM Tris-HCl pH 7.4, 

1% NP-40, 0.5% Na-deoxycholate, 150 mM NaCl, 1 mM EDTA, 2 mM NaF, 2 mM 

NaVO4 and 1X protease inhibitor cocktail [PIC] [Sigma, US]). Protein samples were boiled 

for 5 mins in protein sample buffer (50 mM Tris pH 6.8, 1% SDS, 10% glycerol, 0.01% 

Bromophenol Blue, 5% β-mercaptoethanol) and loaded on a 12% SDS-PAGE gel. 

Following electrophoresis, proteins were transferred onto a nitrocellulose membrane 

(BioRad, Hercules, CA). Odyssey® blocking buffer (Li-Cor, Lincoln, NE) was used to 

block the membrane for 1 hr at room temperature after protein transfer. Primary antibodies 

were added to the membrane and incubated overnight at 4°C. Secondary antibody (Li-Cor, 

Lincoln, NE) was added at a 1:10,000 dilution for 1 hr at room temperature. Blots were 

scanned with the Odyssey Infrared Imaging System (Li-Cor, Lincoln, NE) to visualize 

protein signals and intensities. 

2.14 MASS SPECTROMETRY SAMPLE PREPARATION, 
LABELLING, AND DATA ACQUISITION/ANALYSIS 

 

Isolated cells (via fluorescent cell-sorting) were washed with PBS, pelleted, and lysed in 6 

M guanidine-HCl, 50 mM HEPES, pH 8.5, containing Roche complete mini protease 

inhibitor mixture (1 tablet per 10 ml) (Roche, Madison, WI). Lysis was performed by 

sonication and cleared by centrifugation. Cysteine residues were reduced using 5 mM 

dithiothreitol and then alkylated with 14 mM iodoacetamide. Aliquots containing 50 μg of 
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protein were diluted to 1.5 M guanidine-HCl, 50 mM HEPES (pH 8.5) and digested with 

trypsin (Promega, Madison, WI). Digested peptides were desalted using 60 mg solid-phase 

C18-extraction cartridges (Waters, Milford, MA), lyophilized, and were labelled using 

tandem mass tag (TMT) 10-plex reagents as described previously331. Samples were then 

mixed equally, desalted using solid-phase C18 extraction cartridges (Waters, Milford, 

MA), and lyophilized.  

TMT10-labelled samples were fractionated using high-pH reversed phase chromatography 

performed with an Onyx monolithic 100 x 4.6 mm C18 column (Phenomenex, Torrance, 

CA). The flow rate was 800 μL/min and a gradient of 5-40% acetonitrile (10 mM 

ammonium formate, pH 8) was applied over 60 mins using an Agilent 1100 pump (Agilent) 

from which 12 fractions were collected. Fractions were desalted using homemade Stage 

Tips332, lyophilized, and analyzed with an Orbitrap Fusion mass spectrometer (Thermo-

Fisher Scientific, Rochford, IL) using the SPS-MS3 method as described previously331, 332. 

Protein identification was performed using a database search against a mouse proteome 

database (downloaded from UniProtKB September 2014) concatenated to a mammalian 

orthoreovirus 3 (Dearing strain) database (downloaded from UniProtKB September 2014). 

All false discovery rate (FDR) filtering and protein quantitation was performed as 

previously described331. Data for heat maps and individual protein profiles are represented 

by relative intensity, which is based on the summed signal to noise.  

GO-annotation analysis was originally conducted on the whole dataset using the open 

access Gene Ontology Consortium333, 334. The dataset was subsequently analyzed via k-

means clustering with Euclidean distance using MultiExperiment Viewer (MeV)335, 

followed by DAVID Bioinformatics Resources (https://david.ncifcrf.gov/) to conduct GO-



55 
 

term analysis for biological processes (BPs), molecular functions (MFs), and cellular 

compartment (CC) on specific clusters. Our total dataset was utilized as the background for 

the data analysis searches. The mass spectrometry proteomics data have been deposited 

into ProteomeXchange Consortium336 via the PRIDE337 partner repository. 

2.15 EXTRACELLULAR FLUX ANALYSIS 

Flow cytometry-sorted myeloid cells (5x105 cells) were re-suspended in XF medium and 

plated onto X24 Seahorse cell plates coated with Cell-Tak (Corning). Oxygen consumption 

rate (OCR) and extracellular acidification rate (ECAR) were measured in XF assay medium 

under basal conditions and in response to 1 μM oligomycin, 1.5 μM carbonyl cyanide 4-

(trifluoromethoxy)-phenylhydrazone (FCCP), 1 μM rotenone, and 1 μM antimycin A (all 

purchased from Sigma-Aldrich, ON, Canada) on the XF24 extracellular flux analyzer 

(Seahorse Bioscience, Billerica, MA, USA). Basal OCR was calculated by subtraction of 

the residual rate after antimycin A treatment. Maximal rate was calculated by subtraction 

of the residual rate after antimycin A treatment from FCCP-induced OCR. Proton leak was 

calculated as the difference between OCR after oligomycin treatment and OCR after 

antimycin A treatment. ATP production was calculated by subtraction of OCR after 

oligomycin treatment from basal OCR. Spare respiratory capacity was calculated by the 

difference between maximal OCR and basal OCR. Spare respiratory capacity coupling 

efficiency was calculated by the dividend of basal OCR and ATP production. Glycolytic 

capacity was calculated as the ECAR after oligomycin treatment. Glycolytic reserve was 

calculated by the difference between glycolytic capacity and ECAR. Glycolytic reserve 

percentage was calculated by dividing the glycolytic capacity from the basal ECAR.  
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2.16 STATISTICAL ANALYSIS 

Depending on the indicated experiment, one-way ANOVA with Bonferroni post-test or a 

two-tailed Student’s t-test with 95% confidence interval was used for statistical analysis 

using GraphPad Prism software version 6. Probability (p) values of <0.05 were considered 

significant. Asterisks were used to signify p values as follows: not significant (ns) = p > 

0.05; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. 
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3.1 ABSTRACT 

Tumor-associated immunosuppression aids cancer cells to escape immune-mediated attack 

and subsequent elimination. Recently, however, many oncolytic viruses, including 

reovirus, have been reported to overturn such immunosuppression and promote the 

development of a clinically desired anti-tumor immunity, which is known to promote 

favourable patient outcomes. Contrary to this existing paradigm, we demonstrate that 

reovirus augments tumor-associated immunosuppression immediately following its 

therapeutic administration. Our data show that reovirus induces preferential differentiation 

of highly suppressive CD11b+ Gr-1+ Ly6Chigh myeloid cells from bone marrow 

hematopoietic progenitor cells. Furthermore, reovirus administration in tumor-bearing 

hosts drives a time-dependent recruitment of CD11b+ Gr-1+ Ly6Chigh myeloid cells in the 

tumor milieu, which is further supported by virus-induced increased expression of 

numerous immune factors involved in myeloid-derived suppressor cell (MDSC) survival 

and trafficking. Most importantly, CD11b+ Gr-1+ Ly6Chigh myeloid cells specifically 

potentiate the suppression of T cell proliferation and are associated with the absence of 

IFN-γ response in the tumor microenvironment early during oncotherapy. Considering that 

the qualitative traits of a specific anti-tumor immunity are largely dictated by the 

immunological events that precede its development, our findings are of critical importance 

and must be considered while devising complementary interventions aimed at promoting 

the optimum efficacy of oncolytic virus-based anti-cancer immunotherapies. 
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3.2 INTRODUCTION 

Anti-cancer immunotherapies target cancer cells by exploiting the beneficial functions of 

the immune system and represent one of the most promising modern-age therapeutic 

interventions for the treatment of cancers338. These immunotherapies usually focus on 

establishing anti-cancer immune responses by stimulating the otherwise suppressed 

immune system of cancer-bearing hosts. Evidence thus far clearly demonstrates that a 

robust anti-tumor immune response can eliminate existing cancer cells, establish protection 

against possible relapse, and is associated with favourable patient outcomes339-341. Cancers 

of almost every origin including prostate, colon, breast, ovarian, and advanced melanoma 

have been successfully targeted with various immune-based interventions189, 342, 343. 

However, the tumor-associated immune microenvironment usually contains various 

suppressive mechanisms that resist the successful development of anti-cancer immune 

responses. Thus, the efficacy of anti-cancer immunotherapeutic options is dictated by the 

immunological niche present in and around the tumor microenvironment. Hence, the 

successful implementation of anti-cancer immunotherapies demands a thorough 

understanding and management of tumor-associated immunosuppression.  

Reovirus, a naturally occurring benign human pathogen, preferentially targets and kills 

cancerous cells30, and is currently being evaluated as an anti-cancer agent in phase I, II, and 

III clinical trials internationally103, 344. Similar to other oncolytic viruses (OVs)30, 68, 76, 80, 83, 

the use of reovirus as an anti-cancer therapeutic was based on its capacity to preferentially 

kill cancer cells (in a process known as oncolysis) while leaving normal cells relatively 

unharmed.  However, recent discoveries have shown that, in addition to its direct oncolytic 

activities, reovirus also stimulates the immune system of cancer-bearing hosts and induces 
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a clinically relevant anti-cancer immunity. These reovirus-induced anti-tumor 

immunotherapeutic activities target existing cancer cells and can protect the host against 

subsequent tumor relapse even after discontinuation of the therapy98. Following its 

therapeutic administration, reovirus invokes a sequence of immunological events that 

ultimately overturns numerous tumor-associated immune evasion mechanisms and 

facilitates the development of innate and adaptive anti-tumor immune responses1, 5, 98, 105, 

148, 150, 151. Thus, comprehensive characterization and subsequent therapeutic management 

of the virus-induced immunological events are absolutely necessary to harness the 

beneficial effects of reovirus-driven anti-cancer therapy. 

Recently, tumor-associated myeloid-derived suppressor cells (MDSCs) have been 

identified as one of the key mediators of tumor-associated immunosuppression. Apart from 

their immunosuppressive functions, MDSCs also influence angiogenesis and metastasis222, 

and thus represent a major therapeutic target that could be manipulated to facilitate anti-

tumor immunity. In mice, MDSCs were originally defined as cells expressing CD11b (αM-

integrin) and Gr-1 markers, while in humans these cells were mainly defined as CD11b+ 

CD14-  CD33+ or LIN- HLA-DR- CD33+ cells. However, it is now clear that MDSCs 

represent a heterogeneous population of cells that consists of progenitor as well as 

immature myeloid cells (IMCs)222, 345. These subpopulations of MDSCs are shown to have 

differential biological roles and require further phenotypical characterization to enable 

precise therapeutic targeting. Considering this gap in existing knowledge, recent efforts 

have been focused on further dissecting various subpopulations within MDSCs. 

In healthy individuals, MDSCs are generated in the bone marrow (BM), subsequently 

differentiated into mature granulocytes, macrophages or dendritic cells, and are believed to 
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be involved in regulating hyperactive or unnecessary immune responses346, 347. With respect 

to cancer progression and treatment, MDSCs have a remarkable ability to inhibit tumor 

surveillance and killing224, 266, 348-350 by directly suppressing anti-cancer T cells or indirectly 

through the recruitment of regulatory T cells (Tregs) and squelching of essential nutrients 

for T cell activity222, 224, 348. Furthermore, MDSCs have also been reported to regulate innate 

immune responses of natural killer (NK) cells274 and modulate cytokine production by 

macrophages349. These myeloid cells have also been studied in the context of parasitic351, 

bacterial352, and viral infections353-355. Although the exact role of MDSCs in such processes 

is still obscure, increasing evidence thus far suggests that pathogen-mediated accumulation 

of MDSCs postpones pathogen clearance and contributes to the critical balance between 

pathogen eradication and pathogenicity351, 355.  

Recently, we reported that intraperitoneal therapeutic injections of reovirus drive the 

accumulation of CD11b+ Gr-1+ myeloid cells in the tumor microenvironment of the hosts 

with peritoneal carcinomatosis (PC)1, 5. However, the detailed characteristics, the 

pathophysiological significance of such virus-driven MDSCs, and possible subpopulations 

in the context of a tumor microenvironment are presently unknown. Hence, this study was 

focused on dissecting the phenotypic heterogeneity, kinetics, differentiation, chemotactic 

trafficking, and functional capacities of OV-driven myeloid cells. Contrary to the existing 

dogma, we demonstrate that oncolytic reovirus promotes the generation and recruitment of 

highly suppressive CD11b+ Gr-1+ Ly6Chigh myeloid cells into the tumor microenvironment 

and transiently potentiates tumor-associated immunosuppression during the early phase of 

oncotherapy. In light of the ongoing phase III clinical trials, these findings bear crucial 
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significance and must be considered while designing complementary approaches aimed at 

enhancing the efficacy of OV-based oncotherapies to promote better cancer outcomes.  

3.3 RESULTS 

3.3.1 Phenotypically Distinct Heterogeneous Subpopulations of CD11b+ Myeloid 
Cells Accumulate in the Tumor Microenvironment During the Early Phase of Reovirus 
Oncotherapy 

Our recent studies have demonstrated that the therapeutic administration of reovirus in 

ovarian cancer-bearing hosts with PC causes a transient accumulation of CD11b+ cells 

within the ascites and spleen at 3 days post first infection (d.p.f.i.)1, 5. Considering the fact 

that such myeloid cells could consist of a heterogeneous population of cells with differential 

suppressive capacities, we first characterized the phenotypic heterogeneity of reovirus-

induced myeloid cells in cancer-bearing hosts. To perform this study, immuno-competent 

C57BL/6 mice were intraperitoneally (i.p.) injected with ID8 cells and allowed to develop 

PC (approximately 4-6 weeks). Once PC was visible, mice were either treated with a 

therapeutic regimen of reovirus (reo-treated group) or left untreated (non-treated group) as 

per the schematic shown in Figure 3.1A. Next, single cell suspensions from the ascites, 

solid tumors spread in the peritoneum, and spleen were prepared from respective groups 

and analyzed for the surface expression of CD11b, GR1.1 (Gr-1) and Ly6C at 1 d.p.f.i., 3 

d.p.f.i., and 7 d.p.f.i.. Therapeutic injection of reovirus in PC-bearing hosts induced 

significantly higher frequencies of CD11b+ Gr-1+ cells as early as 1 d.p.f.i., which persisted 

further at 3 d.p.f.i. within ascites and spleen (Fig 3.1B and 3.1C) as compared to those seen 

in non-treated animals. Interestingly, a statistically significant increase in the  
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Figure  3 

Figure 3.1. Oncolytic Reovirus Promotes Local and Systemic Accumulation of CD11b+ 
Gr-1+ Cells as Early as 1 Day Post Therapeutic Administration. (A) C57BL/6 mice were 
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first injected with 3 x 106 ID8 cells, allowed to develop peritoneal carcinomatosis, and then 
treated with a therapeutic regimen of reovirus (5 x 108 PFU/injection) at indicated time 
points. The frequency of total CD11b+ Gr-1+ cells (B and C) in the single cell suspensions 
collected from the ascites, tumor, and spleen were evaluated over the course of therapy 
(non-treated [NT], 1 d.p.f.i., 3 d.p.f.i., and 7 d.p.f.i.) using flow cytometry analysis. 
Statistical analysis was performed with one-way ANOVA with Bonferroni post-test; ns = 
p > 0.05; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. Asterisks shown immediately on top of the 
bars signify the p values obtained by comparing the respective data against the non-treated 
control group. Each column is the mean +/- SD of n = 5. Data are representative of more 
than 8 independent experiments. 
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numbers of CD11b+ Gr-1+ cells were also observed in the solid tumor masses spread 

through the peritoneum at 1 d.p.f.i.. These elevated levels of CD11b+ Gr-1+ cells 

subsequently subsided at 7 d.p.f.i. in all of the three tissues tested. These data showed that 

the injection of oncolytic reovirus induces an accumulation of putative CD11b+ Gr-1+ 

MDSCs in local tumor microenvironment, as well as in systemic immune organs, as early 

as 1 day post injection.  

Next, we dissected the phenotypic heterogeneity of the CD11b+ Gr-1+ population. 

Considering that a simultaneous analysis of Ly6C on CD11b+ Gr-1+ cells allows further 

sub-fractionation of the putative MDSC populations, a panel of anti-CD11b, anti-Gr-1 and 

anti-Ly6C antibodies was employed to delineate the lineage and phenotypic diversity of 

reovirus-driven myeloid cells. As illustrated in Figure 3.2A and Supplementary Figure 3.1C 

and summarized in Figure 3.2B, single cell suspensions from the ascites, tumor, and spleen 

collected from reovirus-treated or non-treated animals were first gated on CD11b+ cells and 

then analyzed for the expression of Gr-1 and Ly6C markers. Interestingly, most of the 

myeloid cells present in non-treated, control tumor-bearing animals bear a distinct CD11b+ 

Gr-1+ Ly6Clow cell phenotype (denoted as R1). However, immediately following the 

injection of reovirus, especially at 1 d.p.f.i. and 3 d.p.f.i., myeloid cells from the ascites, 

tumor, and spleen displayed a predominant population of CD11b+ Gr-1+ Ly6Chigh cell 

phenotype (denoted as R2), which was almost absent in non-treated, tumor-bearing 

animals. While the levels of this R2 population gradually declined around 7 d.p.f.i., 

especially in the ascites and spleen, an additional population with a CD11b+ Gr-1- Ly6C+ 

phenotype (denoted as R3) became apparent at 7 d.p.f.i. in all of the tested tissues. It should  
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Figure  4 

Figure 3.2. Phenotypically Distinct Heterogeneous Subpopulations of CD11b+ Myeloid 
Cells Accumulate in the Tumor Microenvironment During the Early Phase of Reovirus 
Oncotherapy. (A) C57BL/6 mice were treated according to the schematic illustrated in 
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Figure 3.1A, and CD11b+, Gr-1+ myeloid cells in single cell suspensions collected from the 
ascites, tumor, and spleen (A and B; also see Supplementary Fig 3.1C) were further 
analyzed for the expression of Ly6C markers throughout the early phase of therapy (non-
treated [NT], 1 d.p.f.i., 3 d.p.f.i., and 7 d.p.f.i.) via flow cytometry analysis. Statistical 
analysis was conducted using one-way ANOVA followed by a Bonferroni post-test; ns = p 
> 0.05; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. Asterisks shown immediately on top of the 
bars signify the p values obtained by comparing the respective data against non-treated 
control group. Each column represents the mean +/- SD of n = 5. Data are representative 
of more than 8 independent experiments.  
  



68 
 

be noted that the levels of CD11b+ Gr-1+ Ly6Clow (R1) cells remain relatively constant 

throughout the course of oncotherapy as compared to those observed in non-treated animals 

(except for 7 d.p.f.i., when a slight decrease in the number of the R1 population was 

observed in the ascites).  

Due to the fact that the Gr-1 antigen contains not only the Ly6C epitope but also the epitope 

for Ly6G, we also considered a staining combination aimed at the simultaneous analysis of 

CD11b, Gr-1 and Ly6G (and Ly6C) markers on the myeloid cells. In line with previous 

reports356, we found that the anti-Gr-1 monoclonal antibody (clone RB6-8C5) blocks the 

binding of the anti-Ly6G antibody (clone 1A8) (Supplementary Fig 3.2A). This observation 

restricted the use of anti-Ly6G antibody (clone 1A8) in combination with anti-Gr-1 

antibody (clone RB6-8C5) in this study. Although it should be noted that when anti-Ly6G 

antibody is combined with anti-CD11b and anti-Ly6C antibodies, the predominant tumor-

associated myeloid cells from the non-treated tumor-bearing animals is positive for Ly6G 

(CD11b+ Ly6G+ Ly6Clow; referred as S1) (Supplementary Fig 3.2B). On the other hand, 

reovirus treatment in these tumor-bearing animals induces the accumulation of CD11b+ 

Ly6G- Ly6Chigh myeloid cells (indicated as S3) at 1 d.p.f.i., which persists throughout the 

observation period. However, owing to the incompatibility between the anti-Gr-1 and anti-

Ly6G antibodies, the Ly6C+Ly6G staining combination fails to concretely differentiate 

between the R2 and R3 subpopulations achieved through the Gr-1 and Ly6C combination. 

Hence, this study employed mainly the combination of anti-CD11b, anti-Gr-1 and anti-

Ly6C antibodies to characterize various subpopulations of myeloid cells. Thus, the 

reovirus-driven myeloid cells in systemic and localized tissues consist of a phenotypically 
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heterogeneous population of cells which is comprised of mostly newly occurring CD11b+ 

Gr-1+ Ly6Chigh (R2) and CD11b+ Gr-1- Ly6C+ (R3) cells. 

3.3.2 Independent of the Oncolysis of Cancer Cells, Reovirus Drives the Selective 
Differentiation of Bone Marrow Progenitors into CD11b+ Ly6G+ Ly6Chigh (R2) Myeloid 
Cells  

Various subpopulations of myeloid cells demonstrate a plastic phenotype and are known to 

differentiate from the common progenitors present in the BM. Hence, we next wanted to 

dissect the effect of reovirus on the differentiation of various subpopulations of myeloid 

cells from hematopoietic progenitor cells in the context of a tumor microenvironment. For 

this purpose, cell-free ascitic fluid from either reovirus-treated or non-treated tumor bearing 

mice was collected throughout the course of the in vivo experiment (performed as per Fig 

3.1A) and cultured with BM progenitor cells collected from naïve syngeneic mice. As 

illustrated in Figure 3.3A and summarized in Figure 3.3B, we observed that the BM 

progenitor cells cultured in the presence of the ascitic fluid collected from non-treated 

tumor-bearing animals displayed a significantly higher frequency of CD11b+ Gr-1+ 

Ly6Clow (R1 in Fig 3.3A) and lower frequency of CD11b+ Gr-1- Ly6C+ cells (R3 in Fig 

3.3A) as compared to those cultured without any ascites (non-treated control). More 

importantly, and in correlation with our in vivo data, the ascites from non-treated PC-

bearing animals did not promote the generation of CD11b+ Gr-1+ Ly6Chigh cells (R2 in Fig 

3.3A). These data show that ascites from ovarian cancer-bearing animals can selectively 

promote or support the differentiation of CD11b+ Gr-1+ Ly6Clow (R1), but not of CD11b+ 

Gr-1+ Ly6Chigh (R2) or CD11b+ Gr-1- Ly6C+ (R3), myeloid cell subpopulations. In contrast, 

the incubation of BM cells with the ascites from reovirus-treated PC-bearing animals  
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Figure  5 

Figure 3.3. Reovirus-modulated Tumor Microenvironment Selectively Promotes the 
Differentiation of CD11b+ Gr-1+ Ly6Chigh (R2) Myeloid Cells from Bone Marrow 
Progenitors. (A and B) Bone marrow cells collected from naïve C57BL/6 were incubated 
with the cell-free ascitic fluid that was collected at the indicated collection points from PC-
bearing, reovirus-treated or non-treated animals. After 24 hrs, cells were analyzed for the 
frequency of each of the three CD11b+ cell subsets, CD11b+ Gr-1+ Ly6Clow (R1), CD11b+ 
Gr-1+ Ly6Chigh (R2), and CD11b+ Gr-1- Ly6C+ (R3), by flow cytometry. One-way ANOVA 
with Bonferroni post-test was conducted for statistical analysis; ns = p > 0.05; *p ≤ 0.05; 
**p ≤ 0.01; ***p ≤ 0.001. Asterisks immediately above bars signify the p values obtained 
by comparing the respective data against the non-treated control group, while asterisks 
shown above the horizontal lines display the p values obtained through comparison of the 
groups containing individual time-points. The data are represented as the mean +/- SD of n 
= 3-5. 
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collected at 1 and 3 d.p.f.i. induced a significant increase in the frequency of CD11b+ Gr-

1+ Ly6Chigh (R2) cells. Interestingly, BM cells treated with the ascitic fluid from non-treated 

as well as reovirus-treated (collected at 1, 3, and 7 d.p.f.i.) animals were unable to recover 

the loss in CD11b+ Gr-1- Ly6C+ (R3) cells which was evident when the numbers were 

compared to those observed in non-treated ascites-treated BM. Collectively, these data 

illustrate that the tumor microenvironment of non-treated PC-bearing animals promotes the 

differentiation of CD11b+ Gr-1+ Ly6Clow (R1) cells and reduces the frequencies of CD11b+ 

Gr-1- Ly6C+ (R3) cells. The most remarkable observation, however, is that reovirus-

modulated tumor microenvironment selectively promotes the generation of CD11b+ Gr-1+ 

Ly6Chigh (R2) cells, especially during early phases of oncotherapy (at 1 and 3 d.p.f.i.). 

Taking this into consideration, our subsequent investigations were focused on the CD11b+ 

Gr-1+ Ly6Chigh (R2) cell subpopulation.  

Reovirus is known to affect the functions and phenotype of various immune cells via direct 

interaction or through the products of oncolytic activities on cancer cells98, 101, 105. 

Therefore, we next asked whether reovirus itself or reovirus-mediated oncolysis can affect 

the differentiation of BM cells in various myeloid subpopulations. To this end, BM 

hematopoietic progenitors co-cultured in the presence or absence of ID8 cells were either 

treated with reovirus (10 multiplicity of infection [MOI]) or left untreated for 24 hrs, and 

then analyzed for the expression of CD11b, Gr-1, and Ly6C. As illustrated in Figure 3.4A 

and summarized in Figure 3.4B, BM cells cultured without ID8 cells and then exposed to 

reovirus displayed increased frequencies of CD11b+ Gr-1+ Ly6Chigh (R2) cells with no 

significant increase in the percentages of CD11b+ Gr-1+ Ly6Clow (R1) or CD11b+ Gr-1- 

Ly6C+ (R3) cells as compared to those cultured in the absence of reovirus. These data  
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Figure  6 

4 
Figure 3.4. Reovirus Selectively Drives the Differentiation of CD11b+ Gr-1+ Ly6Chigh (R2) 
Myeloid Cells from Bone Marrow Progenitors Independent of Oncolysis. (A and B) ID8 
tumor cells were treated with reovirus (10 MOI) for 24 hrs and then co-cultured with bone 
marrow cells collected from naïve C57BL/6 mice for an additional 24 hrs. Next, cultures 
were harvested and analyzed for the frequencies of respective myeloid cell subsets using 
flow cytometry. Statistical analysis was performed with one-way ANOVA with Bonferroni 
post-test; ns = p > 0.05; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. Asterisks shown immediately 
on top of the bars represent the p values obtained by comparing the respective data against 
the non-treated control group. Asterisks above the horizontal lines display the p values 
obtained from the comparison of the groups containing individual time-points. The data are 
represented as the mean +/- SD of n = 3-5.  
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demonstrate that reovirus itself can drive the differentiation of CD11b+ Gr-1+ Ly6Chigh (R2) 

myeloid cells, and that this process does not require the products of oncolysis. In contrast, 

the addition of ID8 cells cultured in the presence of BM cells and in the absence of reovirus 

showed higher frequencies of CD11b+ Gr-1+ Ly6Clow (R1) cells, lower numbers of CD11b+ 

Gr-1- Ly6C+ (R3) cells, and unchanged frequencies of CD11b+ Gr-1+ Ly6Chigh (R2) cells. 

In line with our in vivo data (Fig 3.3), these data further suggest that cancer cells promote 

the preferential differentiation of the CD11b+ Gr-1+ Ly6Clow (R1) subpopulation from BM 

progenitors. Interestingly, when BM cells were co-cultured with reovirus-infected ID8 

cells, significantly higher frequencies of CD11b+ Gr-1+ Ly6Chigh (R2) and, to a lesser 

extent, of CD11b+ Gr-1- Ly6C+ (R3) and lowered frequencies of CD11b+ Gr-1+ Ly6Clow 

(R1) cell populations were evident as compared to those co-cultured with non-treated ID8 

cells. Collectively, these findings demonstrate that reovirus, either on its own or through 

the modulation of the tumor microenvironment, promotes a selective differentiation of 

CD11b+ Ly6G+ Ly6Chigh (R2) myeloid cells from bone marrow hematopoietic progenitors 

independent of oncolysis.  

3.3.3 Elevated Levels of Pro-MDSC Factors in Systemic as well as Local Milieu 
Accompany the Reovirus-driven Accumulation of CD11b+ Gr-1+ Ly6Chigh (R2) Cells 
and is Contributed by Both Cancer and Immune Cells 

The dynamics of myeloid cell differentiation, survival, recruitment, and accumulation are 

dictated by various immune mediators, commonly known as pro-MDSC factors. Therefore, 

we next conducted a protein and gene expression analysis of well-known pro-MDSC 

factors in systemic (blood and spleen) as well as local (ascites and tumor) 

microenvironments. For this purpose, cell-free ascitic fluid and blood from reovirus-treated 

or non-treated PC-bearing hosts were collected at 1, 3 and 7 d.p.f.i., and analyzed using the 
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antibody-based quantitative cytokine array to determine the levels of soluble pro-MDSC 

factors190, 222, 357 (as listed in Supplementary Table 3.2). As shown in Figure 3.5, ascitic 

fluid from reovirus-treated animals contained significantly higher amounts of IL-6, G-CSF, 

MCP-1 (CCL2), MCP-5 (CCL12), and RANTES (CCL5) at 1 and 3 d.p.f.i. as compared to 

those observed in the ascites from non-treated PC-bearing animals. Similar trends were also 

observed for the expression of IL-6, MCP-1 (CCL2) and MCP-5 (CCL12) in the blood 

samples. These elevated levels of MCP-1, MCP-5 (for both ascites and blood), and G-CSF 

(for ascites only) were also maintained at 7 d.p.f.i., while significantly higher levels of 

TNF-α were evident on 1 and 7 d.p.f.i. in the ascitic fluid. Interestingly, the levels of VEGF, 

a known growth factor for MDSCs, were elevated at 1 and 7 d.p.f.i. in the blood and 

decreased in the ascites at 7 d.p.f.i.. Unlike the abovementioned pro-MDSC factors, there 

was no significant change in the levels of CXCL16, GM-CSF, IL-10, IL-1β, M-CSF, SCF, 

or SDF-1α (Supplementary Table 3.1). These data suggest that the recruitment and 

accumulation of CD11b+ Gr-1+ Ly6Chigh (R2) myeloid cells are concomitant with the 

elevated levels of numerous pro-MDSC factors in the local and systemic milieu of reovirus-

treated cancer-bearing hosts. 

To further pinpoint the source of these pro-MDSC factors, gene expression analysis by 

quantitative PCR (qPCR) was conducted on the cells collected from the ascites, tumor, and 

spleen of reovirus-treated or non-treated PC-bearing animals (Fig 3.6). In correlation with 

the cytokine array data, the overall expression levels of IL-6 and MCP-1 (CCL2) as well as 

TGF-β, which was not covered in the cytokine array, were significantly upregulated in the 

cellular constituents of the ascitic fluid collected early during reovirus oncotherapy as  
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Figure  7 

5 
Figure 3.5. Preferential Recruitment of CD11b+ Gr-1+ Ly6Chigh (R2) Cells in the Tumor 
Milieu is Accompanied by Enhanced Quantities of Pro-MDSC Proteins in the Ascites and 
Blood. PC-bearing C57BL/6 mice were treated according to Figure 3.1A and cell-free 
ascitic fluid and blood, collected at the indicated time points, were analyzed using an 
antibody-based quantitative cytokine array to measure the concentrations of selected mouse 
cytokines. Statistical analysis was performed with one-way ANOVA coupled with 
Bonferroni post-test; ns = p > 0.05; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. Asterisks shown 
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immediately on top of the bars signify the p values obtained by comparing the respective 
data against the non-treated control group. Data are representative of 3 independent 
experiments. 
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Figure  8 
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Figure 3.6. Reovirus-driven Accumulation of CD11b+ Gr-1+ Ly6Chigh (R2) Cells is 
Concurrent with Increased Gene Expression of Pro-MDSC Factors. Cells from the ascites, 
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tumor, and spleen of the control or reovirus-treated PC-bearing C57BL/6 mice (injected as 
per the schematic in Figure 3.1A) were collected at the indicated time points and were 
analyzed using qPCR to measure the expression of various immune markers known to be 
involved in MDSC pathophysiology (as denoted on the top of each bar graph). Data were 
analyzed following the Livak and Schmittgen’s 2-ΔΔCT methodology330. Graphs illustrate 
the fold change normalized to its own GAPDH and compared against the respective non-
treated control. One-way ANOVA coupled with Bonferroni post-test was performed; ns = 
p > 0.05; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. Asterisks shown immediately on top of the 
bars signify the p values obtained by comparing the respective data against non-treated 
control group. Data are representative of 3-5 independent experiments.  
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compared to those collected from the non-treated PC-bearing animals. Contrary to the 

cytokine array data, qPCR analysis of IL-1β showed a significant increased expression 

within the ascites and the tumor at 3 and 7 d.p.f.i., respectively. Surprisingly, the elevated 

expression of these pro-MDSC factors was observed in mostly the samples collected from 

the ascites and not from tumor or spleen, suggesting that the likely source of these immune 

mediators is the cells of the ascites.  

The ascites of PC-bearing hosts is known to contain a mixture of cancer cells and 

infiltrating immune cells358. Thus, to dissect the contribution of each subset in question, 

tumor (ID8) cells, BM progenitors, and lymphoid cells from the spleen were separately 

cultured in the presence or absence of reovirus in vitro for 24 hrs, and then analyzed for the 

gene expression of various pro-MDSC factors using qPCR (Fig 3.7). In accordance with 

our in vivo and ex vivo data, ID8 cells, BM, and spleen cells treated with reovirus showed 

significantly higher expression of IL-6 and MCP-1 as compared to that observed in non-

treated cells. Analysis of other pro-MDSC factors, such as VEGF and SDF-1, showed no 

significant change in expression following reovirus treatment. As compared to the 

respective non-treated controls, a significant increase in TGF-β and IL-1β expression was 

observed only in reovirus-treated ID8 and BM cells, respectively. Collectively, these data 

suggest that ID8, BM, and splenocytes are all potentially responsible for the increased 

expression of multiple pro-MDSC factors following reovirus exposure. However, the 

expression of certain pro-MDSC factors such as IL-1β or TGF-β could be generated from 

the infiltrating BM originating cells or cancer cells, respectively. Taken together, these data 

demonstrate that reovirus can act on either cancer or immune cells and induce the  
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Figure  9 
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Figure 3.7. Reovirus Can Mediate the Production of Pro-MDSC Factors from Cancer 
Cells, as well as Immune Cells. In vitro cultured ID8 cells, harvested spleen, or bone 
marrow (BM) cells were cultured with or without reovirus (10 MOI) for 24 hrs and then 
analyzed by qPCR for the expression of IL-6, MCP-1, SDF-1, VEGF, IL-1β, and TGF-β 
coupled with data analysis as explained in Figure 3.6. Statistical analysis was conducted 
using a two-tailed Student’s t-test with 95% confidence interval; ns = p > 0.05; *p ≤ 0.05; 
**p ≤ 0.01; ***p ≤ 0.001. Asterisks immediately on top of the bars signify the p values 
obtained by comparing the respective data against the non-treated control group. Data are 
representative of 3 independent experiments.  
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production of pro-MDSC factors, in local and systemic milieu, that are capable of 

supporting growth, differentiation, and recruitment of myeloid cells. 

3.3.4 Exclusively During the Early Phase of Oncotherapy, Reovirus Drives the 
Selective Chemotaxis of CD11b+ Gr-1+ Ly6Chigh Cells  

To further understand the mechanism through which myeloid cells accumulate in the tumor 

microenvironment, we asked whether reovirus promotes selective chemotaxis of any of the 

myeloid subpopulations, CD11b+ Gr-1+ Ly6Clow (R1), CD11b+ Gr-1+ Ly6Chigh (R2) or 

CD11b+ Gr-1- Ly6C+ cells (R3), in question. To answer this, a standard transwell 

chemotaxis assay was performed. BM cells from naïve C57BL/6 mice were added in the 

top chamber, while cell-free ascites from either reovirus-treated or non-treated PC-bearing 

mice collected at indicated time points were placed in the bottom chamber of the transwell 

system. Following a 2-hr incubation, the cells that had migrated into the bottom chamber 

were evaluated for their respective myeloid subpopulation phenotype. As shown in Figure 

3.8A, the migration of either CD11b+ Gr-1+ Ly6Clow (R1) or CD11b+ Gr-1- Ly6C+ (R3) 

cells remains unchanged in the presence of ascitic fluid collected from either reovirus-

treated or non-treated animals. It should, however, be noted that the CD11b+ Gr-1+ Ly6Clow 

(R1) population migrates at a significantly higher rate in the presence of ascites as 

compared to when cultured in media alone. Most importantly, ascitic fluid collected at 1 

d.p.f.i. from reovirus treated PC-bearing animals exclusively promotes significantly greater 

chemotaxis of the CD11b+ Gr-1+ Ly6Chigh (R2) subpopulation as compared to ascitic fluid 

from non-treated animals or media alone. To further investigate this selective migratory 

potential, the expression of chemotactic receptors (CXCR1, CXCR2, and CCR2) in isolated 

CD11b+ Gr-1+ Ly6Clow (R1) and CD11b+ Gr-1+ Ly6Chigh (R2) subpopulations was assessed  
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Figure  10 
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Figure 3.8. Reovirus-modulated Tumor Milieu Promotes Selective Migration of CD11b+ 
Gr-1+ Ly6Chigh (R2) Cells. (A) Cell-free ascitic fluid was collected from non-treated or 
reovirus-treated PC-bearing C57BL/6 mice (treated as per Fig 3.1A) and was placed in the 
bottom chamber of an 8 μm transwell plate. Bone marrow cells (1x106 cells) from naïve 
C57BL/6 were seeded in the upper chamber of the same transwell plate and allowed to 
migrate to the bottom chamber. After 2 hrs, flow cytometry analysis was used to measure 
the frequencies of CD11b+ Gr-1+ Ly6Clow (R1), CD11b+ Gr-1+ Ly6Chigh (R2), and CD11b+ 
Gr-1- Ly6C+ (R3) cells that migrated into the bottom chamber. (B) C57BL/6 mice were 
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injected as per the schematic in Figure 3.1A and the CD11b+ Gr-1+ Ly6Clow (R1) and 
CD11b+ Gr-1+ Ly6Chigh (R2) cell populations were isolated via fluorescent cell sorting. 
qPCR was conducted on cDNA synthesized from the RNA extracted from isolated CD11b+ 
Gr-1+ Ly6Clow (R1) and CD11b+ Gr-1+ Ly6Chigh (R2) populations to measure the 
expression of known myeloid cell chemotactic receptors (CXCR1, CXCR2, CCR2). NA 
indicates that sufficient sample could not be recovered for qPCR. One-way ANOVA 
coupled with Bonferroni post-test was performed; ns = p > 0.05; *p ≤ 0.05; **p ≤ 0.01; 
***p ≤ 0.001. Asterisks shown immediately on top of the bars signify the p values obtained 
by comparing the respective data against the non-treated CD11b+ Gr-1+ Ly6Clow (R1) 
control group. Data are representative of 4-5 mice and qPCR samples were run in duplicate 
experiments. 
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throughout the course of therapy (Fig 3.8B). Such comparative analysis illustrated that the 

R1 population had significantly greater expression of CXCR1 and CXCR2 whereas the R2 

population contained greater expression of CCR2. Of note, the cytokine array data (Fig 3.5) 

show significantly elevated expression of chemotactic MCP-1 (CCL2), known to support 

such trafficking, at 1 d.p.f.i.. Additionally, we also found heightened gene expression of 

S100A8 and S100A9 proteins, known to drive the chemotaxis of CD11b+ cells, in the cells 

collected from the ascites of reovirus-treated PC-bearing animals (Supplementary Fig 3.3). 

These data clearly demonstrate that reovirus modulates the tumor microenvironment and 

drives the selective chemotaxis of CD11b+ Gr-1+ Ly6Chigh (R2) cells exclusively during the 

early phase of oncotherapy, and explain the mechanism by which these cells accumulate in 

the tumor microenvironment.   

3.3.5 Augmented Tumor-associated Immunosuppression During the Early Phase of 
Reovirus Oncotherapy is Mediated by Newly Recruited CD11b+ Gr-1+ Ly6Chigh (R2) 
Myeloid Cells 

Tumor-associated myeloid cells are known to inhibit various immune responses, especially 

those mediated by T cells. Considering the critical role of T cell responses in OV-driven 

anti-cancer immunotherapy, we investigated the T cell suppression capacities of the 

reovirus-driven heterogeneous myeloid cell populations. For this purpose, C57BL/6 mice 

were injected with ID8 tumor cells and subsequently treated with the therapeutic regimen 

of reovirus as per the schematic shown in Figure 3.1A. At the indicated time points, cells 

from the ascitic fluid were collected and then passed through an antibody-based myeloid 

cell isolation column to obtain purified CD11b+ Gr-1+ cells (a purity of greater than 90%; 

Supplementary Fig 3.1A), containing both the CD11b+ Gr-1+ Ly6Clow (R1) and CD11b+ 

Gr-1+ Ly6Chigh (R2) populations. These cells were then analyzed for their capacity to 



85 
 

suppress T cell proliferation. As shown in Figure 3.9A, CD11b+ Gr-1+ cells collected at 1 

and 3 d.p.f.i. showed significantly higher potency to inhibit T cell proliferation at 1:4 

effector-to-target ratio than the cells collected at 7 d.p.f.i or those collected from non-

treated PC-bearing animals. Of note, CD11b+ Gr-1+ cells collected at 7 d.p.f.i. displayed 

comparable suppressive capacities as those displayed by the cells from non-treated animals. 

These data demonstrate that CD11b+ Gr-1+ cells present in the tumor microenvironment of 

reovirus-treated PC-bearing animals have a higher capacity to suppress T cell activation 

than those collected from the non-treated PC-bearing animals, especially at 1 and 3 d.p.f.i. 

during oncotherapy.  

To pinpoint the contribution of each constituent subpopulation, we sub-fractioned the 

CD11b+ Gr-1+ cells into CD11b+ Gr-1+ Ly6Clow (R1) or CD11b+ Gr-1+ Ly6Chigh (R2) 

subpopulations (a purity between 91-96%; Supplementary Fig 3.1B), and analyzed their 

respective T cell suppressive capabilities to hamper proliferation and cytotoxicity (i.e., 

IFN-γ response). As shown in Figure 3.9B, newly recruited CD11b+ Gr-1+ Ly6Chigh (R2) 

cells displayed enhanced suppression capacity that was significantly higher than that 

observed with CD11b+ Gr-1+ Ly6Clow (R1) cell population collected from non-treated PC-

bearing animals. Interestingly, both CD11b+ Gr-1+ Ly6Clow (R1) and CD11b+ Gr-1+ 

Ly6Chigh (R2) cell populations from reovirus-treated mice contained comparable 

suppressive capacities. Similar to the proliferation data, both the CD11b+ Gr-1+ Ly6Clow 

(R1) and CD11b+ Gr-1+ Ly6Chigh (R2) subpopulations rom reovirus treated mice had 

enhanced capability to suppress IFN-γ production from CD8+ T cells at 1 and 3 d.p.f.i., 

whereas the CD11b+ Gr-1+ Ly6Clow (R1) myeloid cell population collected from the non-

treated animals or isolated at 7 d.p.f.i. had no effect on the IFN-γ production. Interestingly, 
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CD11b+ Gr-1+ Ly6Chigh (R2) population promoted the IFN-γ production at 7 d.p.f.i.. To 

complement such increase in immunosuppression at 1 and 3 d.p.f.i., qPCR analysis of 

isolated CD11b+ Gr-1+ Ly6Clow (R1) and CD11b+ Gr-1+ Ly6Chigh (R2) myeloid cell 

populations illustrated that both CD11b+ Gr-1+ Ly6Clow (R1) and CD11b+ Gr-1+ Ly6Chigh 

(R2) populations have significantly higher expression of iNOS at 1 d.p.f.i. (although this 

does decrease in the CD11b+ Gr-1+ Ly6Chigh (R2)  population at 3 and 7 d.p.f.i.) and IL-10 

at 3 d.p.f.i. as compared to the non-treated CD11b+ Gr-1+ Ly6Clow (R1) population (Fig 

3.9D). In addition, there is also a significant increase in ARG1 and TGF-β in the CD11b+ 

Gr-1+ Ly6Chigh (R2) population at 3 d.p.f.i (Fig 3.9D). Such factors play a key role in tumor 

progression but most importantly to suppress T cell function and proliferation.  

It should be noted that following reovirus injection, significantly higher numbers of 

CD11b+ Gr-1+ Ly6Chigh (R2) cells are selectively recruited to the tumor microenvironment 

(Fig 3.8) and comprise the major portion of tumor-associated myeloid cells (Fig 3.2A, Fig 

3.2B, and Supplementary Fig 3.1C). Especially, the ratio of CD11b+ Gr-1+ Ly6Chigh (R2): 

CD11b+ Gr-1+ Ly6Clow (R1) cells during the early phase of oncotherapy is significantly 

greater than that observed in non-treated animals (as illustrated in Fig 3.10). Thus, even 

though both CD11b+ Gr-1+ Ly6Clow (R1) and CD11b+ Gr-1+ Ly6Chigh (R2) populations bear 

comparable suppressive capacities, the augmentation of the tumor-associated suppression 

happens only following the recruitment of CD11b+ Gr-1+ Ly6Chigh (R2) cells. Together, 

these data suggest that the newly recruited CD11b+ Gr-1+ Ly6Chigh (R2) cells further 

enhance the tumor-associated immunosuppression at 1 and 3 d.p.f.i. that eventually 

subsides at 7 d.p.f.i.. This conclusion is further supported by the fact that the ascitic fluid 

from reovirus-treated PC-bearing animals showed significantly higher  
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Figure  11 
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Figure 3.9. Augmented Tumor-associated Immunosuppression During the Early Phase of 
Reovirus Oncotherapy Is Mediated by Newly Recruited CD11b+ Gr-1+ Ly6Chigh (R2) 
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Myeloid Cells. PC-bearing C57BL/6 mice were treated according to Figure 3.1A. Total 
CD11b+ Gr-1+ cells (A) or isolated subpopulations of CD11b+ Gr-1+ Ly6Clow (R1) and 
CD11b+ Gr-1+ Ly6Chigh (R2) cells (B) were incubated with T cells activated via CD3 and 
CD28 antibodies at the indicated MDSC: splenocyte ratio. Activated T cells were harvested 
from syngeneic naïve mice and stained with CFSE or monitored for IFN-γ response from 
CD8+ T cells. (A and B) After 96 hrs, cells were stained with anti-CD3 antibodies and then 
analyzed by flow cytometry for halving of CFSE fluorescence in CD3+ cells to determine 
the percentage of T cell suppression. (C) After 18 hrs, brefeldin A was added to the co-
culture and incubated for 6 additional hours. Flow cytometry was conducted to monitor 
IFN-γ response via extracellular and intracellular staining for T cell markers (CD3 and 
CD8) and IFN-γ, respectively. (D) C57BL/6 mice were treated according to Figure 3.1A, 
and CD11b+ Gr-1+ Ly6Clow (R1) and CD11b+ Gr-1+ Ly6Chigh (R2) cell populations were 
isolated via fluorescent cell sorting. QPCR was conducted using the cDNA synthesized 
from the RNA extracted from the isolated CD11b+ Gr-1+ Ly6Clow (R1) and CD11b+ Gr-1+ 
Ly6Chigh (R2) populations to measure the expression of ARG1, iNOS, IL-10, and TGF-β 
using gene specific primers. All values were normalized to the internal control (GAPDH). 
NA indicates that sufficient sample could not be recovered for qPCR. (E) Cell-free ascitic 
fluid from non-treated or reovirus-treated animals was analyzed using the antibody-based 
quantitative cytokine array to measure mouse cytokine concentrations of IFN-γ. Statistical 
analysis was performed with one-way ANOVA with Bonferroni post-test; ns = p > 0.05; 
*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. Asterisks shown immediately alongside the horizontal 
bars signify the p values obtained by comparing the respective data while asterisks above 
the bars are representative of the p values obtained by comparing against the respective 
control. Data are representative of the mean +/- the SD at n=4-6. 
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levels of IFN-γ protein, a signature marker of TH1 activation, only at 7 d.p.f.i. (Fig 3.9E). 

Taken together, our data show that reovirus transiently augments tumor-associated 

immunosuppression during the early phase of oncotherapy, and that this suppression is 

mediated by newly recruited CD11b+ Gr-1+ Ly6Chigh (R2) cells.  

3.4 DISCUSSION 

Anti-cancer immunotherapies promote the development of anti-cancer immune responses 

that are capable of eradicating existing or possibly relapsing cancer cells. However, tumor-

associated immunosuppression, present either locally or systemically, hampers the 

development of such beneficial anti-cancer immune responses and poses a major 

impediment towards the successful implementation of anti-cancer immunotherapies. It is 

now clear that detailed knowledge about the biology and subsequent functional 

consequences of tumor-associated immunosuppression is essential for achieving the 

optimum efficacy of any anti-cancer immunotherapy. In this report, we demonstrate that 

the therapeutic administration of oncolytic reovirus, which is known to promote beneficial 

anti-tumor immunity, transiently augments tumor-associated immunosuppression during 

the early phase of oncotherapy (Fig 3.10). In the context of the highly sought-after anti-

cancer immunotherapeutic activities of OVs, this discovery unearths a biological 

phenomenon that will further assist the development of strategies aimed at achieving the 

best possible outcome from OV-based cancer therapies.  

Immunological events induced following reovirus administration in cancer-bearing hosts 

concern both anti-viral and anti-tumor immune responses. In the context of reovirus-based 

oncotherapy, anti-tumor immune responses are beneficial while anti-viral immune 

responses are detrimental. Thus, to achieve the optimum efficacy of OV-based 
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Figure  12 
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Figure 3.10. Relationship Between the Kinetics of Tumor-associated, MDSC-mediated 
Suppressive Activities and the Frequencies of Myeloid Cell Subpopulations. In this 
schematic, x-axis represents the timeline following reovirus injections while y-axis 
represents the levels of either MDSC-mediated immunosuppressive capacities or the 
frequencies of CD11b+ Gr-1+ Ly6Clow (R1) and CD11b+ Gr-1+ Ly6Chigh (R2) populations. 
At the beginning of the oncotherapy (time 0 days post first infection [d.p.f.i.]), tumor-
associated, MDSC-mediated suppression (represented by the shaded area) and CD11b+ Gr-
1+ Ly6Clow (R1) cells both exist at substantial levels and hence are represented to start at a 
higher level than “0” on the y-axis. On the other hand, CD11b+ Gr-1+ Ly6Chigh (R2) cells 
are present in minute quantities and are thus represented to start at a lower point than that 
of CD11b+ Gr-1+ Ly6Clow (R1) cells. Following reovirus injection, the level of MDSC-
mediated suppressive activities first gets potentiated at 1 and 3 d.p.f.i., which then return to 
the pre-treatment levels at 7 d.p.f.i.. Similar kinetic of appearance is also followed by the 
CD11b+ Gr-1+ Ly6Chigh (R2) cells. On the contrary, the numbers of CD11b+ Gr-1+ Ly6Clow 
(R1) cells remain comparatively constant, especially at 1 and 3 d.p.f.i.. Collectively, this 
kinetic analysis shows that MDSC-mediated suppressive capacities follow the kinetics of 
CD11b+ Gr-1+ Ly6Chigh (R2) cells and further supports a role of CD11b+ Gr-1+ Ly6Chigh 
(R2) cells in potentiating tumor-associated immunosuppression. 
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oncotherapies, therapeutic strategies that can simultaneously promote anti-tumor immunity 

while suppressing anti-viral immunity are desired. In view of the complex interplay 

between anti-tumor and anti-viral immunity, oncolytic virus-driven immunomodulation 

requires comprehensive dissection in order to understand its anti-cancer 

immunotherapeutic implications. 

Recent studies have illustrated that reovirus-mediated immunomodulation overturns tumor-

associated immune evasion mechanisms and subsequently initiates a clinically meaningful 

anti-tumor immunity1, 105. Interestingly, some of these studies also reported that reovirus 

drives an accumulation of suppressive cells, such as MDSCs and Tregs, following its 

therapeutic administration1. Considering the capacity of reovirus to initiate functional and 

clinically relevant anti-tumor immune responses, the accumulation of suppressive cells 

following its administration is counterintuitive. Similar accumulation of myeloid cells has 

been reported in other acute infections including vaccinia virus, adenovirus, and the acute 

lymphocytic choriomeningitis virus (LCMV)274, 355, 359, 360. It is hypothesized that these 

suppressive cells either protect the infected host against excessive collateral damage by 

limiting the attack of immune cells on virally infected cells or are recruited by the virus as 

an immune evasion mechanism to thwart the immune-mediated attack aimed at eliminating 

the replication niche. In the context of oncotherapy, the presence of these OV-driven 

suppressive cells, especially during the early phase of oncotherapy when the anti-tumor 

immune responses are primed, is considered to be detrimental. Therefore, this study was 

focused on understanding the biology, phenotypic heterogeneity, biodiversity, and 

pathophysiology of reovirus-induced suppressive myeloid cells. Of note, the heterogeneity 

of MDSCs or immature myeloid cells (IMCs) is still obscure partially due to the fact that 
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the myeloid cells of different phenotypes are addressed as a singular “MDSC” population. 

Considering these facts, and in an effort to avoid further confusion, in this article we have 

defined such putative “MDSCs” simply by their phenotype (for example, CD11b+ Gr-1+ 

Ly6Chigh/low myeloid cells).  

The accumulation of myeloid cells in the tumor microenvironment following exposure to 

oncolytic reovirus could result from either selective survival or trafficking of a specific 

subpopulation. Survival of myeloid cells is orchestrated by various survival factors 

including IL-6, G-CSF, TNF-α, TGF-β, and IL-1β that are present in their 

microenvironment. Thus, in vitro studies aimed at investigating the survival/apoptosis of 

MDSCs are hampered by the fact that these cells are less amenable to long-term culture 

conditions, most likely owing to the absence of the growth factors in the culture media. 

Similar to other publications280, 281, we have found that the harvesting of tumor-associated 

myeloid cells in standard culture medium causes a large majority of the CD11b+ Gr-1+ cells 

to spontaneously die within 24 hrs. However, as suggested by Suzuki et al., the 

supplementation of culture medium with tumor-bearing mouse plasma, or in our case with 

cell-free ascitic fluid, reduces the spontaneous apoptosis of tumor-associated MDSCs281. 

This phenomenon has been observed in various mouse cancer models including those 

initiated with lung epithelial cells (TC-1 cells281), mammary tumor cells (4T1 cells280) and 

our ovarian cancer cells (MOSE ID8 cells), suggesting that this is rather a generalized and 

not cancer model-specific phenomenon. We have previously identified that tumor-

associated CD11b+ Gr-1+ myeloid cells, now known as  CD11b+ Gr-1+ Ly6Clow (R1) 

myeloid cells, cultured in medium supplemented by ascitic fluid from a non-treated ovarian 

cancer-bearing mouse, show a greater amount of annexin V+ cells following exposure to 
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reovirus in vitro5. In this report, we demonstrate that only CD11b+ Gr-1+ Ly6Chigh (R2) 

myeloid cells, and not CD11b+ Gr-1+ Ly6Clow (R1) myeloid cells, display enhanced 

chemotactic potential immediately following reovirus therapy. Thus, these results 

collectively suggest that the reovirus-induced accumulation of myeloid cells in the tumor 

microenvironment is associated with lower survival of CD11b+ Gr-1+ Ly6Clow (R1) 

myeloid cells and higher chemotactic potential of CD11b+ Gr-1+ Ly6Chigh (R2) myeloid 

cells. 

Many pathological conditions, including infections and immunization protocols employing 

complete Freund’s adjuvant (CFA), are known to promote a transient expansion of the 

IMCs that fail to fully develop into mature MDSCs but still possess immunosuppressive 

capacities222, 361. In line with this evidence, we recently discovered that reovirus drives the 

expansion and accumulation of myeloid cells co-expressing CD11b (detected by clone 

M1/70) and Gr-1 (detected by clone RB6-8C5) markers following its therapeutic 

administration in ovarian PC-bearing C57BL/6 mice. However, whether this reovirus-

driven putative MDSC population contains a phenotypically and functionally 

heterogeneous population of myeloid cells or IMCs remained unknown. Such sub-

fractionation of MDSCs is usually done by using a combination of antibodies against 

CD11b, Gr-1, Ly6G, and Ly6C markers. However, the use of the Ly6G marker in this study 

was avoided based on the conflicting reports which suggest that the monoclonal antibody 

Gr-1 (clone RB6-8C5) blocks the binding of the Ly6G antibody (clone 1A8)356. Therefore, 

to be consistent with our previous findings, we subdivided myeloid cells into various 

subgroups based on their CD11b, Gr-1, and Ly6C expression, and focused on CD11b+ Gr-

1+ Ly6Clow (R1), CD11b+ Gr-1+ Ly6Chigh (R2), and CD11b+ Gr-1- Ly6C+ (R3) cells.  
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Biological functions of MDSCs are mediated through a multitude of mechanisms and often 

have contrasting physiological implications. Although MDSCs were first characterized in 

tumor-bearing mice and humans362-364, they were also found to exist in healthy hosts and 

reported in other pathological conditions including viral, bacterial, and parasitic 

infections351, 360, 361, 365-368. Not surprisingly, the implications of MDSC-driven suppressive 

activities are dictated by the health or disease conditions in which they occur. For example, 

MDSCs found in tumor-bearing hosts or those suffering from chronic viral infections 

profoundly suppress the functions of immune cells and contribute towards the aggravation 

of the disease condition365, 366. In contrast, MDSCs developed during autoimmune 

conditions (e.g., experimental autoimmune encephalomyelitis [EAE]369) and acute 

infections274 are postulated to protect the hosts against self-damaging immune assault by 

inhibiting the functions of hyperactive immune cells. Hence, the specific role of MDSC-

driven suppressive immune activities must be evaluated in the context of the specific health 

condition. In the context of oncotherapy, it must be kept in mind that the virus-driven 

myeloid cell accumulation occurs in the simultaneous presence of the two entities that are 

known to endow MDSCs with contrasting pathophysiological attributes: cancer 

microenvironment and acute viral infection. Considering that the characterization of 

MDSCs within the abovementioned unique, but clinically important, scenario has remained 

undiscovered, this study was focused on the functional attributes of oncotherapy-driven 

myeloid cell subpopulations. Only through such special consideration, the 

pathophysiological importance and a possible immunotherapeutic potential of these cells 

during OV-based oncotherapy would be realized. 
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Reovirus-based oncotherapy, similar to other OV-based therapies, is being recognized for 

its anti-cancer immunotherapeutic properties. It is now clear that to achieve the optimum 

efficacy of OV-based therapy, direct oncolytic properties of OVs must be complemented 

with immune interventions that can promote OV-driven immunotherapeutic benefits. 

While most of the efforts to date have been focused on understanding the beneficial 

immunological effects of OV-based therapy, very little attention has been paid to the 

immunological events that have a capacity to either compromise or negatively affect the 

efficacy of such therapies. In this report, we illustrate that, in addition to the 

immunostimulatory properties, reovirus oncotherapy also promotes a transient phase of 

immunosuppression that is mediated through the selective recruitment and accumulation of 

highly suppressive CD11b+ Gr-1+ Ly6Chigh (R2) cells. In the context of ongoing efforts to 

supplement OV-based therapies with complementary interventions aimed at synergistically 

enhancing its anti-cancer benefits, identification of such therapeutic targets is extremely 

advantageous. Strategic management of such immunosuppressive entities can further 

potentiate OV-driven immunotherapeutic effects and enhance the efficacy of reovirus 

oncotherapy. Thus, the findings reported here are of critical importance and can be directly 

translated in clinical settings to achieve better patient outcomes, especially in the context 

of ongoing phase III clinical trials. 

3.5 CONFLICT OF INTEREST 

None to declare  

3.6  SUMMARY OF CHAPTER 3 AND TRANSITION TO CHAPTER 4 
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Contrary to the beneficial anti-tumor responsiveness of reovirus-based OV therapy, this 

chapter illustrates that reovirus transiently augments cancer-associated immunosuppression 

through the recruitment and accumulation of the immunosuppressive CD11b+ Gr-1+ 

Ly6Chigh MMC population. The data suggest that not all therapy-mediated infiltrating 

immune cells are beneficial in the context of OV therapy. These results propose that 

approaches which curtail cancer-associated immunosuppression and enforce a potent anti-

tumor immunity are of the upmost importance to optimize the therapeutic effectiveness of 

OV therapies. 
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Figure  13 

11 

Supplementary Figure 3.1. Purification Check of CD11b+ Gr-1+ Ly6Clow (R1) and 
CD11b+ Gr-1+ Ly6Chigh (R2) Cell Isolation and Their Accumulation in the Tumor and 
Spleen Tissue Throughout the Course of Reovirus Oncotherapy. C57BL/6 mice were 
treated according to the schematic in Figure 3.1A. The ascites was collected at 1 d.p.f.i. and 
the CD11b+ Gr-1+ cells (A) were isolated. (B) represents the specific isolation of CD11b+ 
Gr-1+ Ly6Clow (R1) and CD11b+ Gr-1+ Ly6Chigh (R2) cells following the manufacturer's 
instructions at 1 d.p.f.i. of reovirus administration. (C) C57BL/6 mice were treated 
according to the schematic in Figure 3.1A and flow cytometry analysis was conducted to 
evaluate the frequency of CD11b+ myeloid cell subsets collected from the tumor and spleen. 
The above dot-plots are representative images of CD11b+ cell subsets in the tumor and 
spleen cells harvested during reovirus therapeutic administration. 
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Figure  14 

12 

Supplementary Figure 3.2. Antibody Staining Interference Between Ly6G (1A8) and Gr-
1 (RB6-8C5) and the CD11b, Ly6G, and Ly6C Status of Ascites-harvested Myeloid Cells 
Over the Course of Reovirus Oncotherapy. (A) Isolated bone marrow cells from naïve 
animals were stained with the indicated primary fluorescent-conjugated antibody (1o Stain). 
To confirm the blocking interference, a secondary stain (2o Stain) following 1o Stain and 
washing of excess antibody was conducted and the fluorescent intensity was analyzed by 
flow cytometry. (B) C57BL/6 mice were treated according to the schematic in Figure 3.1A 
and flow cytometry analysis was conducted to evaluate the frequency of CD11b+ myeloid 
cell subsets collected from the ascites and stained with CD11b, Ly6G (1A8), and Ly6C 
(HK1.4). The indicated sections are S1 (CD11b+ Ly6G+ Ly6Clow), S2 (CD11b+ Ly6G+ 
Ly6Chigh), and S3 (CD11b+ Ly6G- Ly6Chigh). The above dot-plots are representative images 
of ascites-harvested CD11b+ cell subsets during reovirus therapeutic administration and 
representative images of n=3. 
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Supplementary Table 3.1. Antibody-Based Quantitative Cytokine Array Analysis of Pro-
MDSC Soluble Factors in the Blood and Ascites. 
Table 4 

 

Abbreviations and symbols: Arrows (↑ or ↓) denote a significant change (Arrows were 
used to signify p values as follows: not significant (-) = p > 0.05; ↑ p ≤ 0.05; ↑↑ p ≤ 0.01; 
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↑↑↑ p ≤ 0.001). LOD represents the limit of detection and the above MAX denotes that 
the concentrations are greater than the levels of the standards. 
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Figure  15 

13 

Supplementary Figure 3.3. Reovirus Induces an Increased Expression of the Pro-
inflammatory S100A8/A9 Markers Within the Tumor Milieu. (A) Samples from the ascites, 
tumor, and spleen of non-treated or reovirus-treated PC-bearing C57BL/6 mice (treated as 
per Figure 3.1A) were collected at the indicated time points and analyzed for the expression 
of S100A8 and S100A9 using qPCR. (B) Samples from cultured ID8 cells, splenocytes, 
and bone marrow (BM) cells were treated with reovirus (10 MOI) for 24 hrs followed by 
qPCR analysis for the expression of S100A8 and S100A9 from cDNA reversed transcribed 
from RNA extracts. Both qPCR analysis was coupled with data analysis as explained in 
Figure 3.6. One-way ANOVA with Bonferroni post-test was performed; ns = p > 0.05; *p 
≤ 0.05; ***p ≤ 0.001. Asterisks shown immediately on top of the bars signify p values 
obtained by comparing the respective data against non-treated control group. Asterisks 
above horizontal bars signify p values obtained from the comparison between the indicated 
groups. Data are representative of 4 independent experiments. 
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REOVIRUS-BASED ONCOTHERAPY THROUGH ANTI-TUMOR 

IMMUNOLOGICAL MECHANISMS 

 

This work appears in part in the publication: 

 

Gujar S, Clements D (co-first author), Dielschneider R, Helson E, Marcato P, Lee PWK. 

2014. Gemcitabine Enhances the Efficacy of Reovirus-based Oncotherapy Through Anti-

tumor Immunological Mechanisms. British Journal of Cancer. 110 (1): 83-93. 

 

DC and SG – designed the study and prepared the manuscript 

DC – carried out the experimentation, collected and analyzed data 

RD, EH – assisted with experimentation and data collection 

PM and PL – assisted with study design and critical review of the manuscript 



103 
 

4.1 ABSTRACT 

Background: Reovirus preferentially infects and kills cancer cells and is currently 

undergoing clinical trials internationally. While oncolysis is the primary mode of tumor 

elimination, increasing evidence illustrates that reovirus additionally stimulates anti-tumor 

immunity with a capacity to target existing and possibly relapsing cancer cells. These virus-

induced anti-tumor immune activities largely determine the efficacy of oncotherapy. On 

the other hand, anti-viral immune responses can negatively affect oncotherapy. Hence, the 

strategic management of anti-tumor and anti-viral immune responses through 

complementary therapeutics is crucial to achieving the maximum anti-cancer benefits of 

oncotherapy.  

Methods: Wild type C57BL/6 mice intraperitoneally injected with mouse ovarian surface 

epithelial cells (ID8 cells) were treated with a therapeutic regimen of reovirus and/or 

gemcitabine and then analyzed for prolonged survival, disease pathology, and various 

immunological parameters. Furthermore, in vitro analyses were conducted to assess 

apoptosis, viral spread, and viral production during reovirus and/or gemcitabine treatment.  

Results: We demonstrate that reovirus and gemcitabine combination treatment postpones 

peritoneal carcinomatosis development and prolongs the survival of cancer-bearing hosts. 

Importantly, these anti-cancer benefits are generated through various immunological 

mechanisms, including: 1) inhibition of myeloid-derived suppressor cell recruitment to the 

tumor microenvironment, 2) down-modulation of pro-MDSC factors, and 3) accelerated 

development of anti-tumor T cell responses.  
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Conclusions: The complementation of reovirus with gemcitabine further potentiates virus-

initiated anti-cancer immunity and enhances the efficacy of oncotherapy. In the context of 

ongoing clinical trials, our findings represent clinically relevant information capable of 

enhancing cancer outcomes.    

4.2 INTRODUCTION 

Reovirus, a double-stranded benign human RNA virus, preferentially infects and kills 

transformed, cancerous cells as compared to healthy normal cells30. This selective oncolytic 

ability of reovirus has advocated its use as a novel anti-cancer agent for the treatment of 

various cancers140.  While the primary mode of action for reovirus oncotherapy is oncolysis 

(i.e., direct destruction of cancer cells), increasing evidence suggests that reovirus further 

invokes a chain of anti-tumor immunological events that ultimately culminate in the 

development of tumor-specific immune responses1, 98, 105, 150. Such reovirus-induced anti-

tumor immunity attacks existing cancer cells and further protects the host against 

subsequent tumor challenge even after discontinuation of the therapy98, and thus bears the 

potential to govern long-term cancer-free health. Therefore, reovirus oncotherapy can 

simultaneously target cancer cells through two distinct anti-cancer mechanisms: 1) direct 

oncolysis, and 2) anti-cancer immunity. Currently, reovirus is undergoing phase I, II, and 

III clinical trials in Belgium, the UK, and the United States.   

Exhaustive evidence thus far documents that the presence of anti-tumor immunity strongly 

correlates with positive cancer outcomes and better survival339, 340. However, in the context 

of the tumor microenvironment, the induction of anti-tumor T cell responses is faced with 

many challenges. Tumors employ various immune evasion strategies and thus establish a 

milieu that prohibits the activation of anti-tumor immune activities. For example, tumors 
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escape immune-mediated elimination through impaired antigen presentation370, 371 or 

processing372, enhanced expression of immunosuppressive molecules373, 374, and 

recruitment of immunosuppressive cells such as regulatory T cells and myeloid-derived 

suppressor cells (MDSCs). Indeed, the desired anti-cancer immunity can be enhanced by 

using interventions that challenge the tumor-associated suppressive microenvironment375, 

376. In this regard, reovirus is known to overturn various tumor-associated immune evasion 

mechanisms before invoking protective anti-tumor immunity1, 98, 105.  

It should be noted, however, that oncolytic virus-driven immune responses have both 

positive and negative effects on the efficacy of oncotherapy. The anti-viral immune 

responses produced after therapeutic injections of reovirus have proven to be detrimental 

for the oncolytic capabilities of the virus. Hence, although reovirus has shown tremendous 

potential in in vitro studies and in immuno-compromised animals, its efficacy is 

compromised when implemented in hosts with an intact immune system. It is now 

acknowledged that the optimum efficacy of reovirus-based therapy can be achieved only 

after strategic management of both oncotherapy-initiated anti-tumor and anti-viral immune 

responses. In this context, complementary interventions that can potentiate anti-tumor 

and/or dampen anti-viral immunity are considered to be the key partners in achieving the 

maximum benefits of oncolytic virus-based therapies.  

Gemcitabine (GEM) is an FDA-approved chemotherapeutic agent that is now used for the 

treatment of a variety of cancers including pancreatic cancer, bladder cancer, lung cancer, 

and ovarian cancer (OC)377-382. Apart from its direct cancer killing activity, GEM also 

induces anti-tumor immune responses in cancer-bearing hosts in pre-clinical studies383. 

Thus, we hypothesized that GEM may complement reovirus therapy to achieve enhanced 
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direct oncolysis and to further potentiate reovirus-induced anti-tumor immunological 

activities. Using an immuno-competent murine model of OC, we demonstrate that the 

reovirus+GEM combination therapy produces better cancer outcomes and that these 

therapeutic benefits result primarily from the augmentation of anti-tumor immune 

responses through the modulation of the tumor-associated immunosuppressive 

microenvironment.  

4.3 RESULTS 

4.3.1 Reovirus and Gemcitabine Combination Treatment Significantly Increases the 
Survival of OC-bearing Mice as Compared to Either Treatment Alone 

Currently, live reovirus (Reo) and GEM combination treatment (Reo+ GEM) is undergoing 

clinical trials174.  To understand any possible benefits of this combination therapy, we first 

evaluated the kinetics of the disease pathology and survival in OC-bearing animals. To 

perform this study, ID8 tumor-bearing C57BL/6 animals were treated with Reo and GEM 

alone or in combination as per the schematic shown in Figure 4.1A and then monitored for 

ascites development and survival. In accordance with our previous observations1, the 

animals treated with Reo showed delayed development of peritoneal carcinomatosis (PC), 

as evidenced by ascites development (Fig 4.1B), and statistically greater survival (Fig 4.1C) 

as compared to PBS-treated animals (median survival: PBS control- 34 days vs. Reo-

treated- 47 days). Interestingly, when GEM was added to the Reo regimen, ascites 

development was further delayed, and even higher survival was promoted (median 

survival: GEM-treated- 39.5 days; Reo+ GEM-treated- 67 days). These results demonstrate 

that Reo+ GEM combination can further delay the development of the disease pathology 

and enhance survival in OC-bearing hosts, as compared to Reo (or GEM) treatment alone.  
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Figure  16 

14 

Figure 4.1. Reovirus and Gemcitabine Combination Treatment Significantly Increases the 
Survival of Ovarian Cancer-bearing Mice. (A) Female C57BL/6 mice were implanted i.p. 
with 3x106 MOSE ID8 cells, injected with a regimen of PBS/GEM/Reo alone or in 
combination, and then monitored for the development of ascites (B) and survival (C). 
Survival in respective experimental groups was calculated with the Kaplan-Meier survival 
method.  Results were analyzed with two-tailed, Statistical analysis was performed with 
one-way ANOVA with Bonferroni post-test; ns = p > 0.05; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 
0.001. Asterisks shown immediately on top of the bars represent p values obtained by 
comparing the respective data against PBS control, while asterisks shown above the 
horizontal lines display p values obtained through comparison between the indicated 
groups. Error bars are defined as mean + SD and data are representative of 3 independent 
experiments. 
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4.3.2 Gemcitabine Hampers Reovirus Spread and Replication 

Since both GEM and reovirus target cancer cells, we first investigated whether the 

prolonged survival seen in animals described in Figure 4.1 was due to increased cell death. 

For this purpose, ID8 cells were exposed to either a 0.1 or 1 multiplicity of infection (MOI) 

of Reo or PBS with or without GEM (1μM, EC50
 concentration of ID8 cells [Supplementary 

Fig 4.1]) for 24, 48, and 72 hr. The cultures were monitored for cell death with annexin V 

and 7-AAD staining using flow cytometry. The results (Fig 4.2A) showed that in general, 

GEM exhibited significantly greater killing capacity than that induced by Reo alone. At 24 

hr post treatment, the Reo+ GEM combination induced more cell death than did either agent 

alone.  However, at or beyond 48 hr post treatment, the levels of cell death induced by the 

combination were comparable to those caused by GEM alone (approaching 100%).  

We next examined whether GEM had a negative or positive effect on reovirus replication, 

in both total virus production as well as virus released into the medium. As shown in Figure 

4.2B, GEM treatment significantly decreased the viral titers of both total virus produced 

and virus released in a dose dependent manner. Next, utilizing intracellular staining with 

an anti-reovirus antibody, we carried out flow cytometry analysis to determine if GEM also 

negatively affects reovirus infection and spread. A comparable number of cells stained 

positive for reovirus for both Reo (1 MOI) alone or Reo (1 MOI) + GEM treated cultures 

at 24 hr, suggesting that GEM did not affect initial virus entry or replication at this time 

point (Fig 4.2C and Supplementary Fig 4.2). Similar observations were also obtained with 

Reo (10 MOI) alone or Reo (10 MOI) + GEM treated cultures at 24 hr. However, at both 

48 and 72 hr time points, cells treated with the Reo+ GEM combination showed 

significantly reduced reovirus infectivity compared to those treated with Reo alone (for 



109 
 

both 1 and 10 MOI concentrations). The lower percentage of reovirus-infected cells at the 

48 and 72 hr time points compared to the 24 hr time point (particularly for the 1 MOI 

cultures) likely reflects the higher number of dead cells at these later times. In congruence 

with the flow cytometry data, western blot analysis showed reduced abundance of reovirus 

proteins in Reo+ GEM treated cells as compared to cells infected with Reo alone at 24, 48, 

and 72 hr (Fig 4.2D). Collectively, we conclude that GEM negatively affects the spread 

and replication of reovirus.  

4.3.3 Reovirus and Gemcitabine Combination Blocks the Early Recruitment of 

MDSCs  

Since GEM has a negative effect on reovirus replication and release in vitro, we speculated 

that its ability to enhance reovirus efficacy in vivo is likely due to its capacity to modulate 

anti-tumor immune activities. From a mechanistic point of view, GEM is known to affect 

immune functions through the inhibition of CD11b+ Gr-1+ cells (MDSCs)280, 281. Recently, 

we have demonstrated that reovirus administration alone in OC-bearing animals induces a 

significant accumulation of MDSCs in the cancer microenvironment at 3 days post first 

injection (d.p.f.i.), which eventually subsides at 3 and 10 days post last injection (d.p.l.i.)1.  

Hence, we next determined whether GEM can alter this kinetics of reovirus-induced 

accumulation of MDSCs. To this end, C57BL/6 mice with ID8-induced ascites were 

injected with a therapeutic regimen of reovirus and GEM as per the schematic shown in 

Figure 4.3A and then analyzed for the frequencies of CD11b+ Gr-1+ cells at 3 d.p.f.i. and 3 

d.p.l.i.. 
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Figure  17 

15 

Figure 4.2. Increased Gemcitabine-induced Cell Death Negatively Affects the Spread and 
Propagation of Reovirus In Vitro. (A) MOSE ID8 cells were infected in vitro with 1 or 10 
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MOI of Reo in the presence or absence of 1 μM of gemcitabine and then harvested at 24, 
48, and 72 hr and stained with annexin V and 7-AAD (detection of apoptotic cells). (B) 
ID8 cells were infected with reovirus (0.1 MOI) and treated with various GEM 
concentrations (0.01, 0.1, 1, 10, or 100 μM). Intracellular and extracellular fractions were 
collected after 24 hr and assessed by standard plaque assay to quantify viral titers (pfu/mL). 
(C) illustrates cumulative data on intracellular staining of MOSE ID8 cells with anti-
reovirus antibodies to visualize reovirus-infected cells. The cumulative data for all 
conditions tested as noted. The asterisks shown above the horizontal lines display the p 
values obtained through comparison between Reo and Reo+ GEM groups at the respective 
time points. Asterisks shown immediately on top of the bars represent the p values obtained 
by comparing the respective GEM-treated group against PBS control. Statistical analysis 
was performed with one-way ANOVA with Bonferroni post-test; ns = p > 0.05; *p ≤ 0.05; 
**p ≤ 0.01; ***p ≤ 0.001. Error bars are defined as mean + SD. (D) Abundance of reovirus 
protein in ID8 cells collected after 24, 48, and 72 hr were analyzed by western blot. Data 
are representative of 3 independent experiments. 
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As shown in Figure 4.3B, animals injected with Reo alone showed a prompt increase in 

Gr-1+ CD11b+ cell numbers at 3 d.p.f.i.. However, the Reo+ GEM combination failed to 

induce this increase. As summarized in Figure 4.3C, Reo+ GEM-treated mice showed 

significantly lower frequencies of Gr-1+ CD11b+ cells in both the ascites and spleen as 

compared to animals treated with Reo alone at both 3 d.p.f.i. and 3 d.p.l.i.. GEM alone 

treatment also caused similarly reduced Gr-1+ CD11b+ cell frequencies at respective time 

points. Collectively, these results demonstrate that GEM inhibits the early recruitment of 

reovirus-induced Gr-1+ CD11b+ cells to the tumor microenvironment.  

To rule out the possibility that GEM suppresses MDSC recruitment by direct killing of 

these cells, we isolated MDSCs from the ID8-induced ascites and cultured them in the 

presence or absence of GEM and Reo, each alone or in combination. Similar to other 

publications280, 281, we have found that harvesting tumor-associated MDSCs in standard ex 

vivo culture media resulted the spontaneously death of the majority of the tumor-associated 

MDSCs within 24 hrs. However, with the supplementation of cell-free ascitic fluid, we 

were able to significantly reduce the spontaneous apoptosis of tumor-associated MDSCs in 

a dose dependent manner (Supplementary Fig 4.3). Thus, MDSCs collected from the ascites 

were cultured in 50% cell-free ascitic fluid and treated with the indicated treatments. GEM 

alone showed similar rates of survival as those cultured in medium only control (Fig 4.3D). 

Interestingly, MDSCs were effectively killed by either Reo alone or Reo+ GEM treatment. 

In contrast, MDSCs isolated from the bone marrow of naïve C57BL/6 mice were not 

significantly affected by Reo alone, GEM alone, or Reo+ GEM treatments (Fig 4.3E). 

Collectively, our data demonstrate that GEM does not kill tumor-associated MDSCs 
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directly but rather impedes the recruitment of these cells following therapeutic 

administration of reovirus in OC-bearing hosts. 

4.3.4 Gemcitabine Impairs the Expression of Reovirus-induced Pro-MDSC Factors 
In Vivo 

The survival and pathophysiology of MDSCs is dictated by various immune factors such 

as TGF-β, IL-1β, IDO-1, GM-CSF, and COX2. Hence, we next analyzed whether GEM 

can modulate the expression of these pro-MDSC factors during reovirus therapy. For this 

purpose, the ascites and tumor samples from ID8 cancer-bearing mice (injected as per the 

schematic shown in Figure 4.3A) were collected at various indicated time points, and then 

analyzed for the expression of TGF-β, IL-1β, IDO-1, GM-CSF, and COX2 using 

quantitative PCR (qPCR). As shown in Figure 4.4, the therapeutic administration of 

reovirus induced significantly greater expression of TGF-β, IL-1β, IDO-1, GM-CSF, and 

COX2 in the ascites (especially at 3 d.p.f.i.) compared to the levels PBS-treated ID8-tumor 

bearing animals. In comparison, when similar ascites-bearing animals were treated with 

Reo+ GEM combination, there was a significant reduction in the expression of all pro-

MDSC factors (TGF-β, IL-1β, IDO-1 and COX2) except GM-CSF in ascites. Similarly, 

significantly lower expression of IDO-1 and IL-1β was observed in the tumor samples 

collected from Reo+GEM combination treated animals as compared to Reo alone treated 

animals at 3 d.p.l.i.. Such expression of pro-MDSC factors remained unchanged following 

GEM alone treatment in both ascites and tumor, except for increased expression of IDO-1 

in ascites at both 3 d.p.fi. and 3 d.p.l.i., and GM-CSF in tumor at 3 d.p.f.i.. Collectively, 

these results show that GEM impairs the expression of pro-MDSC immune factors during 

reovirus oncotherapy.   
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Figure  18 

16 

Figure 4.3. Gemcitabine Blocks Reovirus-induced Early Recruitment of Cancer-associated 
MDSCs in the Cancer Environment Through Means other than Direct Oncolysis. (A) 
Female C57BL/6 mice were implanted i.p. with ID8 cells and then monitored for the 
development of PC. Then, these mice were injected with a regimen of PBS/GEM/Reo alone 
or in combination as shown in the schematic. (B) Ascites were harvested and stained to 
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detect the percentage of MDSCs (Gr-1+/CD11b+ cells) by flow cytometry at the respective 
time points and as shown in a representative example.  The events were collected with the 
same settings of the acquisition mode in FACSCalibur, demonstrating the gradient of 
CD11b expression between various samples; however, the statistical data include all 
relevant events in the analysis. The cumulative data from both the ascites and spleen shown 
in (C) represent the fold increase/decrease in the percentages of MDSCs after normalizing 
against PBS-treated control at the respective day post first injection (d.p.f.i.) or day post 
last injection (d.p.l.i.). The data are representative of n=3 except for Reo+ GEM 3 d.p.l.i. 
which is n=1. MDSCs were isolated from the ascites of OC-bearing mice and cultured in 
50% cell-free ascitic fluid and complete RPMI 1640 media (D), while those isolated from 
the bone marrow of naïve mice were cultured in complete RPMI 1640 media (E). Isolated 
MDSCs were then treated with Reo (1 MOI) and GEM (1 μM) alone or in combination as 
indicated. Cells were harvested at 24 hr and stained with anti-Gr-1 and anti-CD11b 
antibodies along with the apoptosis marker annexin-V followed by flow cytometry. Data 
are representative of 3 independent experiments. Asterisks shown immediately on top of 
the bars represent p values obtained by comparing the respective Reo + PBS, GEM+PBS, 
and Reo+ GEM-treated groups against PBS control. Statistical analysis was performed with 
one-way ANOVA with Bonferroni post-test; ns = p > 0.05; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 
0.001. Error bars are defined as mean + SD. 
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4.3.5 Lymphocyte Survival and Functionalities Remain Intact During Reo+ GEM 
Treatment 

Most chemotherapeutic agents are known to cause immunosuppression through adverse 

effects on lymphocytes. However, our data thus far indicate the beneficial contribution of 

immunological components in promoting greater survival following Reo+ GEM 

combination administration in cancer-bearing animals. Hence, we further investigated the 

effect of GEM and Reo, alone or in combination, on the survival and functionalities of T 

lymphocytes. To this end, splenocytes from naïve C57BL/6 mice were isolated and 

incubated in the presence of Reo and/or GEM for 24 hr, and then stained for annexin V 

along with CD3, CD4, and CD8 T cell markers. As shown in Figure 5A, all analyzed T cell 

subsets displayed similar rates of survival in the presence of Reo and GEM, either alone or 

in combination.  

Similarly, to monitor the functional competencies of T cells, splenocytes from naïve 

C57BL/6 mice were isolated and then stimulated with a mitogen (concanavalin A [ConA]) 

for 24 hr in the presence of Reo and GEM, alone or in combination, and then analyzed for 

the expression of activation markers (CD69 and CD71) on T cell populations. As shown in 

Figures 4.5B and 4.5C and summarized in Figure 4.5D, both CD4+ and CD8+ cells 

displayed comparable frequencies and magnitude of activation in the presence of GEM and 

Reo, alone or in combination, as compared to those treated with PBS control. Collectively, 

these data demonstrate that the survival and functionalities of T cells remain unaffected in 

the presence of Reo+ GEM combination. In the context of our previously published results1, 

98, we have additionally observed that tumor cells treated with Reo+ GEM combination 

preserve reovirus-induced elevated expression of the molecules involved in antigen 

processing and presentation (Supplementary Fig 4.4). 
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Figure  19 

17 

Figure 4.4. Gemcitabine Impairs the Expression of Reovirus-induced Pro-MDSC Factors 
in Ovarian Tumors In vivo. Female C57BL/6 mice were injected as per the protocol shown 
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in Figure 4.3A, and then sacrificed at the indicated time points to obtain respective tissues. 
The samples for "ascites" were collected from the cellular contents of the ascitic fluid, while 
the samples for "tumor" were collected from the solid tumor masses attached to the 
vasculature in the peritoneum. These samples were processed, RNA was extracted, 
purified, and reverse transcribed using random primers. QPCR was conducted with gene-
specific primers for IL-1β, IDO1, COX2, TGF-β, and GM-CSF followed by analysis using 
the Livak and Schmittgen’s 2-ΔΔCT method330. Bar graphs illustrate the linear fold change 
of the indicated mRNA replicates normalized to GAPDH and compared against PBS 
control. Gene expression data are representative of 3 independent experiments. Statistical 
analysis was performed with one-way ANOVA with Bonferroni post-test; ns = p > 0.05; 
*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. Asterisks shown immediately on top of the bars 
represent the p values obtained by comparing the respective data against PBS control, while 
asterisks shown above the horizontal lines display the p values obtained through 
comparison between Reo alone-treated animals and GEM alone or Reo+ GEM-treated 
animals at the respective time points. Error bars are defined as mean + SD and data are 
representative of 3-5 mice in each group and the qPCR was completed in duplicates. 
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Figure  20 

18 

Figure 4.5. Effect of Reo+ GEM Combination on T Cell Functionality and Survival, and 
Tumor Antigen Presentation Capacity. Splenocytes isolated from naïve C57BL/6 mice 
were stimulated with ConA (2.5 μg/mL) and treated with Reo (1 MOI) and GEM (1 μM) 
alone or in combination for 24 hr. (A) Splenocytes were harvested and stained with anti-
CD3, anti-CD4 and anti-CD8 antibodies along with annexin V and analyzed by flow 
cytometry. Alternatively, cells were stained with anti-CD4 (B) and anti-CD8 (C) antibodies 
along with anti-CD69 and anti-CD71 antibodies and analyzed by flow cytometry. (D) Bar 
graph represents representative data from 1 of 4 independent experiments. Asterisks shown 
immediately on top of the bars signify the p values obtained by comparing the ConA-
stimulated groups against their respective ConA-stimulated counterparts, while asterisks 
shown above the horizontal lines display the p values obtained through comparison 
between ConA-stimulated PBS control and other ConA-stimulated experimental groups as 
indicated. Asterisks represent the p values obtained by comparing the PBS control groups 
at indicated time points with that of various experimental conditions at respective time 
points. Statistical analysis was performed with one-way ANOVA with Bonferroni post-
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test; ns = p > 0.05; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. Error bars are defined as mean + 
SD and data are representative of 4 independent experiments. 
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4.3.6 Gemcitabine Accelerates the Development of Reovirus-induced Anti-tumor 
Immunity 

Recently, we have demonstrated that the therapeutic administration of reovirus in tumor-

bearing animals induces tumor-specific immune responses1, 105. Hence, we characterized 

the status, quality, and magnitude of such reovirus-initiated anti-tumor immunity in the 

presence of concomitant GEM treatment. To investigate this, ID8 tumor cells expressing a 

surrogate tumor antigen OVA (ID8-ova) were used. In this model, the capacity of T cells 

to be stimulated specifically by the immunodominant epitope-containing OVA-peptide 

(SIINFEKL peptide) indirectly illustrates a quantifiable measurement of an anti-tumor 

immune response. To this end, lymphocytes were obtained from the ID8-ova-tumor bearing 

C57BL/6 mice that were injected with a therapeutic regimen of Reo and GEM, alone or in 

combination (as per Fig 4.3A), and then stimulated in vitro with the SIINFEKL peptide to 

monitor proliferation in CD3+ cells and IFN-γ production in CD3+, CD8+ T cells. As shown 

in Figure 4.6A and in accordance with our recent observation, lymphocytes from the tumor-

bearing animals injected with Reo alone displayed a measurable T cell proliferative 

response on 3 d.p.l.i., but not on 3 d.p.f.i.. Importantly, tumor-bearing animals injected with 

Reo+ GEM combination displayed significantly higher magnitudes of proliferation on 3 

d.p.l.i as compared to Reo only-treated or untreated animals. A similar pattern was also 

observed in IFN-γ production capacities of SIINFEKL-stimulated CD3+, CD8+ T 

lymphocytes (Fig 4.6B).  Collectively, these results demonstrate that the addition of GEM 

to the reovirus therapeutic regimen significantly accelerates the development of a reovirus-

induced anti-tumor T cell response of a higher magnitude in cancer-bearing hosts. 
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Figure  21 

19 

Figure 4.6. Gemcitabine Potentiates Reovirus-induced Anti-tumor Immune Responses. 
C57BL/6 mice were implanted with MOSE ID8-ova cells and then treated with a 
therapeutic regimen of Reo and GEM, alone or in combination as per the protocol shown 
in Figure 4.3A. (A) Splenocytes were obtained on 3 d.p.f.i and 3 d.p.l.i., stained with CFSE 
and then stimulated with SIINFEKL peptide. After 72 hr, cells were stained with anti-CD3 
antibodies and then analyzed by flow cytometry for the CFSE fluorescence halving in CD3+ 
cells to define cell division index. (B) Alternatively, splenocytes were stimulated with 
SIINFEKL for 18 hr, incubated with brefeldin A for an addition 6 hr, then stained with anti-
CD3, anti-CD8 and anti-IFN-γ antibodies and analyzed by flow cytometry. Statistical 
analysis was performed with one-way ANOVA with Bonferroni post-test; ns = p > 0.05; 
*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. Asterisks shown immediately on top of the bars signify 
the p values obtained by comparing the respective data against PBS-treated control group, 
while asterisks shown above the horizontal lines display the p values obtained through 
comparison between Reo alone-treated animals and GEM alone or Reo+ GEM-treated 
animals at respective time points.  
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4.4 DISCUSSION 

It is now acknowledged that the optimum anti-cancer benefits of oncotherapies can be 

harvested only after managing the effects of the accompanying immunological events. 

Hence, current scientific efforts have focused on complementing the direct oncolytic 

properties of these viruses with supplementary interventions that can further potentiate such 

virus-induced anti-tumor immune activities. Gemcitabine, an FDA-approved anti-OC 

chemotherapeutic agent known to produce beneficial anti-tumor responses, presents an 

ideal candidate to fulfill these requirements. We hypothesized that gemcitabine and 

reovirus can kill cancer cells through their direct oncolytic activities, and further 

complement each other's capacity to induce anti-cancer immune activities. Gemcitabine 

was therefore strategically employed in this study to evaluate its potential in promoting the 

anti-cancer benefits of reovirus therapy. 

Our recent report1 demonstrated that the therapeutic administration of reovirus in ovarian 

cancer-bearing hosts initiates the accumulation of MDSCs in the ascites as well as spleens 

during the innate phase of infection (specifically at 3 d.p.f.i.). Interestingly, the elevated 

levels of MDSCs subsided during the late phase of infection (especially after 3 d.p.l.i-7 

d.p.f.i.) and coincided with the appearance of anti-tumor T cell immune activities. 

Considering the fact that decreased levels of MDSCs correlate with the development of 

anti-tumor T cell responses, we questioned the functional attributes of MDSC accumulation 

in the early innate phase. We hypothesized that down-modulation of MDSCs and associated 

immune effects during the innate phase could accelerate the development of anti-tumor 

immune activities. Gemcitabine was injected two days prior to, as well as during, reovirus 

injection regimen. Indeed, gemcitabine efficiently reduced the reovirus-induced 
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recruitment of MDSCs in the cancer microenvironment. More importantly, this early 

inhibition of MDSC recruitment was further associated with the development of accelerated 

tumor-specific T cell response. These data conclusively demonstrate that gemcitabine 

inhibits reovirus-driven accumulation of cancer-associated MDSCs and accelerates the 

development of beneficial anti-tumor immune responses.  

The pathophysiology of MDSCs is orchestrated by various immune factors, especially 

those present in the tumor microenvironment357, 384. These tumor-derived immune factors 

drive survival, accumulation, and functionalities of MDSCs and include molecules such as 

IL-1β, IL-6, IDO-1, TGF-β, GM-CSF, M-CSF, VEGF, COX2 and others (reviewed in 

Ostrand-Rosenberg et al. and Vanneman et al.357, 385). For example, IL-1β is necessary for 

the induction, accumulation, and survival of MDSCs in the tumor milieu386, IDO-1 aids 

MDSC-mediated depletion of tryptophan that subsequently kills effector T cells385, and 

TGF-β promotes the inactivation of T and NK cells357, 386. Similarly, tumor cells 

overexpressing IL-1β, IL-6, and COX-2 are known to induce higher frequencies of MDSCs 

in the cancer milieu384. We observed that during therapeutic reovirus infection, expression 

of these pro-MDSC factors was first elevated during the early phase (at 3 d.p.f.i.) and then 

subsided during the late phase (at 3 d.p.l.i.) in the tumor microenvironment. This kinetic 

was similar to that of the tumor-associated MDSC frequencies. It is hypothesized that 

reovirus induces MDSCs and pro-MDSC factors during the early phase of infection as an 

evolutionarily developed mechanism that protects the host against excessive tissue damage 

driven by virus-induced immunopathology. In the context of oncotherapy, however, these 

pro-MDSC factors also thwart any immune-mediated attack on tumor cells. Interestingly, 

GEM restricts the expression of reovirus-induced pro-MDSC factors and establishes 
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conditions more favourable for the initiation of anti-tumor immunity. As is evident from 

our data, animals injected with Reo+ GEM developed stronger anti-tumor responses at 3 

d.p.l.i., while this event was previously shown to be delayed until 10 d.p.l.i. in Reo alone-

treated animals1. Collectively, our data suggest that while both reovirus and GEM can kill 

cancer cells directly, GEM also inhibits reovirus-induced MDSCs, allowing for the 

accelerated development of anti-tumor immunity and hence, enhanced survival from OC 

(Fig 4.7).  

It would be of great interest to further test our model by carrying out experiments in which 

one or more components of the immune system (e.g., MDSCs or T cells) is depleted. 

However, such an approach is impractical as any interventions that down-modulate the 

immune response would also affect reovirus-mediated oncolysis. We have previously 

demonstrated that inhibition of T cell responses using anti-CD8 or anti-CD4 depletion 

antibodies enhances reovirus spread and direct tumor oncolysis387. Similarly, the depletion 

of MDSCs is known to affect viral replication and associated immunopathology274, 355. This 

confounding effect of immune-modulation on reovirus-mediated oncolysis prohibits the 

use of the “immune cell depletion” approach to delineate the exact contribution of the 

immune system in anti-tumor response. 

In summary, the present study demonstrates the suitability of gemcitabine chemotherapy 

in conjunction with reovirus-based oncotherapy. We have comprehensively dissected 

various mechanisms that endow the Reo+ GEM combination with a capacity to induce 

better outcomes from OC. In the context of current reovirus clinical trials that  
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Figure  22 

20 

Figure 4.7. An Illustration of the Various Mechanisms Through which Gemcitabine 
Enhances the Efficacy of Reovirus-based Oncotherapy. Reovirus oncotherapy is known to 
target cancer through two distinct prongs: direct oncolysis (prong I) and virus-induced anti-
tumor immune response (prong II). Gemcitabine not only directly kills cancer cells but also 
enhances the efficacy of reovirus-based therapy through immunological mechanisms, 
including: 1) inhibition of reovirus-induced MDSC recruitment to the tumor 
microenvironment, 2) down-modulation of pro-MDSC factors, and 3) accelerated 
development of anti-tumor immunity.  
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involve combination therapy with gemcitabine, our findings have important bearings on 

treatment regimen, efficacy, and patient outcomes.   
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4.7 SUMMARY OF CHAPTER 4 AND TRANSITION TO CHAPTER 5 

This chapter illustrates that complementing reovirus-based OV therapy with the MDSC-

depleting agent gemcitabine accentuates the immunostimulatory effects of OV therapy and 

results in enhanced treatment efficacy. Our findings further illustrated that gemcitabine 

directly impairs reovirus replication and thus, an alternative approach that manipulates 

reovirus-driven MMCs without affecting reovirus concentration could further enhance 

therapeutic outcome. Although, the above findings illustrate the immunosuppressive 

potential of these reovirus-driven MMCs it does not indicate particular signaling pathways 

which contribute to such immunosuppression. To this end, we felt that such pathways could 

be identified through the development of a global analytical platform. Thus, the following 

chapter focuses on the development and application of a novel global mass spectrometry-

based platform which can monitor the temporal in vivo total proteomic changes of a 
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particular immune cell population. In particular, we elucidated the function of reovirus-

driven MMCs in the context of infection with the ultimate goal to conduct such proteomic 

investigation of reovirus-driven and tumor-infiltrating MMCs in the future.  
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21 

 
Figure  23 

Supplementary Figure 4.1. MOSE ID8 Cells Have an EC50 of 1 μM of Gemcitabine for 
the First 24 Hours of Treatment. ID8 cells were treated with various concentrations of GEM 
(0.01, 0.1, 1, 10, 100 μM). An MTS assay from Promega (Madison, WI) was performed 
following the manufacture's instructions. The data illustrate the results of 4 independent 
experiments. 
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Figure  24 

22 

Supplementary Figure 4.2. Gemcitabine Negatively Affects the Spread of Reovirus In 
Vitro. ID8 cells were infected with reovirus (1 MOI) and treated with 1 μM of GEM for 24, 
48, and 72 hrs. At the indicated time points, intracellular staining for reovirus positive 
MOSE ID8 cells was conducted using an anti-reovirus antibody for flow cytometry 
analysis. The dot-plots illustrated are representative of 3 independent experiments. 
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Figure  25 

23 

Supplementary Figure 4.3. Spontaneous Apoptosis of Isolated Tumor-associated MDSCs 
Can Be Reduced with Increased Percentage of Cell-free Ascitic Fluid. MDSCs were 
harvested from the ascitic fluid of late-stage tumor-bearing C57BL/6 mice and isolated 
using the MDSC isolation kit (Miltenyi Biotec, Auburn, CA) following the manufacturer’s 
instructions. Isolated MDSCs were then plated with increasing percentages of cell-free 
ascitic fluid. After 24 hr of incubation, the samples were stained with anti-Gr-1, anti-CD11b 
antibodies and annexin V to monitor spontaneous apoptosis of the isolated MDSCs. 
Asterisks shown immediately on top of the bars represent the p values obtained by 
comparing the respective percentage of ascitic fluid to the 100% ascitic fluid control. 
Statistical analysis was performed with two-tailed, Student’s t-test with 95% CI; ns = p > 
0.05; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. Error bars are defined as mean + SD. 
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Figure  26 

24 

Supplementary Figure 4.4. Reo+ GEM Combination Preserves Reovirus-induced 
Expression of Molecules Involved in Antigen Processing and Presentation. ID8 cells were 
incubated in the presence or absence of reovirus and GEM, alone or in combination, for 12, 
24, 48, or 72 hr, harvested and the analyzed in quantitative real time PCR for the expression 
of H2d, Tap1 and Tap2. Asterisks represent the p values obtained by comparing the PBS 
control groups at indicated time points with that of various experimental conditions at 
respective time points. Statistical analysis was performed with two-tailed, Student’s t-test; 
ns = p > 0.05; *p≤ 0.05; **p≤ 0.01; ***p≤ 0.001. Error bars are defined as mean + SD and 
data are representative of 4 independent experiments. 
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CHAPTER 5:  QUANTITATIVE TEMPORAL IN VIVO PROTEOMICS 
(QTIPS) DECIPHERS THE TRANSITION OF VIRUS-DRIVEN 

MYELOID CELLS INTO M2 MACROPHAGES 
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5.1 ABSTRACT 

Myeloid cells play a central role in virus eradication, yet how these cells precisely 

differentiate throughout the course of acute infections is poorly understood. In this study, 

we developed a novel quantitative temporal in vivo proteomics (QTiPs) platform to capture 

proteomic signatures of temporally transitioning virus-driven myeloid cells directly in situ, 

thus taking into consideration host-virus interactions throughout the course of an infection. 

QTiPs, in combination with phenotypic, functional and metabolic analyses, elucidated a 

pivotal role for inflammatory CD11b+ Ly6G- Ly6Chigh-low cells in the anti-viral immune 

response and viral clearance. Most importantly, the time-resolved QTiPs dataset showed 

the transition of CD11b+ Ly6G- Ly6Chigh-low cells into M2-like macrophages which 

displayed increased antigen presentation capacities and bioenergetic demands late in 

infection. We elucidate a pivotal role of myeloid cells in virus clearance and show how 

these cells phenotypically, functionally, and metabolically undergo a timely transition from 

inflammatory to M2-like macrophages in vivo. With respect to the growing appreciation 

for in vivo examination of viral-host interactions and for the role of myeloid cells, this study 

elucidates the use of quantitative proteomics to reveal the role and response of distinct 

immune cell populations throughout the course of virus infection.  

5.2 INTRODUCTION 

Myeloid immune cell populations are phenotypically dynamic and arise from a common 

pluripotent hematopoietic stem cell lineage. Following infection, bone marrow (BM)-

emigrating immature monocytic myeloid cells, identified in mice as CD11b+ Ly6G- Ly6C+ 

cells, are recruited to the site of infection and mediate anti-microbial, as well as 

inflammatory, functions. Importantly, site-specific environmental cues dictate the 



135 
 

functionality and cellular phenotype of these myeloid cells, ranging from pro-inflammatory 

to immunosuppressive. It is hypothesized that through temporal transition, these 

inflammatory immature myeloid cells differentiate into monocytes and macrophages which 

acquire specific phenotypes, functionalities, and metabolic profiles throughout infection. 

Such plasticity permits these myeloid cells to be associated with a plethora of pathological 

conditions including pathogenic infections248, 253, 388, inflammatory diseases/responses249, 

389, cancer progression251, 252, 390, 391, and anti-tumor immune responses250.  

Following infection, recruitment and transition of inflammatory CD11b+ Ly6C+ cells are 

instrumental in L. monocytogenes253, K. pneumoniae248, and influenza virus clearance254. 

Although the exact mechanism of how inflammatory CD11b+ Ly6G- Ly6C+ cells contribute 

to pathogen clearance is unclear, it is apparent that these cells are pivotal in both innate 

immunity as well as adaptive immunity248, 392. Thus, an in-depth examination of their 

transitory, temporal and stage-specific phenotype is necessary to understand the role and 

function of virus-driven inflammatory myeloid cells.  

Changes in immune cell functions during infections are dependent on dynamic proteomic 

changes over time. Notwithstanding previous technological challenges, comprehensive and 

temporal characterization of proteomes to understand cellular function is now possible due 

to recent advancements in multiplex quantitative proteomics393, 394. Combined with novel 

synchronous precursor selection with three-stage mass spectrometry (SPS-MS3) 

acquisition methods, extremely precise measurements of cellular proteomes are now 

possible395, 396.  Although proteomic analysis has previously captured single time-point 

“snapshots” of in vivo cell populations, in vivo dynamics of immune cell populations have 

not been explored. Here, we report a quantitative temporal in vivo proteomics (QTiPs) 
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approach, which combines SPS-MS3-based 10-plex quantitative proteomics with flow 

cytometry-based cell sorting to precisely capture temporospatial proteomic changes of 

newly recruited, transitory CD11b+ Ly6G- Ly6Chigh-low cells during reovirus infection.  

Reovirus is a benign, enteric, human dsRNA virus that drives an acute viral infection and 

is readily cleared by an immuno-competent host123. In addition to its use as a model of acute 

infection, reovirus is known for its potent preferential cancer-killing (also known as 

oncolytic) activities, and is being tested as a therapeutic oncolytic virus in phase I, II, and 

III clinical trials internationally for the treatment of a variety of tumors103, 124, 126, 132, 135, 397. 

In this context, it is now clear that immunological events initiated following the 

administration of reovirus in immuno-competent hosts are an indispensable part of 

reovirus-based cancer therapy. Thus, a detailed understanding of immunological events 

initiated following viral infection is pertinent to the therapeutic effectiveness of oncolytic 

virus-based cancer immunotherapy6, 101. Using QTiPs combined with phenotypic, 

transcriptional, functional, and metabolic validations, we illustrate a temporal transition of 

reovirus-driven CD11b+ Ly6G- Ly6C+ cells from their role in innate anti-viral immune 

response (CD11b+ Ly6G- Ly6Chigh cells) to their acquisition of M2-like macrophage 

phenotype (CD11b+ Ly6G- Ly6Clow cells) during viral infection. Our QTiPs approach 

reports a novel platform to elucidate in-depth, quantitative, temporospatial cellular 

transitions in the context of various patho-physiological conditions in situ.  

5.3 RESULTS  

5.3.1 QTiPs of Virus-induced CD11b+ Ly6G- Ly6Chigh Myeloid Cells  
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Exposure to pathogens, especially viruses, drives the recruitment of CD11b+ Ly6G- 

Ly6Chigh myeloid cells that undergo a functional transition at the site of infection. To 

directly visualize this transition of newly recruited, virus-induced myeloid cells in situ, we 

performed 10-plex quantitative mass spectrometry (MS) on temporally collected, cell-

sorted, reovirus-driven myeloid cells. Reovirus induces the accumulation of otherwise 

absent CD11b+ Ly6G- Ly6Chigh cells at the site of infection as early as 1 day post injection 

(d.p.i.), which subsequently exhibit a gradual loss of Ly6C expression over time (hence the 

reference to these cells as CD11b+ Ly6G- Ly6Chigh-low (Fig 5.1A, Supplementary Fig 5.1A, 

and Supplementary Fig 5.1B). These CD11b+ Ly6G- Ly6Chigh-low cells were sorted from the 

site of infection (SOI, inflammatory) and the BM (resident) from ten C57BL/6 mice per 

collection point. QTiPs analysis identified 6634 proteins and quantified 5019 proteins from 

the in vivo harvested and cell-sorted myeloid cell population spanning the course of 10 days 

in both the SOI and BM (Fig 5.1B, Supplementary Data 5.1). Comparing 10 d.p.i. to 1 

d.p.i., SOI-isolated cells contained more proteomic changes (> or < 2-fold) than in the BM 

myeloid cells (12.69% vs. 5.46%, respectively) (Fig 5.1C). Since the QTiPs dataset 

provides rich temporal proteomic data, it can be interrogated further to reveal temporally-

distinct virus-driven myeloid cell changes over the course of acute infection. 

Due to the limited knowledge of the overall proteomic signature of CD11b+ Ly6G- 

Ly6Chigh-low cells, we first conducted a GO-annotation analysis333, 334 of all identified 

proteins in our dataset. The most represented biological processes (BPs) were cellular 

(including cell cycle, proliferation, recognition, and growth) and metabolic (including 

catabolic, biosynthetic, and coenzyme) processes pertaining to 33.6% and 20.7% of the 

overall annotation analysis, respectively (Fig 5.1D and Supplementary Fig 5.1C). As 
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anticipated, we observed immune system-associated BPs (Fig 5.1D), which encompassed 

antigen processing/presentation, immune response, and macrophage activation BPs 

(Supplementary Fig 5.1C). An investigation of BP-associated proteins identified temporal 

differences between the SOI and BM. For example, immune-associated proteins 

(complement C4-B, IFN-inducible GTPase 1, and activated macrophage/microglia WAP 

domain protein [WFDC17]) were predominantly higher in the SOI-isolated cells. 

Interestingly, unlike complement C4-B and IFN-inducible GTPase which peak in relative 

abundance at 1 and 5 d.p.i., respectively, WFDC17 increased ~10-fold from 1-10 d.p.i., 

suggesting a time-dependent discrepancy in immune function (Fig 5.1E). Additionally, 

numerous cell cycle-associated proteins (e.g., Retinoblastoma-like protein 1) were more 

abundant in BM-isolated fractions, proposing that cellular proliferation of these myeloid 

cells is greater in the BM. Since metabolic alterations can contribute to immune cell 

function/differentiation, we inspected the dataset for metabolic proteins and observed a 2.1- 

and 8.4-fold induction of lactate dehydrogenase and glutamine synthetase, respectively, 

from 1-10 d.p.i. in SOI-isolated cells; however, no change was observed within the BM-

isolated collections (Fig 5.1E). These changes suggest that SOI-isolated cells develop a 

more Warburg-like metabolism at 7 and 10 d.p.i.. Collectively, our QTiPs approach 

successfully captured temporal, quantitative, and spatially comparable proteomes of 

transitory myeloid cells directly from their in situ microenvironment. 

 

  



139 
 

 
Figure  27 

25 

Figure 5.1. QTiPs Analysis of CD11b+ Ly6G- Ly6Chigh-low Cells Following Reovirus 
Infection. (A) Schematic representation of the flow-through for the temporospatial 
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proteomic approach combining fluorescence-activated cell sorting with TMT-mass 
spectrometry-based proteomics throughout viral infection (intraperitoneal injection [i.p.]). 
Dot-plots represent sequential gating strategy and isolated population (CD11b+ Ly6G- 
Ly6Chigh-low cells, conserved within the black box) from each collection point from the SOI 
and BM. A pooled population of CD11b+ Ly6G- Ly6Chigh-low myeloid cells were isolated 
from 10 C57BL/6 mice at 1, 3, 5, 7, and 10 d.p.i.. (B) Relative intensity of total quantitative 
proteomic analysis of CD11b+ Ly6G- Ly6Chigh-low cells throughout infection in both the 
SOI and BM. (C) Comparison between total protein levels at 10 d.p.i. to 1 d.p.i. (log2[10 
d.p.i./1 d.p.i.]) of SOI- and BM-isolated cells (D) GO-term enrichment analysis of the 
biological process terms of total proteomic analysis. (E) Representative protein intensity 
profiles of selective targets from the highlighted biological process terms (cellular process, 
immune system process, and metabolic process).  
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5.3.2 Temporal Transition of Inflammatory CD11b+ Ly6G- Ly6Chigh Cells Aids in 
Viral Clearance  

To understand distinct functions of virus-driven CD11b+ Ly6G- Ly6Chigh cells, we clustered 

the dataset using k-means clustering, revealing temporally distinct patterns of protein 

expression. Three of ten clusters contained proteins repressed over the period of 1-10 d.p.i. 

(Supplementary Fig 5.2). GO-annotation analysis using DAVID bioinformatics398, 399 of 

cluster #1 (decreased expression patterns from 1-3 d.p.i.) showed an over-representation of 

BPs corresponding to response to cytokine stimulus, humoral immune response, defense 

response (e.g., IFIH1 and CCL2), and steroid metabolic processes (Fig 5.2A-B). Alongside 

these BPs, serine-type peptidase and endopeptidase inhibitor activity molecular functions 

(MFs) were over-represented within this cluster (e.g., ZP1 and HRG). In cluster #2 

(expression peak at 5 d.p.i.), we observed an over-representation of response to wounding, 

response to stimulus (hormone and positive regulation) (e.g., CCL7 and CCL12), and 

endopeptidase inhibitor activity (e.g., SPA3K and MUG1) (Fig 5.2C-D). These data 

suggest that SOI-isolated cells are early responders to viral infection. Furthermore, cluster 

#3 represented proteins with a general elevated relative intensity within SOI- vs. BM-

isolated cells. GO-annotation of cluster #3 showed an over-representation of BP-associated 

categories for the response to virus (e.g., RSAD2 and TLR3), response to wounding, 

endocytosis, and antigen processing/presentation (e.g., ICAM1 and HA11) (Fig 5.2E-F). 

Specifically, cluster #3 contained hallmark viral infection-associated immunological 

targets, such as 2’-5’-oligoadenylate synthase 1A (OAS1A),  



142 
 

 

Figure  28 

26 

Figure 5.2. CD11b+ Ly6G- Ly6C+ Cells Mount an Anti-viral Immune Response Early 
Following Reovirus Infection. Cluster #1, 2, and 3 were generated via k-means cluster 
analyses using the Euclidean distance metric and are representative of three of ten clusters 
of the total proteomic analysis. GO-annotation analysis of biological process (BP) and 
molecular function (MF) for cluster #1 (A, B), cluster #2 (C, D), and cluster #3 (E, F) using 
DAVID bioinformatics, summarized in bar graph and represented as individual protein 
profiles for the indicated GO-Terms. Bar graphs illustrate the -log10 (adjusted [adj.] p-
value) and number of identified targets per GO-Term (in brackets). The above data are 
representative of a pooled cell-sorted population from 10 C57BL/6 mice per collection time 
point.  
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TLR3, TLR9, H-2 Class-I histocompatibility antigen, beta-2-microglobulin, and ICAM1. 

Collectively, this analysis reveals a time-dependent transition of inflammatory CD11b+ 

Ly6G- Ly6Chigh-low cells and suggests a role for inflammatory CD11b+ Ly6G- Ly6Chigh-low 

cells in anti-viral immunity. 

Considering that reovirus exposure stimulates pattern recognition receptors (PRRs), 

especially toll-like receptor 3 (TLR-3), and produces a type I IFN response, clusters #1-3 

were additionally analyzed using an Interferome database400. This analysis revealed profiles 

for numerous IFN-associated proteins (e.g., ISG20, MPEG1, IFI5A, Q9DCE9, and IRG1) 

(Fig 5.3A-C). Gene-specific RT-PCR amplification of Isg56, Cd40, Igtp, Serpina3k, Ccl7, 

Ifit3, Irgm1, Trafd1, and Ifi205a showed compatible mRNA expression trends with that of 

their respective protein expression profile from clusters #1-3 (Fig 5.3D). Importantly, 

temporal changes in IFN-associated protein expression were mostly within SOI-isolated 

cells as opposed to their BM-isolated counterparts. Categorizing these IFN-associated 

proteins into type I and II responses emphasizes a predominant type I IFN response from 

SOI-isolated cells early following infection, in addition to a secondary elevation in type II 

IFN-associated proteins (shown in cluster #2) (Fig 5.3E). Together, these results suggest 

that CD11b+ Ly6G- Ly6Chigh-low cells contribute to a type I and II IFN response following 

infection.  

Based on the temporal IFN response associated with CD11b+ Ly6G- Ly6Chigh-low cells, we 

next sought to determine if they affect viral replication. First, we investigated reovirus titers 

within CD11b+ Ly6G- Ly6Chigh-low cells (intracellular), as well as those present within the 

SOI (extracellular). In congruence with the reoviral lambda protein 
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Figure  29 

27 

Figure 5.3. Reovirus-driven CD11b+ Ly6G- Ly6Chigh Cells Display a Predominant Type I 
IFN Response During the Early Stages of Infection. Individual protein profiles of selective 
IFN-associated proteins of cluster #1 (A), cluster #2 (B), and cluster #3 (C) using the 
Interferome database of annotated IFN-associated proteins. (D) QPCR validation of the 
indicated genes on isolated CD11b+ Ly6G- Ly6Chigh-low cells. Bars are the representative 
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mean of n=2 of pooled populations of 5-10 mice per collection time point for both SOI- 
and BM-isolated cells, ran in duplicate and normalized to GAPDH and compared to 1 d.p.i. 
BM sample to obtain the fold change. (E) Interferome database of annotated IFN-associated 
genes from cluster #1-3 were represented in Venn diagram categorized with respect to type 
I and II IFN. 
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expression profile captured within the QTiPs data (Fig 5.4A), plaque assay-based analysis 

for the intracellular and extracellular virus showed the highest viral titers at 1 d.p.i. that 

steadily declined over the course of 10 days (Fig 5.4B-C). These data demonstrated the 

ability of inflammatory CD11b+ Ly6G- Ly6Chigh-low cells to harbor reovirus in a time-

dependent manner. In the context of the proposed role for such myeloid cells as oncolytic 

virus carriers167, 401, 402, these findings bear clinical relevance.  

Since the SOI contains a diverse mixture of immune cells, we wanted to delineate whether 

the CD11b+ Ly6G- Ly6Chigh-low cells specifically affect viral persistence. For this purpose, 

we used a well-documented CCR2 KO mouse model in which the trafficking of 

inflammatory myeloid cells from the BM to the SOI is defective253. Importantly, this 

characteristic impaired trafficking of inflammatory myeloid cells in CCR2 KO mice is 

routinely used to identify the contribution of myeloid cells during viral, bacterial, and 

parasitic infections254, 392. Thus, we first conducted comparative frequency/kinetic analysis 

of reovirus-driven CD11b+ Ly6G- Ly6Chigh-low cells in wild type (WT) C57BL/6 versus 

CCR2 KO mice and showed a near absence of CD11b+ Ly6G- Ly6Chigh-low cell 

accumulation within the SOI of CCR2 KO mice (Fig 5.4D), confirming the requirement of 

CCR2 for the recruitment of CD11b+ Ly6G- Ly6Chigh-low cells at the SOI. No significant 

frequency/kinetics differences for these cells were observed within the spleen and BM of 

WT vs. CCR2 KO mice (Supplementary Fig 5.3A). Furthermore, a comparative 

intracellular virus load analysis on total SOI-collected immune cells illustrated significantly 

higher titer of replication-competent reovirus in CCR2 KO mice (which contain a lower 

number of CD11b+ Ly6G- Ly6Chigh-low cells) as compared to the WT mice (Fig 5.4E) and 

suggested an anti-viral role for inflammatory myeloid cells. It should  
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Figure  30 

28 

Figure 5.4. Reovirus-driven, CCR2-dependent Recruitment/Accumulation of CD11b+ 
Ly6G- Ly6Chigh-low Cells Hinder Viral Persistence. (A) Proteomic identification and 
temporospatial quantitation of reovirus (lambda-2) protein. Temporal reovirus titers from 
intracellular reovirus (B) in isolated CD11b+ Ly6G- Ly6Chigh-low cells (pfu/1x106 cells) and 
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extracellular reovirus (C) collected from the SOI of reovirus-infected animals at the 
indicated time points. (D) Flow cytometry analysis of CD11b+ Ly6G- Ly6Chigh-low cell 
frequency/kinetics from the SOI of wild type C57BL/6 mice and CCR2 KO mice. (E) 
Intracellular reovirus titers (pfu/1x106 immune cells) collected from the SOI of wild type 
C57BL/6 mice and CCR2 KO mice at the indicated time points post injection. (F) 
Intracellular staining of ROS (DCF) and NO (DAF-FM) in CD11b+ Ly6G- Ly6Chigh-low 
cells and shown as mean fluorescent intensity (M.F.I.). Graphs in B-C and E-F are 
representative of mean +/- SEM with n=5-6 mice per collection. The graph in D is mean 
+/- SEM and representative of n=30 wild type C57BL/6 mice and n=3-8 CCR2 KO mice 
per collection point post injection. One-way ANOVA with Bonferroni post-test (B, C, D, 
and F) or a two-tailed Student’s t-test (E) with 95% confidence interval were used for 
statistical analysis, and p values of <0.05 were considered significant. Asterisks were used 
to signify p values as follows: *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. 
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also be noted that these inflammatory cells also contain the known anti-viral mediators 

including reactive oxygen species (ROS) and nitric oxide (NO), especially at 1 d.p.i. (Fig 

5.4F). Together, these analyses validate the QTiPs-revealed role for CD11b+ Ly6G- 

Ly6Chigh-low cells in viral clearance. 

5.3.3 Virus-driven CD11b+ Ly6G- Ly6Chigh Cells Acquire Enhanced Antigen 
Presentation Characteristics 

A particularly interesting cluster of proteins showed delayed (7-10 d.p.i.) increased 

abundance in SOI- but not BM-isolated CD11b+ Ly6G- Ly6Chigh-low cells (Fig 5.5A, cluster 

#4). GO-annotation of cluster #4 illustrated an increased peptidase activity (MF) within 

these cells during the later stages of infection, which included antigen 

processing/presentation-associated proteins, such as Cathepsin B (CATB) and Cathepsin D 

(CATD), that are essential to drive an effective adaptive immune response (Fig 5.5B-C)403. 

Go-annotation also revealed an over-representation of MFs of immune effector process, 

response to wounding (e.g., PERF and ARGI1), homeostatic process, endocytosis, and 

major histocompatibility complex (MHC)-II antigen processing/presentation (e.g., MRC1 

and HG2A) in SOI-isolated cells (Fig 5.5B, D). QPCR-based validation of many of these 

targets showed consistent temporal gene expression patterns for genes Mrc1, Pepd, H2-

ab1, Cd74, Tpp1, and Lip1 (Supplementary Fig 5.3B). Together, our QTiPs data suggested 

the acquisition of antigen presentation capabilities by inflammatory CD11b+ Ly6G- 

Ly6Chigh-low cells late during infection. 

To validate this increased antigen presentation capability, we examined MHC-II surface 

expression on CD11b+ Ly6G- Ly6Chigh-low cells during infection. Congruent with our 

proteomics data, these cells demonstrated higher surface expression of MHC-II at 7-10 

d.p.i. compared to 3 and 5 d.p.i.; however, it was interesting to note that these cells were 
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initially recruited with elevated MHC-II expression at 1 d.p.i. (Fig 5.5E). Finally, to 

demonstrate the antigen presentation capacity, we monitored the ability of virus-driven 

CD11b+ Ly6G- Ly6Chigh-low cells to present the immunodominant epitope of ovalbumin 

(OVA; peptide SIINFEKL) in the context of MHC-I. Importantly, CD11b+ Ly6G- Ly6Chigh-

low cells showed the highest capacity to present SIINFEKL at 7 d.p.i. (Fig 5.5F). Altogether, 

our data suggest that inflammatory CD11b+ Ly6G- Ly6Chigh-low cells undergo a phenotypic 

and functional transition to acquire enhanced antigen processing/presentation abilities 

during the later stage of infection. 

5.3.4 Metabolic Reprogramming Accompanies Inflammatory CD11b+ Ly6G- Ly6Chigh-

low Cell Transition/Differentiation 

Due to the connection between distinct metabolic pathways and myeloid cell functional 

capacities and based on the QTiPs-identified induction of proteins regulating metabolism 

(e.g., LDHA), we also assessed metabolic profiles of transitory CD11b+ Ly6G- Ly6Chigh-

low cells. Metabolic-associated proteins (indicated by BPs and cellular compartment GO-

annotation analysis) were evident in cluster #5 with an increasing trend from 1-10 d.p.i. in 

SOI-isolated cells (Supplementary Fig 5.4A-C). We compared our QTiPs dataset to the 

mouse MitoCarta2.0 dataset404, 405 to exclusively examine known mitochondrial proteins. 

Using k-means clustering, we subdivided the total mitochondria-associated proteomic data 

into various clusters (Mito-clusters #1-10; Fig 5.6A and Supplementary Fig 5.5). GO-

annotation analysis of Mito-clusters #1-2 showed an over-representation of proteins 

involved in cellular response to ROS, fatty acid metabolic process, response to oxidative 

stress, and generation of precursor metabolites and energy (Supplementary Fig 5.6A).  
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29 

 
Figure  31 

Figure 5.5. Reovirus-driven CD11b+ Ly6G- Ly6Chigh-low Cells Acquire Increased Antigen 
Processing/Presentation Properties at Later Stages of Infection. (A) K-means cluster 
analyses with Euclidean distance represented by relative intensity heat map of cluster #4 (1 
of 10 clusters) of the total proteomic analysis of CD11b+ Ly6G- Ly6Chigh-low cells 
(illustrated in Figure 5.1B). (B) GO-annotation analysis of BP and MF for cluster #4, using 
DAVID bioinformatics, summarized in bar graph, illustrating the -log10 (adjusted [adj.] p-
value), and number of identified targets per GO-Term (in brackets). Individual protein 
profiles of the indicated MF (C) and BP (D). Flow cytometry analysis of MHC class II (E) 
and MHC class I-OVA (F) surface expression (represented in mean fluorescence intensity 
[M.F.I.]) of CD11b+ Ly6G- Ly6Chigh-low myeloid cells throughout the course of infection. 



152 
 

CD11b+ Ly6G- Ly6Chigh-low myeloid cells pulsed with OVA peptide (SIINFEKL) were 
analyzed for MHC class I-OVA at the indicated collection time points. Above experiments 
(E and F) are the representative bar graphs of mean +/- SEM with n=3-5. One-way ANOVA 
with Bonferroni post-test (E and F) with 95% confidence interval were used for statistical 
analysis, and p values of <0.05 were considered significant. Asterisks were used to signify 
p values as follows: *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. 
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KEGG pathway analysis398, 399 of Mito-clusters #1-2 showed an over-representation of fatty 

acid metabolism, oxidative phosphorylation, and the citric acid cycle (Supplementary Fig 

5.6A); while STRING network analysis406 further illustrated the interaction of these 

pathways amongst all metabolic pathway-associated proteins (shown in red) within these 

clusters (Fig 5.6B). Individual protein profile analysis from Mito-clusters #1-2 of the citrate 

acid cycle, fatty acid metabolism, and oxidative phosphorylation revealed a general 

increasing trend from 1-10 d.p.i. (Fig 5.6C). These analyses highlight the metabolic 

reprogramming of inflammatory CD11b+ Ly6G- Ly6Chigh-low cells following viral infection.  

Since the proteomic data suggested metabolic switch in SOI-isolated CD11b+ Ly6G- 

Ly6Chigh-low cells, especially at 7-10 d.p.i., we examined time-dependent cellular 

bioenergetics (mitochondrial respiration and glycolysis) (Fig 5.6D and Supplementary Fig 

5.6B) in isolated CD11b+ Ly6G- Ly6Chigh-low cells. As shown in Figure 5.6E and 

Supplementary Figure 5.6C, SOI-isolated cells displayed the highest basal oxygen 

consumption rate (OCR), ATP production (Supplementary Fig 5.6D), and proton leak 

(Supplementary Fig 5.6E) at 7 d.p.i., suggesting higher bioenergetic demand at 7 d.p.i.. 

Concurrently, basal extracellular acidification rate (ECAR) (Fig 5.6E and Supplementary 

Fig 5.6F) of isolated CD11b+ Ly6G- Ly6Chigh-low cells were also greatest at 7-10 d.p.i.. 

Importantly, the opposing trend was observed with spare respiratory capacity (Fig 5.6F), 

maximal OCR (Supplementary Fig 5.6G), and glycolytic reserve (Fig 5.6G and 

Supplementary Fig 5.6H), indicating that these cells utilize glycolysis close to their 

theoretical maximum at 7-10 d.p.i.. These data show that inflammatory CD11b+ Ly6G- 

Ly6Chigh-low cells undergo metabolic reprogramming at the SOI and increase both glycolytic 

and respiratory capacities during the later stages of infection.   



154 
 

 
Figure  32 

30 

Figure 5.6. Temporal Metabolic Reprogramming of Inflammatory CD11b+ Ly6G- Ly6Chigh-

low Cells. (A) Comparison of the total proteomic dataset with MitoCarta2.0 dataset to 
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generate clusters via k-means clustering and Euclidean distance analysis. Selected 2 of 10 
clusters are illustrated via heat map with indicated protein IDs. (B) String Network analysis 
of Mito-cluster #1 and 2 illustrating metabolic pathway-associated proteins in red and 
encircled are the identified proteins associated with the indicated KEGG pathway and their 
interactions. (C) Individual protein profiles (also highlighted in red in [A]) pertaining to the 
indicated KEGG pathways. (D) OCR of isolated cells for each collection point. Basal OCR 
and ECAR graphically represented (E) and summarized for the spare respiratory capacity 
(%) (F) and glycolytic reserve (%) (G). Graphs in D-G are data represented as mean +/- 
SEM and collected from n=1-4 each with a pooled population from 5-10 mice. One-way 
ANOVA with Bonferroni post-test (F and G) with 95% confidence interval were used for 
statistical analysis, and p values of <0.05 were considered significant. Asterisks were used 
to signify p values as follows: *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. 
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5.3.5 Virus-driven CD11b+ Ly6G- Ly6Chigh Cells Acquire M2-like Macrophage 
Characteristics 

It has been hypothesized that immature myeloid cells give rise to antigen-presenting cells 

(APCs), especially those of monocytic lineage407. Our data suggest that the virus-driven 

CD11b+ Ly6G- Ly6Chigh-low cells undergo temporal transformation and acquire molecular 

signatures of APCs. Hence, we next investigated whether these myeloid cells differentiate 

into any specific subtype of APCs. The QTiPs data (Fig 5.7A) identified an increasing trend 

for proteins (CCL24, ARG1, Alox15, Stab1, and TGF-β) characteristic of M2-

macrophages, between 1-10 d.p.i. in SOI-isolated myeloid cells. In contrast, M1-

macrophage-associated proteins (IRF5, MMP9, and IRF1) showed the opposing trend (Fig 

5.7B). In support of this, flow cytometry analysis of inflammatory CD11b+ Ly6G- Ly6Chigh-

low cells further identified contrasting kinetics for the surface expression of M2-macrophage 

marker CD206 (increased over time; Fig 5.7C) and M1-macrophage marker CCR2 

(decreased over time; Fig 5.7D). In line with our metabolic bioenergetics data, these results 

reveal the transition of inflammatory CD11b+ Ly6G- Ly6Chigh-low cells into M2-like 

macrophages around 7-10 d.p.i.. 

To further strengthen our hypothesis that the inflammatory CD11b+ Ly6G- Ly6Chigh-low 

cells acquire M2-like macrophage characteristics, we performed qPCR on SOI- and BM-

isolated CD11b+ Ly6G- Ly6Chigh-low cells. First, we analyzed the expression of key 

transcription factors Irf4 and Irf5 known to be involved in M2- vs. M1-macrophage 

polarization, respectively408-410. As shown in Figure 5.7E-F, SOI-isolated myeloid cells 

showed contrasting profiles of Irf4 and Irf5 between 1-10 d.p.i.; the levels of M2-

macrophage transcription factor Irf4 increased over time while Irf5 decreased over time. 

Furthermore, using a list of M2- and M1-macrophage markers411, 412, we showed that M2-
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associated marker Ccl17 followed a similar trend as Irf4 (Fig 5.7G), while additional M2-

associated genes (Ym1, Cd206, and Il4) displayed mostly non-significant changes 

(Supplementary Fig 5.7A). Importantly, the expression of M1-associated markers (Cd86, 

Il-1β, Cd68, Socs1, Tnfα, Ifnγ) showed an opposing trend throughout infection with 

decreasing expression from 1-10 d.p.i. (Fig 5.7H). Analysis of M2- and M1-associated 

genes in the BM-isolated cells showed little significant variation (Supplementary Fig 5.7B-

C, respectively). These results, in combination with QTiPs analysis, conclusively 

demonstrate that the virus-driven CD11b+ Ly6G- Ly6Chigh-low cells undergo a phenotypic 

and functional transition at the SOI and acquire the characteristics of M2 macrophages.  

5.4 DISCUSSION  

Myeloid cells and their descendants, including monocytes, dendritic cells, macrophages, or 

MDSCs, play pivotal roles in both innate and adaptive immunity during infections. With 

regards to viral infections, newly recruited Ly6Chigh monocytes have been implicated in 

viral clearance following infection by West Nile virus, vaccinia virus, murine 

cytomegalovirus, and influenza virus413-415. These studies demonstrate that viral-driven 

myeloid cells readily interact with other innate (NK cells) and adaptive cells (virus-specific 

CD8+ T cells)254, 415, and contribute towards viral clearance as well as disease pathology 

through direct or indirect mechanisms. For instance, inflammatory myeloid cells recruited 

following mouse hepatitis virus (MHV) contribute towards virus clearance through a 

CCR2-depedent mechanism416.   Further, influenza-mediated CD11b+ Ly6G- Ly6Chigh cell 

recruitment is a major contributor to excessive collateral damage within the lungs, and the 

absence of such recruitment compromises viral clearance and decreases the CD8+ T cell 
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Figure  33 

31 

Figure 5.7. Late Stage Reovirus-driven CD11b+ Ly6G- Ly6C+ Cells Acquire M2-like 
Macrophage Characteristics. (A and B) Individual protein profiles of M2- and M1- 
macrophage associated proteins, respectively, from total proteomic dataset shown in Figure 
5.1B. Flow cytometry analysis of CD206 (C) and CCR2 (D) surface expression on CD11b+ 
Ly6G- Ly6Chigh-low cells. QPCR analysis of isolated CD11b+ Ly6G- Ly6Chigh-low cells for 
Irf4 (E), Irf5 (F), Ccl17 (G) and M1-macrophage associated genes (H). Flow cytometry 
analysis for CD206 (C) and CCR2 (D) represent mean +/- SEM with n=3-5 mice. QPCR 
analysis in (E and F) are from a pooled population of 5-10 mice, n=2, ran in duplicate, 
normalized to Gapdh, and compared to 1 d.p.i. BM sample (indicated by the dotted line) to 
obtain the fold change. One-way ANOVA with Bonferroni post-test (C-H) with 95% 
confidence interval were used for statistical analysis, and p values of <0.05 were considered 
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significant. Asterisks were used to signify p values as follows: *p ≤ 0.05; **p ≤ 0.01; ***p 
≤ 0.001. 

frequency254. In congruence with these reports, our data demonstrate that the recruitment 

of reovirus-driven CD11b+ Ly6G- Ly6Chigh inflammatory cells is CCR2-dependent (Fig 

5.4D), and that their presence at the SOI positively correlates with viral clearance (Fig 

5.4E). Interestingly, at the SOI, intracellular virus is found within cells with or without 

CD11b+ Ly6G- Ly6Chigh phenotype (Fig 5.4E), suggesting the involvement of other 

immune cells in anti-viral immune reactivities. Thus, it could be concluded that virus-

driven CD11b+ Ly6G- Ly6Chigh inflammatory cells, in combination with other immune 

constituents, contribute towards virus clearance.  

Here, we provide the first comprehensive temporospatial quantitative proteomic analysis 

of inflammatory CD11b+ Ly6G- Ly6Chigh-low cells, directly isolated from their in situ 

microenvironment. Notably, our QTiPs approach accounts for host environmental factors, 

such as cytokines, metabolic changes, and immune infiltrating/resident cells, at the SOI. In 

combination with detailed biological validation, the QTiPs data show that reovirus-driven 

CD11b+ Ly6G- Ly6Chigh-low cells have differential roles throughout the course of infection. 

Newly recruited CD11b+ Ly6G- Ly6Chigh cells mount a robust immune response and aid in 

viral clearance during the early phase of infection (1-5 d.p.i.); while during late phase 

infection (7 and 10 d.p.i.), these cells undergo a metabolic shift, acquire enhanced antigen 

presentation capacity, and gain M2-like macrophage characteristics. 

Quantitative multiplexed-proteomic approaches (e.g., label-free, tags, or stable isotope 

labelling) represent an unbiased strategy to observe global proteomic changes and answer 

key biological questions. With respect to immunological studies, label-free quantitation has 

been the predominant means to investigate proteomic discrepancies of ex vivo 



160 
 

expanded/cultured or transformed cell lines (e.g., cytotoxic T lymphocytes417, dendritic 

cells and/or macrophages418-420), and primary-isolated cells such as dendritic cell subsets421, 

MDSCs422, and human T cells423. Unlike such label-free approaches, tandem mass tag 

(TMT) reagents now facilitate simultaneous analysis of 10 proteomes. Employing TMT in 

our QTiPs approach enabled accurate and deep proteomic coverage of in vivo proteomic 

profiles of isolated CD11b+ Ly6G- Ly6Chigh-low cells. The temporal nature of the dataset 

revealed a secondary phase of anti-viral/wound damage response at 5 d.p.i., indicative of 

increased type I and II IFN-associated proteins (e.g., IFI5A, IRF5, IRG1, and Q9DCE9 – 

an IFN-gamma induced GTPase). IFI5A, in particular, has been shown to be a 

transcriptional regulatory factor induced during myeloid cell development424 and may have 

implications in CD11b+ Ly6G- Ly6Chigh-low cell differentiation at 5-10 d.p.i.. Furthermore, 

late stage variations illustrated in cluster #4 and 5 or Mito-cluster #1 and 2 correlate with 

increased antigen presentation/processing and metabolic shift, respectively. Such temporal 

fluctuations in the proteomes highlight the advantages of utilizing an approach that 

monitors the in vivo dynamics of an immune cell population. Our QTiPs approach provides 

a global, timely, and in-depth platform facilitating the capture of immune cell transitions 

while accounting for the interplay between cytokines and immune cells throughout the 

course of infection.  

Considering the current contentious nomenclature and phenotypic categorization around 

myeloid cells and its derivative subpopulations411, we identified virus-driven murine 

myeloid cells simply by their factual phenotype (based on CD11b, Ly6G, and Ly6C surface 

expression). To this end, we viewed these myeloid cells as a newly recruited cell population 

at the SOI, and then analyzed their transition into existing paradigm subpopulations in 
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terms of surface marker, gene expression, protein, and metabolic profiles. Our temporal 

analysis unearthed that SOI-associated CD11b+ Ly6G- Ly6Chigh cells undergo a time-

dependent decrease in Ly6C expression and display increased MHC-II expression and 

wound healing characteristics at 7-10 d.p.i., suggesting maturation/differentiation during 

the later stages of infection. Upon further dissection, we observed that M2-macrophage-

associated proteins and transcripts increase at 7-10 d.p.i. as opposed to pro-

inflammatory/M1-macrophage-associated markers that are upregulated during the early 

stages of infection. Similar to myeloid cells, there is a growing appreciation for the 

plasticity of the distinction between M1 versus M2-like macrophages. It is now 

acknowledged that macrophages rather demonstrate a spectrum of the phenotypic, 

functional and physiological features of M1 and M2 classes, and thus often display these 

features in a context-dependent manner. It should be noted that many of the M1 or M2-

associated features have been originally discovered in the context of macrophages that were 

generated using defined in vitro growth conditions, such as through the supplementation of 

GM-CSF or M-CSF. Thus, it is possible that cells differentiated in the context of the 

complex in vivo milieu hosting a myriad of soluble and cellular interacting partners bear a 

differential pattern of M1 and M2 markers that is observed compared to the in vitro 

generated macrophages. In our analysis, virus-driven CD11b+ Ly6G- Ly6Chigh cells show 

several M2-associated markers during the later phases of infection; however, at the same 

time, these cells failed to show any congruent trends in Il4, Ym1, and Cd206 gene 

expression that have been described to be associated with M2 phenotype. Based on these 

finding, we surmise that macrophages generated in a complex in vivo microenvironment 

differ from those generated in vitro using defined growth conditions and should be 

considered as such with a special consideration for their microenvironmental context.  
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The metabolic signature of myeloid cells, particularly macrophages, is a major hallmark to 

distinguish contrasting M1- vs. M2-macrophage phenotypes425. In comparison to this 

existing paradigm and our own experiments with ex vivo generated/cultured M1- and M2-

like macrophages (Supplementary Fig 5.7D-E)425, we observed that CD11b+ Ly6G- 

Ly6Chigh-low cells became more metabolically active during the later stages of infection, as 

indicated by increasing basal OCR and basal ECAR (Fig 5.6D-E). Such metabolic shift 

could be indicative of the necessity to require energy for newly acquired endocytic, antigen 

presentation, and/or M2-like functionality. In the context of currently reported metabolic 

profiles assigned to M1- (low basal OCR, high basal ECAR, and low spare respiratory 

capacity) and M2- (high OCR, low basal ECAR, and high spare respiratory capacity) 

macrophages, the infection-driven CD11b+ Ly6G- Ly6Chigh-low cells demonstrate a dynamic 

metabolic signature in transition between M1- and M2-like macrophages, in line with the 

proteomic signature elucidated through QTiPs. This analysis further confirms the highly 

plastic nature of the myeloid cell-macrophage transition, and in line with recent evidence426, 

427 specifically using lipopolysaccharide/TLR4 stimulation versus IL-4-stimulated BM-

derived macrophages, further supports the hypothesis that in vitro-generated macrophages 

do not completely recapitulate all metabolic and functional characteristics of in vivo-

isolated cells. 

In conclusion, QTiPs analysis comprehensively captures the temporospatial transition of 

inflammatory CD11b+ Ly6G- Ly6Chigh-low cells following reovirus infection. These data 

contain a plethora of information on native, as well as infection-driven, myeloid cells that 

reside in the BM or at the SOI, and are a resource for future hypothesis testing in regard to 

myeloid-specific differentiation, anti-viral response, and metabolic alteration. The data also 
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have implications for the therapeutic management of myeloid cells in the context of anti-

viral immune responses, vaccine development, cancer immunotherapies, and especially 

oncolytic virus therapies – which are known to drive myeloid cell recruitment to the tumor 

microenvironment following administration2. Our data also demonstrate that the QTiPs 

approach can be applied further to precisely capture the complex, dynamic, and temporal 

nature of other types of immune cells collected from their in situ microenvironment.  
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Figure  34 

32 

Supplementary Figure 5.1. Ly6C Surface Expression Loss Throughout the Course of 
Infection and GO-annotation Analysis. (A) Schematic layout of the GFP-adoptive transfer 
experiment to monitor the loss of Ly6C expression. (B) Representative dot-plots of 
adoptively transferred GFP+ CD11b+ Ly6G- Ly6Chigh-low cells at 5, 7, and 10 d.p.i.. Gating 
strategy was CD11b+ GFP+ cells followed by Ly6G and Ly6C markers. (C) GO-annotation 
analysis and breakdown of indicated BPs (immune system process, cellular process, 
metabolic process). 
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Figure  35 

33 

Supplementary Figure 5.2. Heat map Representation for Clusters #1-3 and 6-10. Clusters 
were generated via k-means clustering and Euclidean distance analysis of the total 
proteomic analysis of isolated CD11b+ Ly6G- Ly6Chigh-low cells. 
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Figure  36 

34 

Supplementary Figure 5.3. Frequency/Kinetic Analysis of WT Versus CCR2 KO Mice for 
CD11b+ Ly6G- Ly6Chigh-low Cells and Gene Specific qPCR Validation for Cluster #1-3. (A) 
Frequency analysis of CD11b+ Ly6G- Ly6Chigh-low myeloid cells from the spleen and BM 
of reovirus-injected mice throughout the course of infection. Graphs are representative of 
n=30 wild type C57BL/6 mice and n=3-8 CCR2 KO mice per collection point post 
injection. (B) Fold change of the indicated genes were validated in isolated fractions from 
both the SOI (gray bars) and BM (black bars) at the indicated d.p.i.. Bars are the 
representative mean of n=2 of pooled populations of 5-10 mice per collection time point 
for both SOI- and BM-isolated cells.  
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Figure  37 

35 

Supplementary Figure 5.4. Cluster #5 Analysis of Mitochondrion-associated Proteins 
from the Total CD11b+ Ly6G- Ly6Chigh-low Cells Proteomic Dataset. (A) Heat map 
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representation of cluster #5 generated via k-means clustering and Euclidean distance 
analysis. (B) GO-annotation analysis of BP and cellular compartment (CC), using DAVID 
bioinformatics, summarized in bar graph, illustrating the -log10 [adjusted (adj.) p-value], 
and number of identified targets per GO-Term (in brackets). (C) Individual protein profiles 
of mitochondrion-associated proteins, determined by GO-annotation analysis of CC, using 
DAVID bioinformatics, of cluster #5 in both the SOI and BM. 
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Figure  38 

36 

Supplementary Figure 5.5. Additional Mito-Clusters #3-10 from Mitochondrial Localized 
Proteins. Mito-clusters were generated via k-means clustering and Euclidean distance 
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analysis of only mitochondrial localized proteins (MitoCarta2.0 dataset comparison) and 
represented by heat maps. Individual protein identifications for each cluster are to the right 
of the heat map. 
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Figure  39 

37 

Supplementary Figure 5.6. Assessment of the CD11b+ Ly6G- Ly6Chigh-low Myeloid Cells’ 
Metabolic Activity. (A) GO-annotation analysis of BP and KEGG pathway, using DAVID 
bioinformatics, summarized in bar graph, illustrating the -log10 [adjusted (adj.) p-value], 
and number of identified targets per GO-Term (in brackets). ECAR and OCR were 
determined by a Seahorse XF24 analyser after subsequent additions of oligomycin (1 μM, 
at 25 min), FCCP (1.5 μM, at 50 min), rotenone (1 μM, at 75 min), and antimycin A (1 μM, 
at 100 min) to 5x105 flow cytometry-isolated CD11b+ Ly6G- Ly6Chigh-low cells from SOI 1, 
3, 5, 7, or 10 days post infection (d.p.i) of reovirus. (B) ECAR analysis determined by 
Seahorse XF24 analyser. (C) Basal OCR, (D) ATP production, € proton leak, (F) basal 
ECAR, (G) maximal rate, and (H) glycolytic reserve were all calculated from the raw data 
acquired from the Seahorse XF24 analyser of isolated cells. Line graphs and bar graphs are 
represented as mean +/- SEM and collected from n=1-4 each with a pooled population from 
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5-10 mice. One-way ANOVA with Bonferroni post-test (B, C, D, and F) with 95% 
confidence interval were used for statistical analysis, and p values of <0.05 were considered 
significant. Asterisks were used to signify p values as follows: *p ≤ 0.05; **p ≤ 0.01. 
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Figure  40 

38 

Supplementary Figure 5.7. M1- Versus M2-like Macrophage Phenotyping. (A) QPCR of 
SOI-isolated CD11b+ Ly6G- Ly6Chigh-low cells for M2-macrophage associated markers. 
QPCR of BM-isolated CD11b+ Ly6G- Ly6Chigh-low cells for M2- (B) and M1-macrophage 
(C) associated genes. QPCR analysis was from a pooled population of 5-10 mice, n=2, and 
ran in duplicate and normalized to Gapdh and compared to 1 d.p.i. BM sample (also 
represented as a dotted line in SOI graphic representations). (D) Seahorse XF24 analysis to 
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determine the OCR and ECAR of BM-derived M1- and M2-macrophages. (E) Graphic 
representation of basal OCR and basal ECAR of M1- and M2-like macrophages. Graphs 
are representative of mean +/- SEM with n=3. One-way ANOVA with Bonferroni post-test 
with 95% confidence interval were used for statistical analysis, and p values of <0.05 were 
considered significant. Asterisks were used to signify p values as follows: *p ≤ 0.05; **p 
≤ 0.01; ***p ≤ 0.001. 
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CHAPTER 6: CONCLUSION 

Here, we show that reovirus drives the selective chemotaxis and accumulation of 

CD11b+Gr1+ Ly6Chigh (further elucidated as CD11b+ Ly6G- Ly6Chigh) MMCs immediately 

following its administration in naïve or tumor-bearing animals. In the context of the MOSE 

(ID8) ovarian peritoneal carcinomatosis mouse model, this MMC accumulation increases 

tumor-associated immunosuppression by enhancing local immunosuppressive cytokine 

concentrations and via cell-mediated immunosuppression2, 6. Furthermore, the inhibition of 

such MMC accumulation with gemcitabine during reovirus-based OV therapy accelerates 

tumor-specific CD8+ T cell response development and prolongs survival4, 5. Contrary to 

such immunosuppressive characteristics within the TME, reovirus-driven MMCs, in non-

tumor-bearing hosts, possess anti-viral/pro-inflammatory properties, aid in viral clearance, 

acquire enhanced antigen presentation capabilities, and undergo a phenotypic 

transformation into M2-like macrophages at a later stage of infection (after 10 days)3. These 

contrasting characteristics highlight the plasticity of MMCs and suggest that environmental 

cues are pivotal in the functionality and phenotype of infiltrating myeloid cells. 

Furthermore, the pliable nature of MMCs could provide a means to “tailor” such immune 

cells during cancer immunotherapies to achieve optimal clinical benefits (Fig 6.1).  

The following sections will highlight how my research has contributed to the existing 

literature on the therapeutic and biological aspects of MMCs, as well as in the development 

of a total in vivo and temporal proteomics platform. In the end, I will put forward future 

directions for the understanding of therapy-driven myeloid cells in the context of cancer 

immunotherapies. 
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39 

Figure 6.1. Contrasting cellular phenotypes of reovirus-driven MMCs in the presence 
versus absence of a TME. Reovirus-driven MMCs, in the absence of TME (infection), 
naturally possess pro-inflammatory/anti-viral properties and are precursors for antigen-
presenting cells. Contrary to this phenotype, reovirus-driven MMCs which infiltrate and 
accumulate within an established TME have a highly immunosuppressive phenotype 
following virus administration. Such accumulation, within the TME, transiently mediates 
increased tumor associated immunosuppression. Depletion of these MMCs accelerated the 
development of anti-tumor immunity and improved therapeutic efficacy of reovirus-based 
OV therapy. These results suggest that the TME skews the possible anti-tumor properties 
of reovirus-driven MMCs to an immunosuppressive cellular state. 
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6.1 MY CONTRIBUTIONS TO THE LITERATURE 

6.1.1 The Role of MMCs in the Context of OV Therapies 

OV therapy represents a promising avenue for cancer immunotherapies as it indirectly 

generates a potent anti-tumor immune response while simultaneously killing cancer cells 

through the process of oncolysis. As numerous OVs are currently undergoing clinical trials 

and with the recent FDA approval for T-VEC, there is a need to devise complementary 

interventions to enhance the therapeutic effectiveness of OV therapies. While the direct 

oncolytic properties of OVs have previously been the major focus, it is now appreciated 

that harnessing the immunological repercussions of OV therapy holds the key to enhancing 

therapeutic effectiveness. As OVs possess natural immunostimulatory properties, it is of 

particular interest for treatment of “cold” tumors, which are often absent of an anti-tumor 

immune response. Similar to other cancer immunotherapeutic approaches, such as cancer 

vaccines, checkpoint inhibitor blockade, and cytokine supplementation, much of OV-based 

research has focused on augmenting pro-inflammation, and innate and adaptive immune 

cell recruitment and function in the TME. For example, the use of GM-CSF, commonly 

utilized to generate DCs in vitro, has been shown to expand T cell-activating DCs and 

potentiate anti-tumor immunity in vivo. As such, the use of GM-CSF 

supplementation/expression or GM-CSF expanded cells has successfully been 

implemented in the clinics with cancer vaccines (e.g., sipuleucel-T and STINGVAX)375, 428 

and OVs (e.g., T-VEC, reovirus, measles virus)87, 119, 429. Furthermore, treatments like 

prime and boost OV approaches and selective TLR signaling pathways are being used with 

the goal to avoid OV-specific immunity and promote CD8+ T cell mediated anti-tumor 

immunity, respectively. Lastly, checkpoint inhibitor blockade has been introduced into 
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clinics to prevent T cell exhaustion, commonly associated with “hot” TMEs. Thus, 

complementing OV therapy with checkpoint inhibitor blockade has shown promise to 

potentiate the adaptive anti-tumor immune response99, 117, 118, 122. Not surprisingly, 

enhancing innate and adaptive immune cell activation and recruitment has become a prime 

focus with regards to OV therapy and research. 

Although a few selected immunotherapeutic approaches have shown clinical benefit, they 

do not address if therapy-driven myeloid cells are conducive for the generation of an anti-

tumor immune response. For example, GM-CSF, used in many immunotherapies with the 

goal of generating DCs, has also been shown to additionally promote BM-derived TAM 

progenitors and MDSCs, and elevate tumor-associated immunosuppression through the 

upregulation of IL-4α on MDSCs430, 431. Interestingly, targeting the production of GM-CSF 

has shown to reduce monocyte and neutrophil-like cell recruitment and hindered tumor 

progression430. Moreover, we and others have illustrated that OVs have the potential to 

mediate the recruitment and accumulation of immunosuppressive myeloid cells. Studies by 

Fortin et al. have illustrated that vaccinia virus-driven myeloid cells (both granulocytic and 

monocytic cells) hamper both NK- and T cell-mediated response, respectively274, 432. 

Similar recruitment of immunosuppressive myeloid cells has also been observed with 

vaccination approaches or adjuvant stimulation352, 433, 434. Importantly, pre-clinical and 

clinical findings have clearly illustrated that the accumulation of these immunosuppressive 

cells during tumor progression correlates with worse prognosis. However, not much is 

known regarding the therapy-driven immunosuppressive myeloid cells. Thus, in addition 

to driving a potent anti-tumor immune response, controlling therapy-induced myeloid cells 
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should be considered while devising strategies aimed at optimizing the efficacy of cancer 

immunotherapies.  

6.1.2 Importance of Therapeutic Manipulation of Tumor-associated Myeloid Cells 

The modulation of immunosuppressive myeloid cells using chemotherapeutics (e.g., 

gemcitabine and 5-FU) has been utilized in numerous combination therapies as they have 

been shown to selectively deplete MDSCs279-281. As gemcitabine and 5-FU are commonly 

used chemotherapeutic agents in clinics, they are practical choices for combination therapy 

in clinical trials. Unlike previous findings with gemcitabine-mediated MDSC depletion280, 

281, the concurrent gemcitabine and reovirus treatment hampered the virus-driven 

accumulation of MDSCs, and did not induce increased apoptosis in tumor-associated 

MDSCs4, 5. In addition to chemotherapeutics, small molecules, such as sunitinib283, 

antibodies435, and disrupting CCL2-CCR2 and M-CSF-M-CSFR signaling have all been 

shown to reduce tumor-associated myeloid cells and limit disease progression. Functional 

inhibition of MDSCs is also being pursued with the use of multiple factors such as 

phosphodiesterase type 5 (PDE-5)285 or cyclooxygenase-2 (COX-2) inhibitors286. In 

particular, COX-2 inhibitors alter the TME by reducing MDSC-chemotactic factor CCL2 

and by upregulating T cell-associated chemokine CXCL10286. Thus, depletion/inhibition 

of MDSCs can effectively manipulate the TME and suppress tumor progression.  

It is important to note that MDSC depletion/inhibition approaches could impart adverse 

side effects during therapy. For instance, vemurafenib, an FDA approved BRAF inhibitor, 

which also has anti-MDSC properties436, effectively blocks the mitogen-activated protein 

kinase (MAPK) signaling pathway and reduces tumor growth in BRAF(V600E) tumors. 

Additionally, interrupting CCL2 blockade can result in a sudden influx of monocytes from 
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the BM, which promotes metastasis and accelerates death in mice437. Furthermore, in our 

study utilizing the combination of reovirus and gemcitabine, we also demonstrated that 

gemcitabine directly affected reovirus replication in vitro. These findings suggest that 

although a combination approach that depletes tumor-associated MDSCs could further 

potentiate anti-tumor immunity, it could also induce adverse side effects. Thus, a critical 

analysis of the positive and negative effects of MDSC modulation should be considered to 

understand its clinical applicability.  

The second approach of “tailoring” or manipulating myeloid cell populations is becoming 

a popular means to skew the phenotype/functionality of tumor-associated myeloid cells into 

pro-inflammatory/anti-tumor immune cells. To date, numerous studies have revealed 

potential targets by investigating striking differences in signaling pathways268, 275, 311, 438, 

metabolism439, 440, and epigenetic profiles316 between pro-inflammatory/anti-tumor 

myeloid cells/macrophages and wound healing/pro-tumor M2-like macrophages.  For 

instance, MerTK, a receptor tyrosine kinase of the TYRO3/AXL/MerTK family (TAM 

receptors) which limits TLR-induced pro-inflammatory signaling and responsiveness438, is 

commonly overexpressed on tumor-associated CD11b+ cells. Importantly, the inhibition of 

MerTK signaling displayed a reduction of wound healing cytokines, enhanced acute 

inflammatory cytokine expression, and increased intratumoral CD8+ T cell infiltration311.  

In addition, macrophage PI3Kγ signaling inhibits NFκB activation and promotes 

immunosuppression and tumor growth275. Importantly, inhibition of PI3Kγ drove a more 

pro-inflammatory myeloid cell phenotype leading to increased anti-tumor treatment 

efficacy in the context of checkpoint blockade therapy268. Such studies suggest that 
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strategies which selectively skew myeloid cell functionality can exploit their anti-tumor 

potential. 

In the context of OV therapy, it is important to consider that modulation of these 

immunosuppressive MMCs could have negative consequences towards reovirus 

replication. On one hand, gemcitabine could hamper OV replication directly; on the other 

hand, tailoring therapy-driven myeloid cells to have more pro-inflammatory properties 

could heighten anti-tumor and anti-viral immunities. As we have illustrated in our reovirus 

infection model, infection-driven MMCs display beneficial pro-inflammatory properties 

and IFN responsiveness; however, the presence of these MMCs accelerates virus clearance. 

Although both approaches could hamper OV replication, based on the role of anti-tumor 

immunity in the context of OV therapy, we hypothesize that the latter approach could be 

more clinically beneficial as it will harness the anti-tumor properties of infiltrating myeloid 

cells and further aid the generation of an effective anti-tumor immunity. 

6.1.3 QTiPs, an Unbiased In Vivo Approach to Understand Total Proteome Dynamics 
of Immune Cells  

Large scale “omics” science, whether genomics, transcriptomics, or proteomics, has 

transformed our ability to study cellular and molecular systems with unlimited potential. 

With respect to immunology, transcriptome analysis has proven to be a powerful tool to 

dissect immune cell identity, functionality, and tissue-specific profiles. However, RNA 

expression is not always indicative of protein expression or function. For example, C-type 

lectin Langerin, in mice, is homogeneously expressed at the RNA level but is differentially 

expressed at the protein level among different subsets of classical DCs and mouse cell 

lines441. Consequently, transcriptome analysis alone may not be sufficient to recognize 

different immune cell subsets, phenotypes, or functionalities. To this end, we turned to 
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mass spectrometry analysis to understand the global proteomic changes in specific immune 

cell populations. Recent technological advancements in mass spectrometry now allow 

quantification of upwards of 10,000 proteins from patient tissue samples, temporally 

monitor proteomic changes following viral infection, or investigate total post-translational 

modification changes regarding different treatments, organs/tissues, or stresses394, 442. With 

respect to immunological studies, total proteomic analysis has contributed to the 

understanding of a wide range of cells from a single comparative in vivo “snapshot” or ex 

vivo experimentations (e.g., stimulation or expanded immune cells)443. However, until our 

study, the temporal and spatial in vivo dynamics of proteomes within immune cell 

populations has been relatively unexplored.  

Our QTiPs approach provides a means to monitor how the proteome of a specific immune 

cell subset changes over time. In our model, we examined the total proteome changes 

within virus-driven myeloid cells throughout the course of reovirus infection. We were able 

to decipher how these myeloid cells originally respond to reovirus infection and later 

transition into M2-like macrophages. With respect to immunotherapy, such an approach 

can be instrumental in understanding various stages of T cell exhaustion or how therapy 

alters the cellular signaling of various therapy-associated immune cells. As a result of time-

dependent in vivo collections of specific immune cells, this approach accounts for the 

interplay between the isolated immune cell and host, something that lacks in much of the 

current proteomics platforms, especially focused on understanding the direct effect of 

pathogens on primary or derived immune cells. Our data elucidate the importance of such 

immune cell-host interactions as reovirus-driven MMCs undergo a temporal IFN 

responsiveness transition at different stages post infection (1 versus 5 days post infection) 
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(Fig 5.3 and Supplementary Fig 5.3). Such cellular responsiveness, due to environmental 

stimuli, suggests that direct in vivo analysis of immune cells is critical in the understanding 

of immune cell phenotype and functionality. Especially with increasing interests in cancer 

immunotherapeutic approaches, such an in vivo platform provides a more in-depth 

approach to dissecting the proteome of infiltrating and resident immune cells in the TME.  

Although a quantitative proteomic approach provides an effective method to unbiasedly 

investigate global proteomic discrepancies, there is a limitation to this platform as well like 

all “omics” approaches. First, approximately 50 μg of protein or ~1.5x107 isolated cells 

seemed to be sufficient for a quantitative total proteome coverage of these primary isolated 

immune cells. For cancer cell lines, such an amount of protein is easily attainable. However, 

for immune cell populations especially those obtained from primary sources (i.e., human 

or mouse tissues), it has practical limitations. Thus, low frequency populations of immune 

cells from patient biopsies are not suitable for the current state of this total proteomic 

approach. Interestingly, and not known to us at the time of our platform development, 

advancements in sample preparation methodologies, specifically Single-Pot Solid-Phase-

enhanced Sample preparation (SP3), could be utilized to obtain thorough total proteomic 

coverage on significantly less starting material. This paramagnetic bead technology allows 

for a single tube sample preparation with the compatibility to use harsh sample 

solubilization (providing more in-depth protein extraction) and quantitative labelling (TMT 

or reductive demethylation). Most importantly, Hughes et al. illustrated the use of only 

5,000 HeLa cells of starting material with no significant loss in proteome coverage as 

compared to 50,000 HeLa cells in a single shot on the MS444. Thus, the implementation of 
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such an ultrasensitive sample preparation could potentially be utilized in combination with 

cellular sorting to obtain sufficient proteome coverage of low frequency cell populations.  

6.2 FUTURE DIRECTIONS 

As described above, reovirus-driven MMCs have contrasting behaviours and plasticity 

which is dependent on environmental cues. Current evidence suggests that CCR2-recruited 

monocytes/MDSCs progressively infiltrate the TME during tumor development. Notably, 

these studies have examined the role and phenotype of these infiltrating immune cells in 

the context of tumor progression and over a long period of time. With respect to reovirus-

based OV therapy, we will need to first question whether such pathways or other mediators 

rapidly (within 24 hours) alter the behavior of therapy-driven and tumor-infiltrating MMCs. 

We feel that our QTiPs platform provides a mean to capture detailed temporal discrepancies 

between virus-driven MMCs in the presence or absence of the TME. This QTiPs analysis 

could further identify whether common or alternatively activated signaling pathways drive 

such clashing MMC phenotypes. Such findings could be beneficial in finding novel 

therapeutic targets immediately responsible for skewing myeloid cell phenotypes. 

Furthermore, knowledge gained from these investigations could be applied to other OV 

therapies or other cancer immunotherapies to achieve better patient outcomes.  

6.3 CLOSING COMMENTS 

MMCs are being appreciated as one of the major orchestrators in the development of innate 

and adaptive immune responses. Furthermore, the plasticity of such immune cells allows 

these cells to harness a plethora of functions. With respect to cancer progression and 

therapy, these cells commonly have been shown to be negatively correlated with survival. 
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In the context of reovirus OV therapy, the inhibition of reovirus-driven MMC recruitment 

in the TME (using gemcitabine) accelerates the development of anti-tumor T cell immunity 

and enhances therapeutic efficacy. Our findings on the characterization of these reovirus-

driven MMCs in the context of infection and therapy suggest that strategic approaches 

simultaneously minimizing their suppressive activities and promoting their stimulatory 

phenotype could hold the key to achieve maximum benefits of reovirus-based cancer 

immunotherapy.  

With increasing appreciation for cancer immunotherapies, it is also pivotal to monitor and 

investigate possible adverse effects induced by OVs. To date, autoimmunity is recognized 

as a major adverse effect of common cancer immunotherapies (e.g., anti-CTLA-4, anti-PD-

1, and adoptive T cell therapy)445, 446. Furthermore, it is well established that infections can 

trigger the development of autoimmune responses via molecular mimicry, epitope 

spreading, bystander activation, and cryptic antigens447. To date, various OVs (e.g., 

reovirus, VSV, and HSV-1) have been shown to induce immune-related adverse events, 

such as glomerulonephritis, vasculitis, pneumonitis, psoriasis, vitiligo, cholangitis, and 

type-1 diabetes87, 218, 448-451. Although the incidence of certain immune-related adverse 

events has been correlated with prolonged survival452-454, it is important for future studies 

to minimize such adverse events especially with combination approaches that implement 

multiple cancer immunotherapies.  A study by Bridle et al. has demonstrated that the 

implementation of HDAC inhibition, via HDAC inhibitor (MS-275), was successful in 

abrogating the development of VSV-mediated vitiligo in melanoma-bearing C57BL/6 mice 

while enhancing secondary immune responses449. Although Bridle et al. illustrated that 

MS-275 suppressed the primary innate immune response, this study illustrates that 
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pharmacological strategies could be utilized to enhance anti-tumor immunity while 

simultaneously preventing immune-related adverse events. With increasing 

implementation of both monotherapies and combination therapies tailored to mediate a 

conducive anti-tumor immunity, it is important to additionally investigate preventative 

measures for long term immune-related adverse events following cancer immunotherapies. 
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