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ABSTRACT  

   

 The innate immune system serves as an immediate response to pathogenic infection 

and an informant to the adaptive immune system. The 2′,5′-oligoadenylate (2-5A) 

synthetase (OAS)–RNase-L system is a component of the innate immune system induced 

by interferons (IFNs) and serves to eliminate viral infections. In humans, three 

enzymatically active OAS proteins exist, OAS1, OAS2, and OAS3. Recent evidence 

suggests variations in cellular localization of OAS proteins may influence the impact and 

influence of those proteins on viral replication. However, viral suppression mechanisms 

involving specific OAS proteins are still unclear for most viruses. Here, I overexpress 

different isoforms of OAS and determined that though viruses within the same family have 

similar replication strategies, the extent to which each OAS protein impacts viral 

replication for Flaviviruses, and Alphaviruses varies.  

 In contrast to the innate immune system, the adaptive immune system provides 

specific and long-lived immune responses. In the context of cancer, T cells have been 

shown to play a prominent role in tumor regression. It has previously been demonstrated 

that administration α-CTLA-4/α-PD-L1 immune checkpoint blockade (ICB) to mice 

inoculated with a K7M2 metastatic osteosarcoma (mOS) cell line resulted in ~50% 

survival. Here, I sought to determine biological differences among murine responders and 

non-responders to ICB for mOS to understand better what factors could increase ICB 

efficacy. A prospective culprit is a variance in circulating antibodies (Abs). I have shown 

that sera from mice, before inoculation with mOS or ICB, display distinct differences in 

Ab repertoire between responders and non-responders, suggesting the presence or absence 

of particular Abs may influence the outcome of ICB. Recent studies have also shown that 
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malleable environmental factors, such as differences in microbiome composition, can yield 

subsequent changes in circulating Abs.  

Strong associations have been made between host-microbiome interactions and 

their effects on health. Here, I study potential associations of microbiome-mediated 

impacts on ICB efficacy for mOS. Additionally, I sought to determine potential changes in 

T-cellular response to mOS due to modulations in microbiome composition and showed 

that ICB efficacy can change in conjunction with microbiome composition changes in a 

murine model. 
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CHAPTER 1 

INTRODUCTION 

The Establishment of Immunology: A Historical Perspective 

The study of Immunology, the understanding of the immune system and the body's 

response to infection, was not formally characterized until the late 18th century; however, 

the notion that the body could protect itself against disease was documented even as early 

as 429 BC in ancient Greece during the Plague of Athens, when Thucydides detailed that 

persons who previously recovered from disease, did not develop disease upon exposure to 

those who were ill (Page 1953). Centuries later, in the 1400s, the Middle East and China 

further began to demonstrate an understanding of the body's ability to protect itself from 

disease. They practiced a preventative measure against Smallpox, a devastating viral illness 

at the time. This preventative measure was achieved by inhaling dried, presumably 

inactivated, pustules transferred from a patient previously exhibiting Smallpox symptoms 

to someone unexposed to the virus that caused Smallpox; in modern day, this virus is 

known as Variola. This measure intended to instigate protective immunity to Smallpox in 

the person inhaling the inactivated pustules, should they ever be exposed to the virus that 

causes the disease again, a practice later termed “variolation” that proved to be largely 

successful at preventing disease in those who were inoculated (A. K. C. Leung 2011).  

As Smallpox spread across the globe in subsequent decades, it maintained a 

malevolent reputation by exhibiting a 30-50% death rate for those infected, claiming the 

lives of millions of people and leaving severe bodily scarring on those fortunate enough to 

survive (Stewart and Devlin 2006). In response, the practice of variolation became 

increasingly popular for both individuals and national leaders who aimed to improve the 
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chances that countries would be able to survive an outbreak, despite the risks associated 

with variolation, which included a variable 3-10% death rate for those who were inoculated 

(Stewart and Devlin 2006). Prominent national leaders such as Emperor Kangxi, who 

became emperor of China after surviving Smallpox himself and after his father Emperor 

Fu-lin died of Smallpox, mandated variolation across China in 1661 A.D., increasing 

support and popularity for the practice in Asia (Jiafeng Zhang 2002). In England, Lady 

Mary Wortley Montagu, who previously observed variolation in Turkey, had survived 

Smallpox and later chose to have her children variolated. This action increased interest in 

the practice in England, as she was a prominent member of the British Royal Society 

(Grundy 2000). The practice of variolation circulated to other continents, including North 

America, and remained the primary method of immunization of Smallpox for close to a 

century. 

Many decades after the establishment of variolation and its increase in popularity 

among nations, in 1796, a medical doctor named Edward Jenner noted the disease that 

resulted from infection with Cowpox, a disease related to Smallpox but native to bovine, 

was significantly milder in humans than that of Smallpox. Jenner noted that infection with 

the virus that causes Cowpox in humans could additionally confer protection against 

Smallpox (Jenner 1798). In 1796, Jenner demonstrated the ability for Cowpox to protect 

against Smallpox disease by inoculating human subjects with Cowpox and further 

challenging the same subject with Smallpox, from which the human subjects were immune 

(Jenner 1798). Jenner referred to this practice as “vaccination,” a term still used today to 

describe the inoculation of a healthy individual with a weakened or attenuated strain of a 

disease-causing agent, also known as a pathogen, to prevent disease upon future exposure. 
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The work of Jenner was further analyzed and developed by other scientists who 

aimed to understand better the cause of disease and protection from those diseases in 

humans. In the late 19th century, Robert Koch, a German physician, and microbiologist, 

contributed to our understanding of disease and immunology by demonstrating that 

microorganisms are the causative agents of disease; he developed Koch’s postulates to 

establish a causal relationship between disease and microorganisms (Koch 1876). This 

work and his various contributions to tuberculosis, cholera, and anthrax research 

revolutionized our understanding of diseases caused by microorganisms and paved the way 

for completing causative research for other scientists. Louis Pasteur utilized the knowledge 

of immunology available to him and added to developments in vaccine research by 

developing effective vaccines against diseases such as cholera and rabies. His rabies 

vaccine proved efficient upon its first use in a boy bitten by a rabid dog (Pasteur 1885). At 

this time, the mechanisms that resulted in immunity caused by vaccinations were still 

poorly understood, but successes by scientists led to an interest in understanding 

mechanisms behind effective vaccination, and vaccine efforts continued to develop further 

into the late 19th and 20th centuries.  

Components and principles of the immune system were further characterized by 

Emil von Behring, and Shibasaburo Kaitaso, who detailed the activity of what we now 

know are antibodies, showing that not only could immunization with diphtheria toxin 

prevent disease caused by diphtheria but also that immunity could be transferred from one 

subject to another via serum transfer (Behring 1890). In  1895, Jules Bordet showed that 

the complement cascade acts in tandem with antibodies, first demonstrating its existence 

as a heat-sensitive component of the immune system and then demonstrating that when 
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combined with the heat-insensitive component of the immune system (antibodies), 

enhancement in immune activity ensued (J. Bordet 1895).  

Not long after these initial characterizations of the immune system, several immune 

principles were applied to treatment for diseases other than those of communicable 

transmission. In 1891, William Coley, a surgical resident in a New York hospital, injected 

a patient who had an inoperable soft tissue sarcoma tumor with heat-inactivated 

Streptococcus pyogenes and Bacillus prodigiosus, intending to shrink the patient's tumor. 

Coley’s attempt at treating the patient's tumor was successful and served as the first known 

example of immunotherapy (Loughlin 2020; McCarthy 2006). Over his career, Coley 

injected over 1000 patients with his heat-inactivated bacterial mixture, termed Coley’s 

toxin, with physicians who chose to do the same reporting favorable prognoses for their 

patients. Though the immunology surrounding the success of Coley’s work was not yet 

fully understood, our modern-day understanding of immunology supports Coley’s 

principles in that his treatment regimen likely instigated innate immune responses via 

pathogen recognition receptors (PRRs), increasing pro-inflammatory cytokine release as 

well as immune cell recruitment to the site of cancers, which then also increased antigen 

presentation to adaptive immune cells and successive adaptive responses against tumor 

antigens.  

The establishment of the innate and adaptive immune systems was later described 

in greater depth as scientists observed initial non-specific immune reactions. These 

observations include those by Ilya Mechnikov, who 1908 described the non-specific 

functions of macrophages as an initial defense against invading pathogens, arguing that 

cellular components were the primary source of immune protection in a host (Metchnikoff 
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1882). Though, it would later be understood that both cellular and humoral components of 

the immune system were vital for protection against infection with a pathogen. Paul Elrich 

later contributed to advances in antiserum development based on the understanding that 

antibodies can confer specific protection against a considerable range of substances 

(Ehrlich 1891). Following this work and the work of others, principles of both non-specific 

innate and specific adaptive immunology were established and expanded on, principles that 

are still being unraveled and further understood today. 

 

The Innate Immune System 

The innate immune system is the body’s first line of defense against pathogens; it 

non-specifically eliminates these potentially harmful invaders (Janeway and Medzhitov 

2003). The immune system's non-cellular anatomic and chemical barriers primarily offer 

initial protection against pathogens. Many of these components reside on the body's 

epithelial surfaces. For example, β defensins, which are produced by the epithelia of the 

respiratory and urogenital tracts, skin, and tongue, are members of a family of cationic 

antimicrobial peptides that insert themselves into the outer layers of invading pathogens 

and collectively form a pore in these pathogens, disrupting their osmotic balance, acting as 

a primary non-specific defense against foreign invaders (Schneider et al. 2005). Other host 

factors, like sebum secretions on epithelial surfaces and unfavorable pH, prevent pathogens 

from colonizing on the surface of a host and from entering a host. Further, all cellular 

components of the blood, including all white blood cells (WBCs) that make up all cellular 

components of the immune system, originate from hematopoietic stem cells (HSCs), which 

reside in the bone marrow (BM) (Till 1961). HSCs undergo a process known as 
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hematopoiesis which is the formation of all blood cells, including those of adaptive and 

innate origin as well as platelets. The innate immune system contains some of these cellular 

components activated when non-cellular anatomic and chemical barriers have been 

breached. These cells are primarily activated by recognizing pathogens via innate PRRs, 

whose functions will be discussed further in depth in later sections.  

The Common Myeloid Progenitor (CMP) is the cellular precursor of innate immune 

cells, including macrophages and other granulocytes such as neutrophils, eosinophils, 

basophils, mast cells, and dendritic cells (DCs) (Murphy and Weaver 2016). Macrophages 

reside in most tissues and constitute a significant source of phagocytosis of pathogens, 

resulting in the potential killing of pathogens and serving as a source of antigen 

presentation to adaptive immune cells; these cells play a crucial role in activating B cells 

in the lymph node (Ginhoux and Jung 2014). Monocytes perform the same function as 

macrophages but circulate in the blood and migrate to tissues, eventually differentiating 

into macrophages (van Furth et al. 1972). Further, the complement system is a collection 

of proteins produced by the liver that can disrupt the ionic potential of an invading pathogen 

and coat invading pathogens for recognition by some immune cells, including 

macrophages, by PRRs (Sarma and Ward 2011; Jules Bordet 1895).  

Granulocytes contain cytotoxic granules and multilobed nuclei, giving them the 

designation of "polymorphonuclear" (PMN) cells (Murphy and Weaver 2016). Neutrophils 

are the most numerous circulating WBCs, often the primary innate immune cell to respond 

to an invading pathogen via the release of neutrophilic extracellular traps (NETs) (Lacy 

2006). NETs are typically only released in response to invading pathogens and are 

composed of neutrophilic DNA adorned with cytotoxic granules within the cell and 
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degrative enzymes that allow neutrophils to kill invading pathogens directly (Lacy 2006). 

Eosinophils and basophils are granulocytes that function via degranulation after 

recognition of IgE or IgG Abs. They serve to clear parasites and are also major driving 

factors in the allergic response via the release of histamines, cathepsins, peroxidases, and 

other inflammatory factors that result in increased capillary permeability and immune cell 

recruitment. Mast cells also contain granules that function as inflammatory mediators, such 

as histamine or proteases, that aid in the defense and response to parasites but migrate from 

the BM to peripheral tissues before maturing (Stone, Prussin, and Metcalfe 2010). One of 

the most critical cells in the immune system is the dendritic cell (DC). DCs engulf 

particulates by micropinocytosis and, through this process, degrade pathogens to prepare 

them for presentation to T immune cells. DCs contain PRRs, and through PRR recognition, 

they release a range of protein mediators called cytokines, which direct other immune cells 

to make individual responses suited for the type of pathogen to which a response must be 

made (Ferrantini, Capone, and Belardelli 2008).  

 

The Adaptive Immune System 

The Common Lymphoid Progenitor (CLP) is the cellular precursor of adaptive 

immune cells (Murphy and Weaver 2016). The adaptive immune system cells are called 

lymphocytes; they contain specific and highly variable regions on their surface that they 

use to recognize foreign proteins. Through interactions between these antigen receptors on 

the surface of lymphocytes and foreign antigens, adaptive immune cells acquire both 

effector functions and memory capabilities, which allow these cells to respond to specific 

infections upon repeated pathogen exposure (Murphy and Weaver 2016). Naïve 
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lymphocytes are lymphocytes that have not yet confronted antigen; after encountering 

antigen, lymphocytes become activated and differentiate into lymphocytes that encompass 

effector functions (Mitchison 1971). Two central lymphocytes are in the adaptive immune 

system: B lymphocytes (B cells) and T lymphocytes (T cells). B cells and T cells contain 

differences primarily in the expression of their surface antigen receptors which 

subsequently serve various functions.  

B cells express B cell receptors (BCRs) produced from the same genes that encode 

antibodies (Abs); the secreted form of BCRs are known as immunoglobulins (Igs). When 

BCRs bind to a foreign antigen, B cells proliferate and differentiate into plasma cells that 

secrete antigen-specific antibodies that increase specificity to a particular protein upon 

repeated exposures to an antigen (Cooper, Peterson, and Good 1965). B cells require 

assistance from T cells in the form of costimulatory ligands and cytokines, allowing them 

to differentiate and mature fully (Miller and Mitchell 1968). Initially, naïve B cells are 

activated in the lymph node. Antigen (Ag) enters the lymph node via passive diffusion or 

active transport carried by macrophages. Ag that is brought to the lymph node (LN) is 

coated in iC3b, which can bind to complement receptor 2 (CR2) present on Subscapsular 

space (SCS) macrophages that line the subcapsular space of the LN (Fearon and Carter 

1999).  iC3b is an inactivated component of the complement protein C3; it coats antigens 

through attachment via a labial thioester bond. (Law, Lichtenberg, and Levine 1980)  SCS 

macrophages further transfer Ag to non-Ag specific B cells, which further transfer Ag to 

Follicular Dendritic Cells (FDCs). FDCs hold Ag, and when B cells that express a cognate 

receptor come into contact with Ag and iC3b, which is bound to the Ag and binds further 

to CR2 on B cells, B cells are fully activated and begin to express transcription factors AP-
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1, NFκB, and cNFAT (Murphy and Weaver 2016). In naïve B cells, expression of these 

transcription factors leads to the release of cytokines and trafficking of the now-activated 

B cell to the cortical: paracortical region of the LN where B cells can receive necessary co-

stimulatory signals from T cells. 

Additionally, the B cell internalizes the Ag and expresses its peptides on MHC II. 

The B cell is then present at the cortical: paracortical junction, where it comes into contact 

with a cognate T cell. Here, CD4 T helper cells contact B cells that express peptides on 

MHC II via contact with the T cell receptor (TCR). Further, the CD40 ligand (CD40L) on 

T cells binds to CD40 on B cells, and T cells release cytokines to B cells that provide it 

with instructions on what type of response to make (Armitage et al. 1992). B cells begin to 

express CXCR5, which allows the B cell to form what is known as a germinal center. Here 

the B cell can undergo somatic hypermutation (SMH) processes, enabling antibodies to 

become higher affinity and Isotype Switching (ISW). This process will allow B cells to 

produce an isotype required for a particular immune response against a pathogen. ISW is 

made possible by the cytokine secretions provided by T cells; specific cytokines cause low-

level transcription of short complementary mRNA called S-transcripts that bind to its 

complementary sequence in the portion of the locus that codes for the constant region of 

an antibody-forming a recombination loop (R-loop). Activation-induced deaminase (AID) 

changes cysteine (C) to uracil (U), and Uracil-DNA glycosylase (UNG) cleaves U sites, 

leaving behind an abasic site. This abasic site is recognized by Apurinic/apyrimidinic 

endonuclease 1 (APE-1), which creates dsDNA nicks, splicing out the entire contained 

DNA segment in between the beginning and end of the R-loop. DNA repair enzymes such 

as Ku70/80 and DNA repair the DNA fragment, resulting in a non-reversible process that 
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yields a new fragment of DNA, coding for a particular isotype (Murphy and Weaver 2016). 

The affinity maturation process then occurs by testing B cell Antibody affinity to its 

cognate antigen and ensuring the most efficient antibody responses are maintained (Wabl 

and Steinberg 1996). 

T cells serve multiple functions in the adaptive immune response and can 

subsequently differentiate into diverse types of effector T lymphocytes, each with different 

roles in the immune response. Primarily, αβ T cells, T cells that are comprised of an α and 

β subunit, recognize linear peptides (Hayday et al. 1999). CD4 T cells conventionally 

recognize MHC II and are called “helper” T cells. These cells have a variety of functions 

and are associated with helping B cells to produce complete Ab responses via secretion of 

cytokines that direct B cells to isotype switch to the necessary Ab type. CD4 T cells also 

secrete cytokines to recruit other immune cells and expand cell populations. The type of 

CD4 T cell that is differentiated is dependent on initial activation signals and cytokines that 

DCs provided during the activation of the cell in the LN, based on the specific PRRs that 

were activated within the DC. Several CD4 T cells exist, including Th1, Th2, Th17, Treg, and 

T follicular helper cell populations, though many new diverse populations of CD4 T cells 

are being discovered and characterized though they will not be covered here (O’Garra 

1998).  

Each CD4 T cell population functions to create a detailed response to a pathogen. 

Th1 CD4 T cells are often produced in response to systemic infections and IL-12 secretion 

by DCs. They are associated with the release of IFNγ and further the production of IgG 

made after signaling through IFNγR and further signaling through STAT1, which dimers 

to induce Igγ S-transcripts and production of IgG, typically used to clear systemic 
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infections of viral and bacterial origin. Th1  cells also recruit and activate macrophages, NK 

cells, and CD8 T cells (Trinchieri 1993; Murphy and Weaver 2016). Th2 CD4 T cells are 

often produced in response to IL-4 cytokine signals provided by DCs. These T cells 

produce IL-4, IL-5, and IL-13, among other cytokines that allow for tailored responses 

typically associated with extracellular pathogens. IL-4 signals through IL-4R, which 

further signals through STAT 3/6 to induce Igε S-transcripts which cause isotype switching 

to IgE, which binds to mast cells and enhances immunity at epithelial surfaces. Cytokines 

produced by Th2 CD4 T cells typically activate and recruit Eosinophils, basophils, mast 

cells, and macrophages to help combat an extracellular infection (Walker and McKenzie 

2017). Th17 CD4 T cells are often produced in response to IL-17 and IL-22  provided by 

DCs. TGFβ signals through TGFβR, which further signals through Smad2/3 to induce Igα 

S-transcripts which cause isotype switching to IgA; this allows for an effective response 

against mucosal pathogens (Korn et al. 2009). T regulatory cells (Tregs) are often made in 

response to TGFβ and IL-2, they secrete TGFβ and IL-10 to regulate and suppress T cells. 

These responses are often made in response to the presentation of self-peptides to a T cell, 

and they increase during metastasis (Roncarolo, Levings, and Traversari 2001). T follicular 

helper (TFH) cells play a significant role in the affinity maturation of B cell responses, 

allowing B cells to re-enter what is known as the cyclic reentry model of affinity 

maturation. These cells are differentiated in response to IL-21, they secrete  IL-10 (Crotty 

2019). CD4 T cells are necessary for a complete adaptive immune response, they in turn 

can also impact the degree of CD8 T cells present. 

 CD8 T cells are known as cytotoxic T cells (Zinkernagel and Doherty 1974). They 

typically can kill virus-infected or cancerous cells after a foreign antigen has been 
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presented on MHC I. These cells kill target cells via perforin granzyme B-dependent killing 

or death receptor pathways, including Fas/FasL and the TNF/TNFR family death receptors 

(Wong and Choi 1997). The perforin granzyme B pathway is typically activated under 

conditions of high antigen stimulus, like those associated with a viral infection. Perforin is 

a molecule that polymerizes and forms pore-like structures in the membrane of a target cell 

upon activation, acting as a transporter for granzyme B. Granzyme B then causes activation 

of caspase 3, through cleavage of pro-caspase 3, which further degrades the inhibitory 

subunit of the Inhibitor of caspase-3– activated DNase (iCAD), yielding a functional 

Caspase-3– activated DNase (CAD), which degrades cellular DNA and results in 

apoptosis.  

Death receptor pathways are more likely to be activated under conditions of low 

antigen stimulus, such as those associated with antigen presentation during malignancy. In 

one commonly utilized death receptor pathway, the Fas cytolysis pathway, FasL on a 

cytotoxic cell binds to Fas on a target cell; this binding results in a conformational change 

in Fas, resulting in binding to the death domain-containing adaptor proteins. These adaptor 

proteins can activate caspase 8, which eventually activates Caspase 3, ultimately resulting 

in the activation of iCAD and apoptosis of the cell. Other death receptor pathways, such as 

TNF/TNFR, function similarly to the Fas/FasL pathway described here, resulting in 

cellular apoptosis. Both the perforin granzyme B-dependent pathway and the death 

receptor pathways described here function through the activation of caspase three and the 

subsequent activation of iCAD, resulting in the degradation of cellular DNA and apoptosis 

of the target cell (Trapani and Smyth 2002; Aggarwal 2003). These pathways serve a 

valuable role in the immune response to viral infections and cancer.  
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The Bridge Between the Innate and Adaptive Immune System 

Though both the innate and adaptive immune systems serve different functions in 

their response to pathogens, both impact one another and effectively modulate the 

magnitude of the immune response. The innate immune system works to prime, direct, and 

establish the magnitude of adaptive immune responses in many ways. At the same time, 

the adaptive immune system provides a specific and overwhelming immune response to 

eliminate a pathogen. Still, it requires initial input from innate immune cells to create and 

deliver this response. The PRRs are a major driving factor in alerting adaptive immune 

cells to respond to a particular threat; they recognize common or conserved microbial 

components known as pathogen-associated molecular patterns (PAMPs). When a pathogen 

enters a cell and PAMPs associated with the pathogen make contact with a PRR, a range 

of downstream signaling events occur, often releasing cytokines that can act on 

neighboring cells to respond to infection (Iwasaki and Medzhitov 2010). These cytokines 

can instigate an inflammatory response within tissues. Releasing pro-inflammatory 

cytokines will ultimately recruit other immune cells, such as macrophages and DCs; these 

cells further alert and activate adaptive immune cells (Murphy and Weaver 2016). 

Activation of PRRs also can result in specific cellular processes, such as those associated 

with the degradation of cellular DNA or RNA (Akira, Uematsu, and Takeuchi 2006), 

processes which will be described further in later sections. 

Though the complement system is considered innate, it plays a significant role in 

activating substantial adaptive immune responses. Components of the complement system 

are also needed to engage initial immune cell responses fully. In fact, deficiencies in 
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elements of the complement system often are supplementary to deficits not only in 

complement activation and subsequent innate responses to pathogens but also in the 

generation of significant adaptive responses, such as T cell activation and proper SMH and 

ISW regarding the generation of Abs by B cells (West, Kolev, and Kemper 2018; M B 

Fischer et al. 1996). Complement activation occurs through several pathways, the classical 

pathway, the mannose-binding lectin (MBL) or Lectin pathway, and the spontaneous or 

alternative pathway. Each pathway results in the cleavage of C2, C3, C4, and C5 proteins, 

which produce potent anaphylatoxins. Anaphylatoxins can act on blood vessels and 

increase vascular permeability. This permeability further allows immunoglobulin and 

complement components to enter the area through leakage from the blood (José, Forrest, 

and Williams 1981). Cleavage of C5 results in C5a and C5b; C5b complexes with C6, C7, 

and C8. C8 inserts into the membrane and binds C9 molecules, recruiting many additional 

C9 molecules. These additional C9 molecules form a pore known as the membrane attack 

complex (MAC) that causes loss of membrane potential in the target cell or viral membrane 

in which the MAC was formed. 

Additionally, the vascular permeability caused by anaphylatoxin release during the 

complement cascade increases the migration of macrophages, polymorphonuclear cells 

(PMNs), and other lymphocytes. Macrophages are essential to cells in alerting and 

activating B cells in the lymph node. Macrophages require binding to the anaphylatoxin 

C5a to phagocytose C3b coated bacteria or other pathogens via binding of CR1 on 

macrophages to C3b on bacteria in conjunction with binding the C5a receptor on 

macrophages to C5a in serum. Further, C3a serves a similar function in recruiting and 

activating DCs (Gutzmer et al. 2004). Both macrophages and DCs travel to the LN to 
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activate adaptive immune cells, such as B and T cells, to allow for adaptive responses to 

infection. Factor I in the complement system cleaves C3b to iC3b, which is required to 

present Ag to B cells in the LN properly and fully activate B cells via recognition of iC3b 

by CR2 on B cells. In these ways, the innate immune system and the adaptive immune 

system encompass separate functions but still work in conjunction with one another to 

provide adequate responses against pathogens. 

 

The Innate Immune System’s Response to Viral Infection 

The innate immune system is the body’s first response to infection within a host 

before a tailored reaction by the adaptive immune system can occur. Primarily, innate 

immune cells respond to conserved pathogenic sequences and signals recognized by PRRs. 

Several PRRs have been identified in recent decades, including Toll-like receptors (TLRs), 

retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs), and nucleotide-binding 

oligomerization domain (NOD)-like receptors (NLRs) (Creagh and O’Neill 2006). 

Recognition by PRRs can result in the release of inflammatory cytokines that can either 

directly act on pathogen-infected cells by initiating intracellular mechanisms that limit 

pathogen spread or by alerting other innate immune cells to the site of infection.  

TLRs are present both inside of a cell and on the surface of a cell. Intracellular 

TLRs often recognize ssRNA or dsRNA, whereas extracellular TLRs often recognize 

pathogen components such as Lipopolysaccharide (LPS) (TLR4) that might be present on 

the surface of extracellular pathogens. Signaling through TLRs generates a downstream 

signaling cascade tailored to the detected pathogen, often, this response will generate the 

release of pro-inflammatory cytokines or type I interferons (IFNs) (Uematsu and Akira 
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2007). Type I IFNs, which can be produced by all nucleated cells, play a significant role in 

the immune system’s antiviral response by causing apoptosis in virus-infected cells and 

poising neighboring cells to prepare for viral infection through the production of hundreds 

of interferon-stimulated genes (ISGs) which are expressed after IFN binds to the IFN 

receptor (IFNR) and allows for downstream JAK/STAT signaling to occur. STAT proteins 

subsequently dimerize and translocate to the nucleus, resulting in the transcription of ISGs 

(Raftery and Stevenson 2017). ISGs, when translated, can cause many different responses 

within a cell, including the activation of mechanisms that alter cellular function to combat 

infection. One family of proteins known as the oligoadenylate synthetase (OAS) proteins, 

when activated, will cause other components constitutively expressed in a cell to activate 

and cut RNA within a cell to protect against viral infection (Li et al. 2016); these 

mechanisms regarding OAS proteins will be discussed further in future chapters.  

Recently, it has been established that the retinoic acid-inducible gene-I (RIG I) 

/melanoma differentiation-associated gene 5 (MDA5)–mitochondrial antiviral-signaling 

protein (MAVS) axis represents the primary mechanisms associated with the innate 

immune response to the cytosolic presence of RNA, often indicative of viral infection (Ni, 

Ma, and Damania 2018). Both RIG-I and MDA5 are members of the RLR family of PRRs. 

RIG-I and MDA5 play non-redundant roles in the recognition of RNA, as each recognizes 

a different group of viral RNA. RIG-I 5' triphosphate double-stranded RNA, while MDA5 

typically recognizes long dsRNA originating from viral genomes (Wu and Chen 2014). 

Activation of both RIG-I and MDA5 induces polymerization of MAVS, which recruits and 

activates E3 ligases, tumor necrosis factor receptor (TNFR)-associated factor proteins, 

TRAF2, TRAF3, TRAF5, and TRAF6. Activation of TRAFs causes the synthesis of 
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polyubiquitin chains which bind to the Nuclear factor-kappa B Essential Modulator 

(NEMO). NEMO recruits inhibitor of nuclear factor kappa B kinase (IKK) and TANK-

binding kinase 1 (TBK1), which complexes to MAVS, where the kinases are able to 

phosphorylate and activate the inhibitor of nuclear factor kappa B alpha (IκBα) and 

interferon regulatory factor 3 (IRF3), which lead to the induction of type I IFNs as well as 

other anti-viral cytokines (Wu and Chen 2014). 

The IFN-induced protein kinase RNA-activated (PKR) pathway is another central 

anti-viral pathway cells utilized to combat viral infections. As previously mentioned, IFN 

is typically released from neighboring cells and binds to the IFNR when a viral infection 

is present, triggering the production of ISGs, including PKR. The promoter region of PKR 

contains elements to which Type I IFNs bind, inducing transcription of PKR genes. PKR 

is generally further activated in response to dsRNA within the cytoplasm. PKR can 

recognize dsRNA regardless of whether the dsRNA is of cellular, viral, or synthetic origin 

as long as it is larger than 30 nucleotides. This recognition results in the dimerization of 

PKR’s kinase domains, resulting in an auto-phosphorylation reaction and activation of the 

protein. Once PKR is activated, it phosphorylates the protein synthesis initiation factor, 

eukaryotic translation initiation factor 2 subunit 1 (eIF2α) (Gal-Ben-Ari et al. 2019). The 

now activated and phosphorylated eIF2α forms a complex with another protein called 

eIF2B. eIF2B is responsible for the exchange of GTP for GDP, which is required for 

protein translation initiation. Phosphorylation of eIF2α prevents this exchange reaction, 

resulting in the sequestration of eIF2 bound to GDP and in its inactive state. As a result, 

the availability of active eIF2-GTP complexes decreases, and protein synthesis is stifled 

(J. J. Chen and London 1995). This protein synthesis ablation results in the cell's eventual 
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apoptosis and death, preventing further viral replication. Additionally, PKR activates the 

kinase complex IKKα/IKKβ, which activates nuclear factor-κB (NF-κB) transcription 

factor by phosphorylating its IκBα inhibitor. This activation results in the transcription of 

many ISGs, including Type I IFNs which can act on neighboring cells to establish an anti-

viral state (García, Meurs, and Esteban 2007; Li et al. 2016; Baglioni, Minks, and Maroney 

1978; Roberts et al. 1976). 

Supplementary, the cyclic GMP-AMP synthase (cGAS)–stimulator of interferon 

genes (STING) pathway is primarily associated with the innate immune response to 

cytosolic DNA, typically indicative of infection with DNA-based viruses that have entered 

a cell and are present in the cytoplasm. However, it also has recently been shown to be 

involved in restricting viral RNA infection (Ni, Ma, and Damania 2018). Canonically, 

cGAS binds to cytosolic dsDNA in a non-specific albeit length-dependent manner 

(Andreeva et al. 2017). cGAS catalyzes cyclic guanosine monophosphate (GMP)-

adenosine monophosphate (AMP) (cGAMP) in the presence of GTP and ATP, which 

results in binding to STING in the endoplasmic reticulum (ER) membrane. STING 

dimerizes and traffics from the ER to the Golgi complex, where it recruits TBK1, activating 

IRF3 and NF-κB. These translocate to the nucleus, where they induce type I interferon 

(IFN) transcriptional activation and the production of other inflammatory cytokines 

(Barber 2015). In mice, deficiencies in the cGAS-STING pathway have been associated 

with increased susceptibility to DNA virus infection (Ma and Damania 2016). However, 

defects in the cGAS-STING pathway have also been described for multiple RNA viruses 

such as vesicular stomatitis virus (VSV), Sendai virus (SeV), dengue virus (DENV), and 
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West Nile virus (WNV) (Schoggins et al. 2013). However, the mechanisms underlying 

how cGAS is involved in suppressing RNA viral replication are still being elucidated.  

One proposed mechanism of the cGAS-STING pathway’s impact on the 

suppression of RNA viral replication is that certain viruses, like Dengue virus (DENV), 

cause host cell damage and release cellular DNA into the cytoplasm, such as through 

mitochondrial damage. In doing this, cGAS may bind host DNA and activate (B. Sun et al. 

n.d.). Further, STING has been found to interact with RIG-I and MAVS, both components 

of the RNA sensing pathway. Additional select studies showed that loss of STING might 

impact IFN production required to create a complete anti-viral response for RNA viruses 

(Ni, Ma, and Damania 2018). In fact, recently, STING, but not cGAS, was found to be 

needed for full interferon production caused by infection with enveloped RNA viruses such 

as influenza A virus (IAV) (Holm et al. 2016). STING is also required to produce antiviral 

cytokines such as C-C motif chemokine ligand 2 (CCL2) and C-C motif chemokine ligand 

20 (CCL20), which impact the replication of some RNA viruses (H. Chen et al. 2011).  

NOD-like receptors (NLRs) are similar to TLRs in structure and serve as an 

additional way for cells to combat viral infection and defend against other microbial 

pathogens. There are 22 known NLRs in humans; NLRs can recognize a large variety of 

microbial ligands and changes in intracellular ions that contradict a homeostatic 

environment (Hong, Yoon, and Wilson 2012). A more recent publication detailed that 

NLRs can bind ssRNA and dsRNA, indicating that NLRs may be able to bind RNA 

directly. The functions of NOD-like receptors are broken into four categories: 

inflammasome formation, signaling transduction, transcription activation, and autophagy 

(Y. K. Kim, Shin, and Nahm 2016). Inflammasome formation is able to be activated by 
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eight NLRs (NLRP1, NLRP2, NLRP3, NLRP6, NLRP7, NLRP12, NLRC4, and NAIP) 

and can occur in response to the binding of microbial products to NLRs causing activation 

and a conformational change leading to multimerization. Activation of the inflammasome 

mainly results in the activation of Caspase 1 and subsequent cleavage of pro-inflammatory 

cytokines such as IL-1β and IL-18. Inflammasome activation can also result in pyroptotic 

cell death (Jacobs and Damania 2012). NLRs can also play a role in signal transduction by 

signaling through receptor-interacting protein 2 (RIP2) after contact with microbial 

peptides, leading to NF-kB activation. NF-kB then translocates to the nucleus and enhances 

the transcription of proinflammatory cytokines (K. Kobayashi et al. 2002). NLRs take part 

in transcription activation in that several studies have shown that the expression of MHC I 

and MHC II depends not only on several transcription factors but also on the presence of 

NLRA and NLRC5 (K. S. Kobayashi and Van Den Elsen 2012; Motta et al. 2015). 

Autophagy is the normal cellular process where organelles are digested for cellular 

turnover. Multiple NLRs can induce autophagy to remove pathogens, allowing recognition 

of viral components in various portions of the cell (Y. K. Kim, Shin, and Nahm 2016; 

Jacobs and Damania 2012).  

The antiviral proteins that recognize viral infections within a cell work together to 

maintain cellular integrity or to reduce the replication of a virus. For this reason, there 

exists a similarity between several innate proteins that allows for functional redundancy 

and additional supplementation of the anti-viral immune response. The RLR family of 

PRRs shows similarities with viral TLRS in that they signal the activation of NF-κB and 

IRF3 and ISGs such as type I IFNs (Creagh and O’Neill 2006). Additionally, the RLR 

family of PRRs is similar to the NLR family of PRRs NLRs because they contain CARD 
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domains which ultimately result in IRF3 and NF-κB activation (Creagh and O’Neill 2006). 

TLR pathways and NLR pathways also interact in that TLR pathways poise NLR signaling. 

For instance, TLR activation can lead to the production of pro-IL-1β and  pro-IL-18, while 

NLR activation can lead to the production and activation of caspase 1. Caspase 1 can result 

in the cleavage of pro-IL-1β and  pro-IL-18 into active IL-1β and IL-18, resulting in 

inflammation and can induce NLR pathways (R. S. T. Tan et al. 2014).  Additionally, NLR 

pathways can poise TLR signaling, secreted active IL-1β binds to IL-1β receptor, which 

increases the expression of MyD88 and IRAK4, both of which are required for downstream 

signaling of TLRs (R. S. T. Tan et al. 2014). PRRs described here can detect viral RNA or 

DNA and intermediate viral products, with many of these receptors recently identified and 

still being understood (Koyama et al. 2008).     

 

The Adaptive Immune System's Response to Viral Infection 

As previously mentioned, the adaptive immune system is informed of pathogenic 

infection by the innate immune system, primarily through cytokine-mediated signals. In 

this sense, the innate immune system can regulate the adaptive immune system by 

informing it on what response is needed for a particular infection (Iwasaki and Medzhitov 

2010). After recognition of a pathogen by PRRs, dendritic cells produce cytokines, such as 

IL-12, which direct naïve CD4 T cells to transition into TH1 cells, capable of amplifying 

adaptive anti-viral responses (Macatonia et al. 1995). TH1 cells are typically responsible 

for coordinating and strengthening the host response to viral infections, which can occur 

through various mechanisms, including classical activation of macrophages and continued 

release of pro-inflammatory cytokines, which reinforce innate anti-viral pathways and lead 
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to the recruitment of other immune cells (Janeway and Medzhitov 2003). Through cytokine 

release, TH1 cells can further recruit other phagocytic cells to the site of infection. TH1 cells 

secrete hematopoietic growth factors such as IL-3 and GM-CSF, which stimulate new 

monocytes in the bone marrow. Additionally, they secrete TNFα and lymphotoxin at the 

sites of infection, which alters the surface proteins on endothelial cells so that monocytes 

can better adhere to them (Murphy and Weaver 2016). 

Under non-inflammatory conditions, CD4 T cells outnumber CD8 T cells in the 

spleen, lymph nodes, and serum. However, CD8 T cell populations expand during viral 

infections and disproportionately outnumber CD4 T cells (Butz and Bevan 1998). TH1 cells 

typically activate CD8 cytotoxic T cells during viral infection. These cells are often also 

capable of recognizing a virus-infected cell and terminating it directly (Murphy and 

Weaver 2016). During the initial adaptive immune response to a virus, both CD4 and CD8 

T cell populations proliferate and expand greatly and typically begin to secrete IFNγ in 

response to continued peptide stimulation, resulting in a massive expansion of antigen-

specific cytotoxic T cells as well as reinforcement of innate and adaptive immune pathways 

(Butz and Bevan 1998). T-cell populations are the first adaptive immune cells to expand in 

response to viral infection. B cell activation in response to viral infections typically occurs 

after T cell activation. B cell responses begin with the secretion of low-affinity IgM 

antibodies; these can primarily bind to a pathogen and activate complement through the 

previously described mechanisms, releasing anaphylatoxins and reinforcing immune 

responses (Gonzalez et al. 2011). 

Additionally, IgM Abs can neutralize viruses during early viral infection, 

preventing cell entry through antibody receptor binding interactions (Salvo et al. 2018). 
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Once the activation of a B cell has occurred in an LN, it travels to the cortical: paracortical 

region of the LN, where it attempts to make contact with a cognate CD4 T cell. Here the B 

cell receives cytokine messengers and the essential CD40L: CD40 interaction which allows 

a B cells to become fully activated and form germinal centers (GCs). In GCs, B cells 

undergo ISW and SMH, enabling them to have a higher affinity for the antigen and to 

become the correct isotype to generate a sufficient response to pathogen infection (den 

Haan, Arens, and van Zelm 2014). Adaptive immune responses will occur if the antigen is 

presented to B and T cells, regardless of whether or not it has been cleared from a host's 

system. 

 

The Innate Immune Systems Response to Cancer 

Innate immune cells also play a role in anti-cancer immune responses. DCs and 

macrophages can aid indirectly in eliminating cancerous cells by recognizing damage-

associated molecular patterns (DAMPs), which allows for the recruitment and activation 

of other effector cells. Natural Killer (NK) cells, Natural Killer T cells (NKT), and γδ T 

cells have evolved mechanisms that allow for the direct killing and elimination of cancer 

cells (Woo, Corrales, and Gajewski 2015). Type I interferons released by macrophages 

characteristically activate NK cells. NK cells are then brought to the site of an immune 

response, where they begin to survey the cells in that area. NK cells have germline-encoded 

receptors that recognize molecules on the surface of cells, constantly monitoring for 

aberrant expression of MHC class I molecules (Waldhauer and Steinle 2008). When an NK 

cell comes into contact with MHC I, it is sent a signal instructing it not to attack the cell it 

is monitoring, as it is recognized as self. During the process of metastasis and subsequent 
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alterations in gene expression, cancer cells often downregulate the expression of MHC 

class I molecules (Cornel, Mimpen, and Nierkens 2020). For this reason, NK cells can 

directly kill and eliminate cancerous cells through two main mechanisms. First, upon 

activation, NK cells can release cytotoxic proteins, including granzymes and the pore-

forming protein, perforin (Smyth et al. 2005). The second pathway that NK cells use to kill 

target cells is through a TNF family member known as tumor necrosis factor-related 

apoptosis-inducing ligand (TRAIL). TRAIL is expressed on the surface of NK cells and 

interacts with two TNFR superfamily dearth receptors known as DR4 and DR5. TRAIL 

stimulated DR4 and DR5 to activate the proenzyme caspase 8, leading to downstream 

cleavage of caspase 3 and eventual degradation of host genetic material, leading to 

apoptosis of the cell (Smyth et al. 2005; Murphy and Weaver 2016). Due to their ability to 

eliminate cancerous cells upon receptor recognition, NK cells have been exploited to 

design some cancer immunotherapies, such as bi-specific NK cell engagers (BiKEs) and 

tri-specific NK cell engagers (TRiKEs) (Felices et al. 2016). BiKEs are comprised of an α-

CD-16 single chain variable fragment (scFv), which activates NK cells when bound, and 

an scFv specific to a particular cancer epitope, while TRiKEs are comprised of an α-CD-

16 scFv linked to An Activating cytokine which is further coupled to an scFv that is specific 

to a particular cancer epitope (Davis et al. 2017). 

 NKT cells are often considered part of the innate and adaptive immune system. 

They function differently from conventional NK cells because they are CD1d restricted, 

meaning they recognize antigens presented by a class Ib MHC on antigen-presenting cells 

(APCs) (Terabe and Berzofsky 2014). NKT cells recognize and kill CD1d-expressing 

tumor cells that present tumor-specific antigens to immune cells (Dhodapkar et al. 2003). 
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They further produce IFNγ that induces the maturation of DCs. Mature DCs further 

produce IL-12, which supplements IFNγ and IL-2 production by NKT cells and enhances 

anti-tumoral responses (Terabe and Berzofsky 2008). 

γδ T cells function similarly to NKT cells in antigen recognition and killing of cells; 

they are typically tissue residents who recognize lipids and carbohydrates presented on a 

cell's surface. Recent studies have indicated that they impact the anti-cancer immune 

response peripherally by serving as an early source of IFN during the anti-cancer response. 

This IFN release by γδ cells activates and enables other immune cells to combat cancerous 

cells (Y. Gao et al. 2003). 

 

The Adaptive Immune System's Response to Cancer 

Much like the adaptive immune response to viral infections, the adaptive immune 

response to cancer is specific to a particular epitope. The adaptive immune response to 

cancer is typically generated in response to neoepitopes, which are unique protein 

fragments produced by genetic mutations in cancer cells. Neoepitopes are presented by 

cancerous cells on MHCI and MHC II and subsequent recognition by CD8 and CD4 T 

cells, respectively. Since the immune system does not recognize neoepitopes as self, 

adaptive immune responses, including CD4 and CD8 T cell responses to these epitopes, 

often follows (Hansen et al. 2020). 

CD4 T cells play a pivotal role in the anti-tumor immune response as they are 

directly and peripherally involved, through effects on both innate and adaptive immune 

cells such as macrophages and CD8 T cells. Additionally, CD4 T cells can act directly on 

unhealthy cells that present neoepitopes to eliminate them through differentiation into Th1 
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cells and further elimination of these cells via perforin/granzyme B-dependent killing or 

target cell elimination via ligation of Fas/FasL (or other TNF/TNFR family) death 

receptors (K. U. Lundin et al. 2004). Activated CD4 T cells release cytokines such as IL-2 

and IFN-γ, which promote the adaptive immune response. IL-2 drives the expansion of 

CD4 and CD8 T cells, increasing the magnitude of the response. IFN-γ can bind to its 

receptor on immune cells such as APCs, which further drives these cells to secrete IL-12, 

reactivation the IFN-γ production cycle (Jorgovanovic et al. 2020). Secretion of IL-2 and 

IFN-γ by CD4 T cells has also been found to elicit M1 macrophages to inhibit tumor 

propagation via secretion of nitric oxide synthase (iNOS), reactive oxygen species (ROS), 

and IL-12. Additionally, M1 macrophages secrete high levels of pro-inflammatory 

cytokines that act on neighboring cells to increase the anti-cancer immune response (Hao 

et al. 2012). These effector functions result in direct and indirect clearance of tumor cells.  

The presence of CD8 T cells within the TME has been associated with improved 

tumor clearance and overall prognosis, often characterized by the simultaneous presence 

of pro-inflammatory cytokines such as Type I IFN (Trujillo et al. 2018). The mechanisms 

by which CD8 T cells within the TME are believed to eliminate cancerous cells are 

primarily via death receptor pathways such as through the ligation of the Fas ligand (Fas 

L) on T cells with the Fas receptor (FasR) on target cells, but they are also able to eliminate 

cancerous cells via the perforin/ granzyme B pathway, with a preference for FasL/FasR 

pathway for cancerous cells (Chávez-Galán et al. 2009). Though these mechanisms can aid 

in the clearance of tumors, tumor-infiltrating lymphocytes often display upregulation of 

inhibitory markers, such as PD-1 and CTLA-4, which bind PD-L1 and CD80/CD86, 

respectively, which can halt anti-tumoral effector functions and result in reduced effector 



  27 

cytokine production (Ahmadzadeh et al. 2009). These inhibitory markers can be 

overexpressed on progressive malignancies for some cancers, making it less likely that T 

immune cells will generate responses to cancerous cells as metastasis progresses. 

Several studies indicate that patients with progressive malignancies show 

substantial alterations in their circulating antibody repertoires compared to when no 

malignancy is present (Narang et al. 2019; Stafford et al. 2014a). These changes can be 

used to identify patients with progressive malignancy and patients that may have a 

particular form of cancer prior to a palpable tumor being detected (Stafford et al. 2014a). 

These changes in circulating Abs could be due to multiple factors, one being the adaptive 

response to cancerous neoepitopes causing an expansion in the pool of B cells specific to 

a given protein sequence. Generation of Abs against neoepitopes may be helpful if the 

neoepitopes that the Abs are against are present on the surface of the cancer cell, as this 

might be able to recruit immune cells such as neutrophils which can release cytotoxic 

elements and eliminate the cell. Abs against neoepitopes serve as a potential avenue for 

cancer immunotherapy. For instance, there are currently treatment methods in development 

that aim to utilize IgE that is engineered to be specific to a particular cancer neoepitope in 

the hopes that an immune response can be elicited against a cancer cell via degranulation 

of cells that function through the Igε receptor, such as basophils, eosinophils and mast cells 

(Daniels-Wells et al. 2013; Leoh, Daniels-Wells, and Penichet 2015). Overall, neoepitopes 

presented by cancerous cells are a major driver of the adaptive immune response to cancer. 
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Tumorigenesis 

 Tumorigenesis refers to the multi-step process that leads to the initial generation of 

tumor cells in the body. This process is characterized by increases in genomic instability 

and escape of cancer cells from immune recognition, resulting in tumor cell formation and 

immortal growth (Tabassum and Polyak 2015). The tumor surveillance hypothesis details 

a process known as “cancer immunoediting” in the context of the immune system’s 

response to cancerous cells. It states that three distinct phases exist in which the immune 

system impacts the promotion or control of tumor cell formation, concluding in 

tumorigenesis. These three steps include elimination, equilibrium, and escape (Swann and 

Smyth 2007). It is usual for healthy cells to acquire damage that may disrupt the genetic 

stability of a cell. Factors that can cause this disruption include exposure to carcinogens, 

chronic inflammation, radiation, viral infection, and other factors that could alter the 

genetic makeup of healthy cells (Swann and Smyth 2007; Butel 2000). However, healthy 

cells have many repair mechanisms that prevent these cellular changes from evolving into 

cellular dysfunction, including DNA repair, senescence, and apoptosis of dysregulated 

cells (Figueroa-González and Pérez-Plasencia 2017). When these repair mechanisms fail, 

cells may begin to display tumor antigens or may secrete cellular products that are 

abnormal. The typical expression of proteins may also be altered at this point, such as the 

downregulation of MHC. The dysregulated cells may be more apparent to the immune 

system at this point. 

 This marks the first stage of the tumor immune surveillance hypothesis, the 

“elimination” stage. In this stage, the innate and adaptive immune system undergoes the 

process of cancer immune surveillance, in which cells that express tumor antigens that are 
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non-self may be eliminated by adaptive T cells specific to those antigens or cells that fail 

to express normal host proteins may be eliminated by innate immune cells such as NK cells 

(Waldhauer and Steinle 2008; Mehta, Gracias, and Croft 2018). In many cases, the immune 

system can protect the body from metastasis through extrinsic tumor suppression via the 

direct killing of tumorigenic cells or the release of anti-tumoral cytokines that can eliminate 

the cells during this phase (Swann and Smyth 2007). The cellular environment returns to 

homeostasis when the tumor cells are controlled or destroyed.  

However, if the cancerous cells are not cleared, the next step of cancer progression 

under the tumor surveillance hypothesis, termed “equilibrium,” ensues. At this stage, 

cancerous cells persist and are not entirely eliminated though the immune system still reacts 

to and modulates their growth. For instance, cancerous cells may continue to multiply but 

do not reproduce in a large capacity because the immune system continues to eliminate and 

control dysregulated cells. During this phase, tumor cells may either remain stagnant or 

may begin to accumulate more mutations, resulting in additional neoepitopes. Tumor cells 

may undergo changes in protein expression within the cell, and on the cell surface, they 

may begin to express specific tumor-associated antigens (TAAs) resulting from 

accumulated mutations and subsequently translated proteins. As previously mentioned, the 

cancer cells may also start downregulating proteins typically represented by the cells, such 

as MHC, which can activate innate immune cells, such as NK cells (B. C. Taylor and Balko 

2022; Waldhauer and Steinle 2008).  

Cells may start to appear unrecognizable to the immune system or may instigate 

tolerance of immune cells. When control mechanisms by the immune system fail, tumor 

cells progress to the “escape phase”, in which cancer begins to progress. Several studies 
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have indicated that at this phase, even T cells with specificity to tumor antigens may be 

unable to perform typical effector functions when stimulated with tumor Ags, such as 

degranulation or release of IFNγ and release of pro-inflammatory cytokines (Anderson et 

al. 2007) Several mechanisms are believed to be responsible for this tolerization of 

immune cells, tumor cells themselves can secrete immunosuppressive cytokines such as 

TGF-β and IL-10  as well as enzymes such as indoleamine-2,3-dioxygenase (IDO), which 

catabolize amino acids that are required for proper T cell function (Belladonna et al. 2008; 

Katz, Muller, and Prendergast 2008). Tumor-associated DCs also release cytokine signals 

associated with immune suppression, such as PD-L1, arginase (ARG), and IDO (Hurwitz 

and Watkins 2012). Further, tumor cells across several cancers often begin upregulating 

immunosuppressive molecules on their surface, such as PD-L1, resulting in T cell 

dysfunction (Nakanishi et al. 2006; Abiko et al. 2013; Q. Gao et al. 2009). Collectively, 

these tolerization mechanisms reduce the ability of T cells to react and control tumor cells, 

leading to tumor progression and eventual metastasis.  

 

Metastatic Osteosarcoma (mOS) 

Osteosarcoma (OS) is the most common bone cancer in children and adolescents, 

with survival rates declining from ~70% to ~20% upon metastasis from the bone of origin 

(Lindsey, Markel, and Kleinerman 2017; Czarnecka et al. 2020). The incidence rate of 

osteosarcoma as of 2021 was at a projected ~1,000 cases diagnosed per year, with the 

majority of these cases in children and adolescents (“Home | American Cancer Society - 

Cancer Facts &amp; Statistics” n.d.). It is predicted that cases of adolescent OS will only 

increase in the coming years, as past trends have shown that little progress in the 
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development of treatment for the disease has resulted in ongoing poor prognoses for 

patients, but increases in population and respective illness are expected to continue (Eyre 

et al. 2010).  

Osteosarcoma is believed to originate from mesenchymal cells and is subclassified 

according to its predominant stroma, often comprised of osteoblastic, chondroblastic, 

fibroblastic, or giant cell-rich tumors, among others (Abarrategi et al. 2016). However, the 

predominant stroma is not believed to have prognostic importance or implications for the 

effectiveness of therapy but may be necessary to identify metastasis (Abarrategi et al. 

2016). Most OS cases initiate in long bones, with common metastasis to the mucosa of the 

lungs (Lindsey, Markel, and Kleinerman 2017; Abarrategi et al. 2016). Pulmonary arteries 

are the most common site of metastases across many cancers, likely because the lungs are 

a rich source of vascularity and are the first reservoir for lymphatic drainage before entering 

the systemic venous system (Gerull, Puri, and Kozower 2021). For cancers like mOS, cells 

undergo many cellular component changes due to genetic alterations resulting in the 

metabolic reprogramming of pulmonary cells, changes that benefit from vascularization 

(Du et al. 2023). In this way, the lungs serve as an opportunity for mOS cells to flourish.  

 Traditional treatment methods for metastatic osteosarcoma (mOS) involve surgery, 

radiation therapy, chemotherapy, or a combination of all three. Limb-salvage surgery has 

also been pursued in which tumor cells and the bone of tumor origin are removed and 

subsequently replaced with a prosthetic. However, this process risks the return of 

metastasis if all cancerous cells are not removed during the initial procedure (Y. Yang et 

al. 2018). Still, current treatment methods have shown limited efficacy and high mortality 

rates even after the conclusion of treatment (Lindsey, Markel, and Kleinerman 2017). A 
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drive to elucidate and resolve these obstacles has led to discoveries of mOS resistance 

mechanisms to traditional treatment methods and has augmented the pioneering of 

alternative therapies (Chou and Gorlick 2006). 

 

Progress In Immunotherapy for Metastatic osteosarcoma (mOS) 

Immune checkpoint blockade (ICB) that employs α-CTLA-4 and α-PD-L1 has 

shown promise in improving survival rates amongst various malignancies (Y. J. Park, 

Kuen, and Chung 2018). We have previously demonstrated that human mOS cells express 

PD-L1, a ligand for PD-1 on cytotoxic T lymphocytes (CTL), implying that expression 

may limit CTL control of mOS (Lussier, O’Neill, et al. 2015). Similarly, murine mOS 

express PD-L1, and we have shown that combination α-PD-L1 treatment increases T cell 

killing of mOS cells, further reduces tumor burden, and extends lifespan in mice inoculated 

with mOS before treatment, resulting in prolonged survival but not complete eradication 

of mOS (Lussier, Johnson, et al. 2015). A combination of α-CTLA-4 and α-PD-L1 

displayed improved progression-free survival rates among ICB-treated patients in 

preclinical and clinical trials for various cancers (Lindsey, Markel, and Kleinerman 2017; 

Chou and Gorlick 2006; Lussier, Nieves, et al. 2015; Topalian et al. 2014).  

In addition, past studies have shown that the degree of T cells’ tumor site infiltration 

is prognostic for tumor regression and respective patient outcomes (Al-Shibli et al. 2008; 

S. Liu et al. 2012). CTLA-4 is a regulatory protein expressed on T cells. It acts as a potent 

inhibitor of T cells by binding to B7-1 (CD80) and B7-2 (CD86) on the surface of antigen-

presenting cells; this binding sequentially decreases CTL's ability to infiltrate and slow 

tumor progression (Lussier, Johnson, et al. 2015; Walunas et al. 1994). ICB comprised of 
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α-CTLA-4 and α-PD-L1 shows much promise as an effective immunotherapy candidate 

against several cancers, including OS. However, even though these therapies show much 

promise, it is not uncommon for human patients with the same malignancy to respond 

differently to the same cancer immunotherapies, posing an additional barrier in treatment 

advances (Sambi, Bagheri, and Szewczuk 2019). Response rates to therapies such as 

immune checkpoint blockade (ICB) in patients with various sarcomas show much 

inconsistency (Tawbi et al. 2017; D’Angelo et al. 2018; Petitprez et al. 2020). Unlike 

inbred laboratory mice, human patients often have numerous differences in genetic 

makeup, environment, and other circumstances that make it difficult to identify why 

patients with the same malignancy respond differently to the same treatment (Sambi, 

Bagheri, and Szewczuk 2019; Tawbi et al. 2017; D’Angelo et al. 2018; Petitprez et al. 

2020). If the cause of these differences in response rate were better understood, treatment 

methods and overall patient prognosis would be improved. 

 

The Impact of the Microbiome on Cancer Immunotherapy 

Recent studies have demonstrated the impact of host-microbiome interactions on 

patient health, including disease presence and chronic inflammation (Czesnikiewicz-Guzik 

and Müller 2018; D. Kim, Zeng, and Núñez 2017). Further investigation in patients during 

cancer progression and treatment suggests the presence or absence of certain types of 

microbes in the gut could affect systemic pro- or anti-inflammatory processes, such as the 

upregulation of tumor necrosis factor (TNF), which could result in greater tumor regression 

(Iida et al. 2013). The presence of specific microbes in the gut can also impact ICB 

immunotherapy approaches. For instance, α-CTLA-4 treatment for melanoma has been 
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found to rely on the presence of Bacteroides species. At the same time, the therapy showed 

no effect on germ-free and antibiotic-treated mice (Vétizou et al. 2015). Depending on 

Bifidobacterium's presence, similar results were seen in the α-PD-L1 treatment of 

melanoma (Sivan et al. 2015). Metagenomic studies concluded that enrichment of anabolic 

pathways and differences in pro-inflammatory cytokines caused by some bacteria's 

presence affect some disparities seen in tumor response and serve as one possible reason 

differences in patients' microbiomes are associated with variance in ICB efficacy 

(Gopalakrishnan et al. 2018). 

Strikingly, more recent investigations have shown fecal transplants from ICB 

responders to non-responders for the treatment of melanoma saw greater than one-third of 

human patients who previously were unresponsive to treatment became responsive after 

transplants, supporting a possible influence by the microbiome in ICB responsiveness and 

increasing curiosity to determine its role in the treatment across cancers. Discord in the 

microbiome has been recorded even in inbred lab mice (Laukens et al. 2016). Though the 

variation in microbiome composition is more significant among different strains than 

within the same strain, factors such as birthing conditions, cage-specific conditions, and 

the degree of stress experienced can cause a microbiome change composition (Laukens et 

al. 2016; Friswell et al. 2010; Moloney et al. 2014). Though many studies support that the 

microbiome and its variations profoundly impact treatment for some malignancies, 

investigations that characterize microbiome composition for most cancers have not been 

pursued (Mager et al. 2020; Vivarelli et al. 2019; Routy et al. 2018a; Almonte et al. 2021). 

For melanoma, studies have shown that  ICB composed of α-PD-1 or α-CTLA-4 can even 

rely on the presence of particular microbes (Vétizou et al. 2015; Topalian et al. 2012). 
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Further studies showed that alterations of microbiome composition resulted in subsequent 

changes in the presence of metabolites thought to be secreted by these microbes, causing 

inhibition of ICB and chemotherapeutic drug efficacy, which can be primarily caused by 

antibiotic administration (J. H. Yang et al. 2017). This result is a significant finding because 

specific metabolites can impact cellular immune function via changes in inflammatory 

processes altering treatment regimen efficacy of treatments that rely on cellular immune 

function (C. H. Kim and Betz 2018).  

Under less controlled conditions, attenuation of ICB efficacy for combination PD-

1/PD-L1 has been seen in human patients to treat various cancers. For instance, antibiotics 

were associated with attenuated efficacy of α-PD-1/PD-L1 therapies in Chinese patients 

with advanced non-small-cell lung cancer (S. Zhao et al. 2019). Meta-analysis of 19 studies 

that involved antibiotic treatment during cancer treatments and possible effects on mainly 

PD-1 or CTLA-4 inhibitor therapies across human patients found that antibiotics use 

significantly reduced the progression-free survival in patients that were being treated with 

ICB among groups that were also given antibiotics when compared to those that were not 

(Huang et al. 2019).  

On the cellular level, T cells' tumor site infiltration can significantly prognose 

tumor regression and the respective patient outcomes (S. Liu et al. 2012; Al-Shibli et al. 

2008). Recent studies have demonstrated that antibiotic treatment can dramatically reduce 

CD3+ T cells in the lungs of saline-treated mice with viral infection compared to those not 

treated with antibiotics  (Yaron et al. 2020). Since mOS metastasizes to the lungs, it is 

possible that a reduction in CD3+ T cells in the lungs can lead to poorer outcomes for mOS 

patients via a reduction in the ability for T cells to proliferate in the lungs (Abarrategi et al. 
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2016). Additional studies have shown that alterations of microbiome composition via 

antibiotic administration can lead to changes in metabolites present in patients (J. H. Yang 

et al. 2017). Metabolite changes can further impact cellular immune function, including the 

function of T regulatory cells (Arpaia et al. 2013; Rooks and Garrett 2016; C. H. Kim and 

Betz 2018). This could be significant for ICB for mOS because not only does mOS resonate 

in mucosal lung sites, but ICB to treat mOS is dependent on T cell function (Lussier, 

O’Neill, et al. 2015; Lussier, Johnson, et al. 2015). Microbiome composition has also been 

associated with the generation of initial T cell burst, which has implications regarding the 

overall response of T cells to tumors and can impact memory T cell formation (McCoy, 

Burkhard, and Geuking 2019). 

 

 

T Cell Memory 

 T-cell memory was initially described in the context of acute or chronic viral 

disease. Memory T cells are essential in response to viral infections and tumor-specific 

antigens (TSAs), as they are the basis for cancer vaccine efficacy. In fact, immune memory 

to TSAs can prevent mice from developing cancer upon reinoculation with the same cancer 

cell line (Lussier, Johnson, et al. 2015). Memory immune cells can be divided into three 

different categories, which include Tissue Resident (TRM), Central (TCM), and Effector 

(TEM) Memory T cells (Overacre-Delgoffe and Hand 2022). The different types of memory 

T cells are often characterized by their specific homing capacity and effector function; each 

can also be identified by differences in surface receptor expression that allows them to have 

differences in effector function.  
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Tissue Resident memory (TRM) cells require inflammatory cytokines such as IFNα 

and IL-12 to develop in addition to transcription factors Blimp-1, Hobit, and Ahr (Behr et 

al. 2018). After they are activated, T cells begin to express CD69, which antagonizes 

S1PR1, resulting in a decrease in T cell egress and subsequent tissue residency (Overacre-

Delgoffe and Hand 2022). TRM cells that reside in sites outside of the LN will begin to 

upregulate adhesion molecules and chemokine receptors, allowing them to remain in their 

tissues while downregulating lymphoid-homing receptors (Dijkgraaf, Kok, and 

Schumacher 2021). In the tissue, TRMs require additional cytokine signals from their local 

environment that can result in tissue retention and survival of TRM cells (Nath et al. 2019).  

Central memory T (TCM) cells have little to no effector function and must return to 

an LN for full activation (Sallusto, Geginat, and Lanzavecchia 2004). Since human TCM 

cells must return to the LN for full activation, they express surface receptors that allow 

them to enter the LN. TCM cells are predominantly CD4+, CD450R0+, and constitutively 

express CCR7 and CD62L (Sallusto, Geginat, and Lanzavecchia 2004). These receptors 

are also present in naïve T cells, but TCM cells are more sensitive to stimulation and have 

less of a requirement for co-stimulation. TCM cells upregulate CD40L to a greater degree 

than naïve T cells, allowing them to provide more efficient activation of B cells and DCs. 

After they are activated TCM cells typically produce IL-2 but further are able to produce 

large amounts of IFNγ or IL-4 (Sallusto, Geginat, and Lanzavecchia 2004).  

Effector memory T (TEM ) cells typically migrate to inflamed tissues and are able 

to provide immediate effector function upon contact with a pathogen, this can provide a 

fast response to pathogens since these cells do not need to return to the LN to gain full T 

cell function like naive T cells must do (Sallusto, Geginat, and Lanzavecchia 2004). In 
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humans, TEM cells no longer express CCR7, as they do not need to enter the high 

endothelial venules (HEV) of the LNs. Unlike TCM cells, TEM cells have primary effector 

functions upon contact with a pathogen. TEM cells typically carry large amounts of perforin 

that can be expelled upon stimulation and are predominantly CD8+, though CD4+ TEM 

cells do exist. Both CD4+ and CD8+ TEM cells begin to produce inflammatory cytokines 

such as IFNγ, IL-4 and IL-5 shortly after antigenic stimulation (Sallusto, Geginat, and 

Lanzavecchia 2004). 

Knowledge of immune memory can aid in the understanding and design of 

therapeutic models for cancer treatments. Typically, memory T cells can be detected even 

decades after exposure to antigen and a complete immune response. In fact, individuals 

primed with tetanus toxoid showed circulating antigen-specific TCM and TEM 10 years after 

initial priming and subsequent T cell population expansion upon immunization with 

boosters (da Silva Antunes et al. 2021; Warfel and Edwards 2015).  

 

 

Tumor Antigens and Cancer vaccines 

Antigens that are overexpressed or exclusively expressed on tumor cells are called 

Tumor-associated antigens (TAAs) or Tumor-specific antigens (TSAs), respectively. 

TAAs are proteins expressed on cells that may also be present in healthy cells but are 

frequently upregulated in tumor cells. TSAs are proteins expressed on cancer cells unique 

to tumor cells, often expressed because of non-synonymous single-nucleotide variants 

(SNVs) that developed during metastasis (Gubin et al. 2015). These tumor-specific 

proteins, called neoepitopes or neoantigens, help us identify and classify specific cancers. 
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Recent studies have demonstrated that therapeutic manipulation of both TAAs and TSAs 

has allowed for more specificity in the design of cancer immunotherapies. One avenue that 

aims to exploit the potential for neo-epitopes to be used as therapeutic cancer treatments is 

neoepitope vaccines, which seek to include mutation-associated neoantigens in the form of 

vaccination to create an immune response against proteins associated with tumors (Alcazer 

et al. 2019). In metastatic cancers, vaccination with neoepitope vaccines can alter a tumor's 

environment from one deficient in anti-tumoral T cells responses, a “cold” tumor, to one 

that increases the number of effector cells within cancer, a “hot” tumor (Alcazer et al. 

2019). 

Therapeutic cancer vaccines (TCVs) can target specific TAAs, target TSAs or be 

personalized based on a patient's tumor. Cancer vaccines targeting TSAs are typically 

considered safer, as they are less likely to cause off-target toxicity by reacting to proteins 

also present in noncancerous cells (Shemesh et al. 2021). Additionally, cancer vaccines 

may have the potential to be used as adjuvants for cancer therapy by administration of the 

vaccine in combination with other treatments such as chemotherapy or radiation, thereby 

increasing the effectiveness of both therapies and the overall response against tumors 

(Thomas and Prendergast 2016).  

Methods to determine which TSAs can be used in cancer vaccines include 

algorithmic approaches identifying which tumor antigens might yield the most productive 

response. In human patients, this typically begins with a biopsy of the tumor and further 

characterization of the tumor-specific mutanome. Tumor biopsies are then sequenced using 

whole-exome and RNA sequencing, neoepitopes are then identified, and major 



  40 

histocompatibility complex (MHC) class I epitope prediction algorithms are used to 

determine which proteins are the best targets for a particular patient (X. Zhang et al. 2017). 

As of 2019, 800 TCVs are in development, with approximately half of these 

vaccines in clinical trials (Xin Yu, Hubbard-Lucey, and Tang 2019). Approximately 25 of 

those in clinical trials offer personalized vaccine approaches that employ methods 

mentioned previously. Additional research in both pre-clinical and clinical trials seeks to 

determine an effective way for future cancer vaccine development and could serve as a 

valuable complement to immunotherapy (Alcazer et al. 2019).  

 

Chapter Organization 

 

 Chapter 2 of my dissertation, titled “Characterizing the Impact of  Specific OAS 

Proteins on Viral Replication in a Human Lung, Adenocarcinoma Cell Line,” discusses the 

impact that overexpression of the oligoadenylate synthetase (OAS) family of PRR proteins 

has on viral replication across several families of RNA viruses using high efficiency, low 

background (HILO), tetracycline induced (TET-ON) system, in a human lung 

adenocarcinoma (A549) model. Additionally, I examine the potential interdependence 

between specific OAS isoforms and RNase-L , which conically are believed to lead to viral 

suppression, supported by observations of impaired viral suppression or its absence during 

virus infections in an RNase-L-KO cell line that overexpresses the same OAS proteins. 

 Chapter 3 of my dissertation, titled “Distinguishing Circulating Antibody 

Repertoires of Responders vs. Non-Responders to Immune Checkpoint Blockade (ICB) for 

Metastatic Osteosarcoma (mOS) in Balb/c mice,” discusses the replication of a previous 
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mouse model in which ICB composed of α-CTLA-4 and α-PD-L1 was used to treat mOS 

and the demonstration that responders to this immunotherapy regimen had distinct antibody 

repertoires before inoculation with tumor or ICB treatment compared to non-responders. I 

then analyze the sequences for which antibodies in responders show high reactivity, 

delving further into the implications of this reactivity and potential ways this knowledge 

can be applied to immunotherapy treatment for mOS. 

 Chapter 4 of my dissertation, titled “The Impact of Microbiome Dysbiosis on T 

Cell Function Within the Tumor Microenvironment (TME),” discusses first the 

conventional responses of T cells to cancer. Subsequently, it elucidates our current 

understanding of how alterations in the microbiome can influence T-cell immune function 

within the tumor microenvironment (TME), revealing additional dimensions that can be 

considered and potentially exploited for cancer immunotherapy. 

Chapter 5 of my dissertation, titled “The Impact of Microbiome Modulations on T 

Cell-Mediated Immunotherapy Efficacy for Metastatic Osteosarcoma (mOS),” discusses 

initially whether pre-existing microbiome compositions influence treatment outcomes in 

response to cancer immunotherapy composed of α-CTLA-4 and α-PD-L1 in a Balb/c 

mouse model. I then discuss the impact of modulations in the microbiome on cancer 

progression, T cell functionality, and responsiveness to immune checkpoint blockade, 

analyzing how the microbiome can serve as a helpful modulatory tool to improve treatment 

outcomes for patients with mOS. 

 Chapter 6 of my dissertation, titled “Methods for Validation of a T cell Epitope 

Prediction Algorithm EnsembleMHC in vivo,” discusses potential avenues for testing the 
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efficacy of T cell prediction algorithms in vivo. Additionally, this chapter explores and 

considers the practical applications that can emerge from this research if pursued. 

 Chapter 7 of my dissertation, titled “Discussion,” will discuss the broad 

implications of the preceding five chapters. I delve into potential insights that can be gained 

from this research regarding our understanding of treatments for viral illnesses and possible 

treatment strategies through leveraging innate immune mechanisms. Furthermore, I 

explore the potential application of the knowledge gained from this dissertation and how it 

can be used to improve immunotherapy treatments for mOS, enhancing patient prognosis 

and paving the way for tangible solutions to current issues with immune checkpoint 

blockade efficacy.  
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CHAPTER 2 

CHARACTERIZING THE IMPACT OF SPECIFIC OAS PROTEINS ON VIRAL 

REPLICATION IN A HUMAN LUNG, ADENOCARCINOMA CELL LINE 

Abstract 

The 2',5'-oligoadenylate synthetase (OAS)-RNase-L pathway is an interferon (IFN)-

induced cascade activated in response to viral infection. Upon IFN induction and 

subsequent double-stranded RNA (dsRNA) binding, OASs synthesize 2-5A, a potent 

activator of RNase-L, which results in nonspecific cleavage of cytoplasmic RNA, aiding 

in the clearance of viral infection. Though copious studies highlight the importance of 

specific OAS proteins in triggering robust antiviral responses against certain viruses, the 

significance of each OAS in suppressing the replication of particular viral families remains 

elusive. Here, we utilized a Tetracycline-on (TET-ON) system to engineer several human 

A549-derived cell lines that express OAS isoforms based on the three enzymatically active 

OAS proteins in humans--OAS1, OAS2, and OAS3. We show that although the activation 

of distinct OAS proteins has recently been attributed to the cellular localization of viral 

replication, the ability of unique OAS proteins to suppress viral replication when 

overexpressed exhibited considerable variation across RNA viruses even within the same 

viral family, indicating that additional undefined factors may impact the role of specific 

OAS proteins in suppressing viral replication for different viruses. We additionally show 

the antiviral capacity of OAS3 is abolished in an RNase-L KO cell line across several 

viruses, compared to a wildtype (WT) cell line that over-expresses the same OAS proteins. 

However, the ability of OAS1 and OAS2 isoforms to suppress viral replication is partially 

maintained when overexpressed in the same RNase-L KO cell line, albeit to a reduced 



  44 

extent, indicating potential RNase-L independent mechanisms of viral suppression utilized 

by these proteins. Findings from this research aid in elucidating the impact of distinct OAS 

proteins on viral replication across different RNA viruses and contribute to a better 

understanding of what mechanisms govern the impact of the innate anti-viral responses to 

distinct viruses, which can be utilized in the development of anti-viral therapies. 

 

Introduction 

The innate immune system is comprised of a complex network of host proteins that 

work together to provide an initial defense against pathogens. Understanding how 

components of the innate immune system are responsible for inhibiting the replication of 

certain viruses is crucial to our understanding of innate viral immunity and can further 

frame the design of therapeutics that combat viral infection. The 2' 5' Oligoadenylate 

synthetase (OAS) proteins are a family of interferon (IFN)-induced enzymes that play a 

crucial role in the innate immune system's defense against viral infections. In humans, the 

main isoforms include OAS1, OAS2, OAS3, and OASL, though OASL is believed to lack 

enzymatic activity (Marques et al. 2008). Moreover, evidence supports that both RNase-

L-dependent and RNase-L-independent pathways exhibit antiviral activity. The canonical 

OAS antiviral pathway, which is RNase-L dependent, has been extensively described 

several times (Roberts et al. 1976; Hovanessian, Brown, and Kerr 1977; Baglioni, Minks, 

and Maroney 1978). In the classical OAS-RNase-L pathway, OAS proteins aid in the 

defense against viruses by binding dsRNA that has entered the cell via a positively charged 

groove found at the interface of the OAS N- and C- terminal domains (Kristiansen et al. 

2011). This interaction results in the allosteric activation of OAS and further synthesizing 
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of 2’-5' oligoadenylates (2-5A), utilizing adenosine triphosphate (ATP) as a substrate. 2-

5A binds and activates RNase-L, which dimerizes and acquires RNase activity for both 

cellular and viral RNA, thereby halting the ability of a virus to exploit the machinery of an 

infected cell for viral replication. Additional research has demonstrated the presence of 

RNase-L-independent pathways. OASL in humans lacks enzymatic activity yet still 

displays antiviral activity in mammalian cells, likely due to its C-terminal domain, which 

displays homology to ubiquitin. Past studies have shown that OASL displays antiviral 

activity against Encephalomyocarditis Virus (EMCV) by requiring the ubiquitin-like 

domain but not the presence of RNase-L  (Marques et al. 2008).  

 Several studies indicate that mutations in certain OAS proteins can impact the 

likelihood that a person will either contract a certain viral illness or experience severe 

outcomes after infection (Lim et al. 2009; Alagarasu et al. 2013; Barkhash et al. 2014), 

though our understanding of not only why these mutations lead to altered outcomes but 

also which proteins are most important for protection against certain viral illness is 

currently incomplete. OAS proteins exhibit distinct cellular localization patterns, with a 

proclivity towards different regions of a cell after translation. For instance, OAS1-46 can 

be prenylated in specific hosts, and these proteins tend to localize to endomembrane 

systems (Wickenhagen et al. 2021). For this reason, it is believed that patients who can 

produce prenylated forms of OAS1-46 are also able to inhibit SARS-CoV-2 replication in 

large part because the virus utilizes endomembrane systems to replicate within a cell, 

clinically evident by the improvement in patient outcome for those who produce prenylated 

OAS1-46 (Wickenhagen et al. 2021; Soveg et al. 2021). Conclusions from these studies 

have supported the notion that a particular innate immune protein’s impact on replication 
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for distinct viruses can be in large part attributed to cellular localization of viral replication 

since where the virus replicates can also impact what proteins viral RNA will interact with. 

 Previous studies have concluded that OAS3 substantially impacts RNase-L 

activation and further that OAS3 displayed a higher affinity for dsRNA than OAS1 or 

OAS2 in a length-dependent manner (Li et al. 2016; Wang et al. 2020). However, these 

studies were completed across few viruses and were completed in vitro. Additionally, 

various factors may cause disparate inhibitory effects among viral species compared to 

each other. Recent studies have shown that the length of dsRNA can determine which OAS 

is activated and achieves its maximum activity when bound to RNA that is longer than 

what one molecule of enzyme can interact with (Wang et al. 2020). Thus, many factors that 

can impact catalytically active OAS species are accountable for suppressing viral 

replication across species. Our understanding of which OAS species are most important 

for different viruses represents a significant gap in our ability to understand innate immune 

function against viruses and further represents a gap in our understanding of how best to 

design therapies and treatments for viral illness. In this study, we first sought to determine 

which OAS innate immune proteins were most likely to impact viral replication for 

Alphaviruses SINV and CHKV and Flaviviruses ZIKV and WNV. 

Togaviruses are vector-borne positive-strand RNA viruses that are ~11kb-12kb in 

length. They typically lead to symptoms such as rash, fever, persistent arthritis, and 

encephalitis that can result in case mortality in severe cases. Togavirus members include 

those in the Alphavirus family, such as Sinbis virus (SINV) and Chikungunya Virus 

(CHKV), both used in this study. The Alphavirus life cycle, similar to that of the Flavivirus 

life cycle, begins with the attachment of the viral particle to a cell surface and subsequent 
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clathrin-mediated endocytosis of the viral particles (J. Y. S. Leung, Ng, and Chu 2011). 

After acidification of the vesicle, the nucleocapsid is released into the cytoplasm and 

disassembled to release the (+) strand viral RNA, which is further translated in the 

cytoplasm into the polyprotein. Viral proteinases are cleaved with different specificities. 

These enzymes copy (+) strands of the virus into full-length (-) and (+) strands, producing 

a dsRNA intermediate and subgenomic mRNA which can activate innate immune 

mechanisms, such as OAS proteins, among others (D. Liu et al. 2002). The synthesis of the 

viral RNA occurs at membranous structures that accumulate at the plasma membrane and 

then move to the cell interior. Subgenomic mRNA is further translated to viral proteins by 

ribosomes in the cytoplasm, and proteolytic cleavage ensues. Cleavage to liberate the 

capsid protein occurs, exposing the hydrophobic sequence of the viral protein PE2, which 

induces ribosomes to associate with the ER. Viral polyproteins begin to enter the secretory 

pathway, and glycoproteins are transported to the cell surface. Next, viral capsid proteins 

and (+) strand genomic RNA assemble to form nucleocapsids that migrate to the plasma 

membrane and are associated with viral glycoproteins. The nucleocapsid becomes 

enveloped by budding at this site, releasing the virus. Several in vitro studies indicate the 

importance of OAS3 in suppression of both SINV and CHKV replication (Li et al. 2016; 

Bréhin et al. 2009). Though the viral entry of Alphaviruses into cells has been characterized 

and further studied, the immune mechanisms needed to prevent Alphavirus infection are 

being further elucidated in this study. 

The Flavivirus genus is a family of enveloped, positive-strand RNA viruses with 

genomes ~11kb in size that is accountable for causing severe disease in both humans and 

animals; they include members such as Zika (ZIKV) and West Nile (WNV), both of which 
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were used in this study (Halstead n.d.). Flaviviruses are vector-borne and often carried 

through bites from the mosquito Aedes aegypti (Muktar, Tamerat, and Shewafera 2016). 

Replication of Flaviviridae begins with binding to host receptors on the surface of a cell, 

followed by clathrin-mediated endocytosis of the viral particles. The fusion of viral and 

cellular membranes is triggered by the late endosome’s low pH, allowing the release of the 

viral RNA into the cytoplasm (Brinton 2013). Further, the viral RNA is translated into a 

polyprotein that is cleaved into at least 10 proteins; these proteins recruit the viral genome 

into a replication complex, consisting of ER invaginations open to the cytoplasm. The 

genome length (-) strand of RNA is created and is further copied to produce a new (+) 

strand of RNA. This replication forms a dsRNA intermediate that can trigger multiple 

innate immune pathways to detect dsRNA  (D. Liu et al. 2002). Virus assembly occurs at 

the ER surface when C protein dimers begin to associate with viral (+) RNA. The complex 

of protein and RNA buds into the ER membranes, which contain envelope (E), pre-

membrane (pr), and membrane (M) proteins. Immature virus particles are then formed and 

further transported to the surface by the secretory pathways; during this process, they 

undergo maturation steps, including glycosylation of prM and E and furin-induced 

cleavage of the prM. Mature viral particles are transported to the cell surface and secreted 

by exocytosis. The Flavivirus replication cycle involves virus-induced changes in host 

cellular membranes, allowing the virus to replicate efficiently and separately from cellular 

immunological components. This may impact the magnitude that certain immune proteins 

impact viral replication (Rothan and Kumar 2019). Though we know that Flaviviruses 

utilize the molecular machinery of cells to replicate, little is known about what 

immunological factors contribute to the immune system’s ability to fight Flavivirus 
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infection. Studies that have investigated the impact of genetic variations in certain innate 

immunological factors across populations discovered that alterations in OAS1 often 

correlate with severe Flavivirus disease in humans (Lim et al. 2009). Understanding which 

innate proteins are responsible for defense against Flaviviruses could provide helpful 

insight into potential therapeutics and treatments for those with a severe viral infection. 

Since OAS family proteins and subsequent variations in humans at loci encoding 

these factors can broadly impact the degree of antiviral immune responses during viral 

infection, it is crucial to understand how these proteins can affect viral replication and 

whether the importance of OAS proteins can vary for different viruses. Knowledge gained 

from studies about how these proteins affect viral replication can be expanded on for the 

design of antiviral therapeutics. They can also serve as biomarkers to determine if people 

are predisposed to severe infections. Additionally, certain viruses in this study present 

mildly in the broad population but progress to severe diseases in some people. This 

circumstance could be due to genetic variations in the general population (Choi et al. 2015). 

For example, most people infected with West Nile Virus (WNV) present asymptomatically, 

but <1% will progress to severe infections resulting in encephalitis (Mostashari et al. 2001).  

Here we utilized a Tetracycline-on (TET-ON) system to engineer several human 

A549-derived cell lines that express OAS isoforms based on the three enzymatically active 

OAS proteins in humans--OAS1, OAS2, and OAS3. Through plaque assay, we then 

determined which isoforms of OAS most impacted replication in these cells for SINV, 

CHKV, ZIKV, and WNV. We further sought to characterize whether or not the ability of 

these proteins to inhibit viral replication for specific viruses relied on RNase-L or not by 
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using a TET-ON RNase-L knockout (KO) cell line that also expressed OAS1, OAS2 and 

OAS3.  

We found that although viruses belonging to the same viral families have 

similarities in viral replication, they still may be impacted differently by the overexpression 

of specific OAS proteins. Further, we found that only in OAS3 overexpressing cells were 

viral replication ablated, whereas in OAS1 and OAS2 over-expressing cells, some viral 

suppression was still evident, even in RNase-L-KO cells. These results indicate that OAS1 

and OAS2 proteins may utilize alternative mechanisms to suppress viral replication 

independent of RNase-L. This research and future investigations based on these results 

may have aid not only in our understanding of how innate immune elements impact viral 

replication but also may pave the way for improvements in anti-viral therapies and 

screenings used to determine the risk of progressive or severe viral infection with SINV, 

CHKV, ZIKV, and WNV. 

 

  

Methods: 

Viruses 

WNV Kunjin strain (Hall, Scherret, and Mackenzie 2001), CHKV (Taschuk et al. 2020), 

and ZIKV-PR (Y. Liu et al. 2018) were obtained from Sara Cherry, University of 

Pennsylvania, Philadelphia and were propagated in either Vero or BHK-21 cells; SINV- 

GW strain was obtained from the lab of  Mark Heisen and was propagated in BHK-21 cells.  
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Cell Lines  

A549 HiLO cells were obtained from Susan Weiss's lab at the University of Pennsylvania. 

Vero E6 cells used in plaque assays in this study were obtained from ATCC. All A549 

HiLo cells were maintained in a growth phase at 37 °C in RPMI 10% FBS 1% P/S. Cell 

lines were discarded after passage 25 of cells to ensure that genes of interest were 

maintained, and new stocks were thawed and used for experiments. Vero cells used for 

plaque assays were maintained in the growth phase at 37 °C in DMEM 10% FBS 1% P/S. 

Antibodies 

A mouse α-Flag M2 antibody (1:1,000; Sigma-Aldrich) was used to detect OAS1 p42/p46, 

OAS2 p69, OAS3 p100, proteins containing a FLAG tag at the N terminal end of each 

protein. A mouse α-RNase-L antibody (1:1000; Sigma-Aldrich) was used to detect RNase-

L presence in samples. Secondary antibodies used included α-mouse antibody conjugated 

with HRP (1:5,000; Thermo Fisher) for western blot analysis and α-mouse conjugated with 

AlexaFlur488 for Immunofluorescent imaging (IFA). 

 

Construction of HiLo OAS expressing Cell Lines Using the TET-ON System: 

OAS-expressing cells used in this experiment were created using the High-Efficiency low-

background (HiLo) system described by Khandelia et al. (Khandelia, Yap, and Makeyev 

2011). To construct these cells, we had HiLo cells given to us by Susan Weiss's lab that 

contain a lentiviral vector cassette containing the human EF-1α promoter and a blasticidin 

resistance gene (Bsd), which is flanked by Cre recombinase-specific sites Lox2272 and 



  52 

LoxP (Fig. 1). A donor plasmid that contained the gene of interest (either OAS1-42, OAS1-

46, OAS2, OAS3 or GFP) based on pRD-RIPE (Fig. 1) included a Lox2272 and Lox-P 

floxed Pur resistance gene. The RIPE cassette on this plasmid contains a constitutively 

active reverse tetracycline transactivator gene (rtTA3). The A549 acceptor cell line was 

transfected with a mixture of pRD1 and the pCAGGS-Cre plasmid that encoded wildtype 

Cre recombinase. Transfected cells were treated with puromycin (Pur) in RPMI 10% FBS. 

Media was changed every two days to ensure that Pur degradation did not occur, and cell 

selection continued. Colonies typically appeared within 14d following Pur selection. 
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Figure 1: Diagram of the HILO-RMCE Reaction Using the pRD-RIPE Donor 

Plasmid. Both the pRD-RIPE plasmid and the HiLo locus contain Lox 2272 and LoxP 

sites that allow for recombination with the acceptor locus when Cre recombinase is 

added to the reaction. This reaction allows for the insertion of a desired gene into the 

HiLo system and controls the capacity in which specific genes are expressed. (Khandelia 

et al, PNAS, 2011) 
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Western Immunoblotting: 

Constructed A549 HiLo cells were grown to confluency in six-well plates and mock-

treated with DMSO or Doxycycline for 24 hours. Cells were then harvested, washed in 

PBS, and lysed with cell lysis buffer (CLS) with protease inhibitor. Cells were scrapped 

with a 200 µL pipette tip, using a new tip for each well. Plates were placed on ice for 20 

minutes; cells were resuspended. Cell lysates were next transferred to a 1.5 mL 

microcentrifuge tube and centrifuged at 4℃. Supernatants were mixed with 4× Laemmli 

buffer, boiled at 95 °C for 5 min, and run on a 4–12% gradient of pre-made SDS gels 

(Biorad). Proteins were transferred to PVDF membranes using an electroblotting system. 

Membranes were treated in 5% nonfat milk in Tris·HCl buffer saline with 0.5% Tween-20 

(TBST). Membranes were washed three times in TBST and incubated in α-FLAG primary 

Ab overnight at 4℃. Membranes were again washed three times in TBST and then 

incubated with secondary antibodies for 1 hr at room temperature. Membranes were 

washed thrice with TBST and incubated in SuperSignal West Dura Extended Duration 

substrate (Thermo Fisher). The signal was detected using an AMERSHAM ImageQuant 

800. Proper expression of GFP in samples was completed using IFA. 

 

Immunofluorescent Imaging (IFA) 

Cells were first fixed via incubation in 4% formaldehyde and subsequent incubation at 

room temperature for 20 minutes. Formaldehyde was aspirated off of cells, and cells were 

washed twice with PBS. Cells were then permeablized by incubation in 0.1% Triton X-100 

at room temperature for 10 minutes. These cells were washed with PBS twice and 

incubated with primary antibody mouse α-Flag M2 antibody (1:1,000; Sigma-Aldrich) in 
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2% BSA with 0.05% sodium azide and incubated overnight. Cells were further washed 

with 1X PBS or 5 minutes 3 times. Secondary antibody incubations were completed using 

α-mouse AlexaFlur 488 in 2% BSA with 0.05% sodium azide for one hour at room 

temperature. Cells were rinsed with 1X PBS for 5 mins 3 times, and further nucleus staining 

was completed using DAPI stain in 2% BSA with 0.05% sodium azide for 10 minutes. 

Cells were rinsed further with PBS and imaged on an Evos Fluorescent microscope (Life 

Technologies). 

 

Viral Kinetics  

Viral kinetic assays were performed to determine the number of days post-infection (DPI) 

required to reach peak viral titer for viruses to ensure that actual infections would yield 

countable plates at specific MOIs. To complete these, A549-GFP cells not induced with 

doxycycline were seeded in a 24-well plate. Cells were grown to confluency and infected 

with the appropriate MOI of each virus, detailed in Table 1. At least two replicates of each 

assay were completed as shown in Figure 2, to determine how many days were needed 

post-infection to reach peak viral titer for each virus. A total of 200 µL were harvested on 

2, 3, 4, 5, 6, and 7 DPI. Further, plaque assays were completed, as detailed below. 

 

Doxycycline Induction and Infection of A549 Cells: 

A549 HiLo Cells, and A549 RNase-L -KO HiLo Cells, each expressing GFP, OAS1-p42, 

OAS1-P46, OAS2, or OAS3 under a tetracycline-on (TET-ON) promoter, were seeded in 

two 24-well plates for each replicate following the schematic detailed below in Figure 3 

for A549 HiLo cells, and Figure 4 for experiments involving RNase-L -KO HiLo Cells, 
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Cells were seeded in RPMI 10% FBS. When confluency was reached, mock cells (M) and 

cells that were meant to be treated only after viral infection with doxycycline (AV) were 

incubated in a working solution (WS) of DMSO by adding 10uL of DMSO stock to 10mLs 

of RPMI 10% FBS 1% P/S. Cells to be treated before viral infection were incubated with 

a working solution of doxycycline by adding 10uL of doxycycline stock to 10mLs of RPMI 

10% FBS 1% P/S. Each well was incubated with 500uL of WS appropriate for the 

respective wells. Cells were incubated at 37℃ overnight for 24 hours before virus 

infection. Cells were infected for one hour with a virus at MOI specified in Table 1, 24 

hours after doxycycline induction. Cell plates were rocked every 15 minutes. After 1 hour, 

viral media was removed from cell wells, and each well was washed with PBS. PBS was 

removed, and warm RPMI 10% FBS 1% P/S media was added to each well. Wells labeled 

BV and AV were given WS of Doxycycline, while M wells were given WS of DMSO. 
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Figure 2: Schematic of A549 Cell Seeding for Viral Growth Kinetics. Each well was 

seeded on the same day, infected at confluency, and incubated without doxycycline. 

Approximately 200uL of supernatant was harvested on the days indicated in the schematic. 

Each well was completed in duplicate. 
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Figure 3: Schematic of A549 Cell Seeding in 24 Well Plates. Each replicate was seeded 

on the same day and incubated with either doxycycline or DMSO when cells reached 

equivalent confluency. A549 cells expressed OAS-1-42, OAS1-46, OAS2, OAS3, or GFP 

under a tetracycline-induced promoter. Cells were further infected after 24 hours post-

induction with doxycycline. Mock (M)= DMSO only, before and after virus infection; 

Before Virus (BV)= Doxycycline, before and after virus infection; After Virus (AV)= 

Doxycycline, after virus infection. 
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Figure 4: Schematic of A549 Cell Seeding in 24 Well Plates for RNase-L-KO Cell 

Experiments. Each replicate was seeded on the same day and incubated with either 

doxycycline or DMSO when cells reached confluency. A549 cells expressed either OAS-

1-42, OAS1-46, OAS2, OAS3, or GFP under a tetracycline-induced promoter. OASX 

represents the OAS protein which was found to inhibit viral replication of specific viruses. 

Cells were further infected after 24 hours post-induction with doxycycline. Mock (M)= 

DMSO only, before and after virus infection; Before Virus (BV)= Doxycycline, before and 

after virus infection; After Virus (AV)= Doxycycline, after virus infection 

  



  60 

Plaque Assays: 

All viruses used in this study were diluted in DMEM, and 200uL of each dilution was 

added to confluent Vero cells in six-well plates. Virally infected plates were incubated for 

1h at 37 °C and were rocked every 15 minutes. Cells were overlaid with 3mLs per well of 

warm plaque assay media (PAM) made of 2X DMEM, FCS, 8% NaHCO3, HEPES, L-

Glutamine, Fungizone, and 0.7% Agar. Viral plaques were stained with Crystal Violet at 

days post-infection (DPI), specified in Table 1.  

 

Statistical Analysis: 

All statistical analysis for this study was completed using GraphPad Prism. P values 

reported here were determined through an unpaired T-test and F-tests on GraphPad Prism 

software. 
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Table 1: Viral Infection of A549 cells and Plaque Assay Vero cells  

Virus Virus Family MOI for A549 

Infection 

DPI for harvest 

in A549 Cells 

DPI for Plaque Assay 

staining and viewing 

ZIKV Flaviviridae 0.1 

(225uL/40mL) 

3  5-6 

WNV-

KUJV 

Flaviviridae 1 

(100uL/20mL) 

3 5-6 

SINV Alphaviridae 0.5 

(20uL/20mL) 

2 2.5 

CHKV Alphaviridae 0.1 

(40uL/20mL) 

2 3 
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Table 2: Viral Titers of Viruses used in Infections 

Virus Virus Family Titer in PFU/mL 

ZIKV Flaviviridae 2.25*10^7 

WNV-KUJV Flaviviridae 1.03* 10^8 

SINV Alphaviridae 5.0*10^8 

CHKV Alphaviridae 2.3*10^7 
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Results:  

To verify the expression of OAS isoforms OAS1-42, OAS1-46, OAS2, and OAS3, as well 

as Green Fluorescent Protein (GFP) as a control, in our TET-ON cells, cells were cultured 

in a 24-well cell culture plate and incubated without and with Doxycycline when 

confluency was reached. Cell protein was measured and ran on an SDS-PAGE gel. All 

OAS isoforms had a FLAG-tag (sequence DYKDDDDK) inserted at the N terminus of the 

protein sequence. After running each sample on a Western Blot, OAS isoforms were visible 

at the appropriate kDa when probed with α-FLAG (Fig. 5). 

 

TET-ON cells express OAS1-42, OAS1-46, OAS2, and OAS3 when induced with 

Doxycycline.  

Constructed OAS cells were seeded in a 24-well plate, with some samples induced with 

Dox while others were not. After protein samples were made and run on a 14% SDS-PAGE 

gel, cellular expression of OAS proteins was tested using an anti-FLAG Ab linked to HRP. 

Only when induced with Doxycycline did the proteins express at the correct sizes OAS1-

42 at 42kDa, OAS1-46 at ~46kDa, OAS2 at ~71 kDa, OAS3 at ~100kDa (Fig. 5).  



  64 

 

A 

 

Figure 5: Western Blot of OAS Cell Verification: Western Blot of Doxycycline-induced 

samples vs. non-induced samples probed with α-FLAG, No Dox= No Doxycycline, Dox= 

Doxycycline. 
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Constructed RNase-L- KO cells expressed OAS1-42, OAS1-46, OAS2, and OAS3 when 

induced with Doxycycline and Do Not Express RNase-L. 

Constructed OAS cells were seeded in a 24-well plate; one sample well for each OAS 

isoform-expressing cell line was induced with Doxycycline, while an adjacent well 

containing the same cell line was instead only incubated in an equal amount of DMSO, 

which the Doxycycline stocks we use are dissolved in. After protein samples were made 

and run on a 14% SDS-PAGE gel, cellular expression of OAS proteins was tested using an 

anti-FLAG Ab linked to HRP. Only when induced with Doxycycline did the proteins 

express at the correct sizes OAS1-42 at 42kDa, OAS1-46 at ~46kDa, OAS2 at ~71 kDa, 

OAS3 at ~100kDa (Fig. 6A). Additionally, all cell samples that came from RNase-L-KO 

cells were verified to lack RNase-L-KO both with and without Doxycycline induction and 

compared to WT cells (Fig. 6B). 
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A 

 
B 

 

Figure 6: Western Blot of RNase-L  KO Cell Verification: A) Schematic of Cells 

induced with Doxycycline vs. Cells not induced with Doxycycline. Cells were induced 

with Dox for 24 hours before cell harvest. B) Western Blot of Doxycycline-induced 

samples vs. non-induced samples probed with α-FLAG, RK=RNase-L-KO, No Dox= No 

Doxycycline, Dox= Doxycycline. 
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TET-ON cells express OAS proteins in various parts of the cell within A549 cells when 

induced with Doxycycline. 

All cells were fixed, permeabilized with 0.1% TritonX in PBS, and stained with mouse α-

FLAG. Cells were further stained with anti-murine secondary Abs conjugated to AlexaFlur 

488. Upon fluorescent imaging, OAS1-42, OAS2, and OAS3 expressing A549 cells and 

A549 RNase-L -KO cells showed the presence of FLAG-tagged proteins in the cytosol of 

cells. OAS1-46 expressing A549 cells and A549 RNase-L -KO cells revealed the presence 

of FLAG-tagged proteins closer to the center of the cell, with less presence of the proteins 

in the cell's cytosol (Fig.7). These findings are consistent with previous studies that indicate 

that OAS1-46 can localize to endomembrane compartments and mitochondria within a cell 

rather than to the cytosol (Wickenhagen et al. 2021). 
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Figure 7: Immunofluorescent images of TET-ON Cells Induced With 

Doxycycline (Dox).: Green= 3XFLAG-OAS, Blue= DAPI A.) TET-ON Cells 

induced with Dox, expressing OAS1-42 B.) TET-ON Cells induced with Dox, 

expressing OAS1-46 C.) TET-ON Cells induced with Dox, expressing OAS2 D.) 

TET-ON Cells induced with Dox, expressing OAS3, E.) RNase-L-KO TET-ON Cells 

induced with Dox, expressing OAS1-42 F.) RNase-L-KO TET-ON Cells induced 

with Dox, expressing OAS1-46 G.) RNase-L-KO TET-ON Cells induced with Dox, 

expressing OAS2 H.) RNase-L-KO TET-ON Cells induced with Dox, expressing 

OAS3. 
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The day peak viral titer secreted from A549 cells post-infection occurred for each virus 

used in this study was determined to ensure that when OAS-expressing cells were infected 

with virus, virus samples would be harvested on a day that would allow us to wholly and 

accurately determine if suppression of viral replication was occurring through the presence 

of viral plaques taken from each sample on the plate. 

 

Alphaviruses SINV and CHKV show peak viral titer released from A549 cells at MOI of 

0.5, and 0.1 occurs between Day 2 and Day 3 post-infection 

The peak viral titer of SINV released from A549 cells infected at an MOI of 0.5 occurred 

on Day 2 post-infection (Fig. 8A), though plaques were detectable at a 50-fold dilution on 

Day 1post infection. The peak viral titer of CHKV released from A549 cells infected at an 

MOI of 0.1 occurred on Day 2 post-infection (Fig. 8B), though plaques were detectable at 

a 50-fold dilution on Day 1 post-infection. 
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Figure 8: Alphavirus Viral Replication Kinetics: A.) Sinbis Virus (SINV) Kinetic 

Viral Titer plotted in days vs. total virus. B.) Plaques formed by SINV. C.) Chikungunya 

Virus (CHKV) Kinetic Viral Titer plotted in days vs. total virus D.) Plaques formed by 

CHKV. 
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Flaviviruses ZIKV and WNV show peak viral titer released from A549 cells at MOI of 0.1, 

and 1 occurs on Day 5 and Day 3, respectively, post-infection 

The peak viral titer of ZIKV released from A549 cells infected at an MOI of 0.1 occurred 

on Day 5 post-infection (Fig. 9A), though plaques were detectable at a 50-fold dilution on 

Day 1 post-infection. The peak viral titer of WNV released from A549 cells infected at an 

MOI of 1 occurred on Day 2 post-infection (Fig. 9C), though plaques were detectable at a 

50-fold dilution on Day 1 post-infection. 
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Figure 9: Flavivirus Viral Replication Kinetics: A) Zika Virus Kinetic Viral Titer 

plotted in days vs. total virus B) Example of plaques formed by Zika Virus C) West Nile 

Virus (WNV) Virus Kinetic Viral Titer plotted in days vs. total virus. D) Example of 

plaques formed by West Nile Virus (WNV). 
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Sinbis Virus (SINV) Replication Shows a Mean 12-fold Reduction When OAS3 is 

Overexpressed in A549 Cells Compared to Mock Treated Groups. 

Infection of A549 TET-ON cells with SINV was completed following the infection scheme 

detailed in Figure 3. Results showed that over-expression of OAS3 via doxycycline 

induction of TET-ON cells resulted in a mean 12.03-fold reduction in virus replication 

compared to mock-treated groups. Our first, second, and third replicates of SINV infection 

showed only a significant impact on viral replication in OAS3 over-expressing cells with 

p= 0.000061, p= 0.000859, and p= 0.000520, respectively (Fig. 10). All other TET-ON 

cells did not differ significantly when comparing cells treated with doxycycline before and 

after virus infection (Dox B+A) with Mock-treated groups. 
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Figure 10: OAS3 Overexpression Inhibits SINV Replication: A.) Initial Replicate of 

SINV infected OAS expressing cells. B.) Second Replicate of SINV infected OAS 

expressing cells. C.) Third replicate of SINV OAS expressing cells. D.) Calculated Fold 

Change of SINV replicates. *** =p value <0.001; ** = p value <0.01; * =p value <0.05 
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Chikungunya Virus (CHKV) Replication Shows a Mean 69-fold and 23-fold Reduction 

when OAS1-42 and OAS3 are Overexpressed in A549 Cells Compared to Mock Treated 

Groups. 

Infection of A549 TET-ON cells with CHKV was completed following the infection 

scheme detailed in Figure 3. Results showed that over-expression of OAS1-42 via 

doxycycline induction of TET-ON cells resulted in the most significant reduction of viral 

replication in all three replicates, with a mean 69.45-fold reduction in virus replication 

compared to mock-treated groups. Our first, second, and third replicates of CHKV 

infection showed a significant impact on viral replication in OAS1-42 over-expressing cells 

with p= 0.000862, p= 0.000363, and p= 0.000026, respectively (Fig. 11). Results also 

showed that over-expression of OAS3 via doxycycline induction of TET-ON cells resulted 

in the reduction of viral replication in all three replicates, with a mean 22.83-fold reduction 

in virus replication compared to mock-treated groups. Our first, second, and third replicates 

of CHKV infection showed a significant impact on viral replication in OAS3 over-

expressing cells with 0.000866, p= 0.000020, and p= 0.000290, respectively (Fig. 11). All 

other TET-ON cells did not differ significantly when comparing cells treated with 

doxycycline before and after virus infection (Dox B+A) with Mock-treated groups. 
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Figure 11: OAS1-42 and OAS3 Overexpression Inhibits CHKV Replication. A.) 

Initial Replicate of CHKV infected OAS expressing cells. B.) Second Replicate of 

CHKV infected OAS expressing cells. C.) Third replicate of CHKV OAS expressing 

cells. D.) Calculated Fold Change of CHKV replicates. *** =p value <0.001; ** = p 

value <0.01; * =p value <0.05 
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Zika Virus (ZIKV) Replication Shows a Mean 21-fold Reduction when OAS1-42 is 

Overexpressed in A549 Cells Compared to Mock Treated Groups. 

Infection of A549 TET-ON cells with ZIKV was completed following the infection scheme 

detailed in Figure 3. Results showed that over-expression of OAS1-42 via doxycycline 

induction of TET-ON cells resulted in the greatest reduction of viral replication in all three 

replicates, with a mean 20.62-fold reduction in virus replication compared to mock-treated 

groups. Our first, second, and third replicates of ZIKV infection showed a significant 

impact on viral replication in OAS1-42 over-expressing cells with p= 0.000862, p= 

0.000232, and p= 0.000169, respectively (Fig. 12). All other TET-ON cells did not differ 

significantly when comparing cells treated with doxycycline before and after virus 

infection (Dox B+A) with Mock-treated groups. 
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Figure 12: OAS1-42 Overexpression Inhibits ZIKV Replication. A.) Initial Replicate 

of ZINV infected OAS expressing cells. B.) Second Replicate of ZINV infected OAS 

expressing cells. C.) Third replicate of ZINV OAS expressing cells. D.) Calculated Fold 

Change of ZINV replicates. *** =p value <0.001; ** = p value <0.01; * =p value <0.05 
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West Nile Virus (WNV) Replication is significantly reduced when OAS2 and OAS3 are 

Overexpressed in A549 Cells Compared to Mock Treated Groups. 

Infection of A549 TET-ON cells with ZIKV was completed following the infection scheme 

detailed in Figure 3. Results showed that over-expression of OAS2 and OAS3 via 

doxycycline induction of TET-ON cells resulted in a decrease in virus replication 

compared to mock-treated groups. Our first, second, and third replicates of WNV infection 

showed a significant impact on viral replication in OAS2 over-expressing cells with a mean 

9.38-fold reduction in viral replication with p= 0.000044, p= 0.009500, and p= 0.004458, 

respectively (Fig. 13). Additionally, our first, second, and third replicates of WNV 

infection also showed a significant impact on viral replication in OAS3 over-expressing 

cells with a mean 5.85-fold reduction in viral replication with p= 0.000046, p= 0.016383, 

and p= 0.176894 respectively (Fig. 13). Lastly, our first, second and third replicates of 

WNV infection also showed a reduction in GFP over-expressing cells with a mean 3.15-

fold reduction between replicates 2 and 3 of WNV. However, the viral replication decrease 

for both replicates was not significant (Fig 13). Our first replicate showed a significant 

22.22 fold reduction in GFP overexpressing cells, which we believed to be an error, and so 

did not include in our fold reduction calculations (Fig. 13). All other TET-ON cells did not 

differ significantly when comparing cells treated with doxycycline before and after virus 

infection (Dox B+A) with Mock-treated groups. 
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Figure 13: OAS2 and OAS3 Overexpression Inhibits WNV Replication. A.) Initial 

Replicate of WNV infected OAS expressing cells. B.) Second Replicate of WNV-

infected OAS-expressing cells. C.) Third replicate of WNV OAS expressing cells. D.) 

Calculated Fold Change of WNV replicates. *** =p value <0.001; ** = p value <0.01; * 

=p value <0.05 
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The ability for OAS3 overexpression to suppress SINV Replication is ablated in RNase-L -

KO A549 cells.  

Infection of A549 TET-ON cells and A549 RNase-L- KO TET-ON cells with SINV was 

completed following the infection scheme detailed in Figure 4. Results showed that over-

expression of OAS3 via doxycycline induction of WT TET-ON cells resulted in a mean 

11.56-fold reduction in virus replication compared to mock-treated groups. Our first, 

second, and third replicates of SINV infection showed a reduction in OAS3 over-

expressing cells with p= 0.003280, p= 0.036337, and p= 0.003301, respectively (Fig. 14). 

While in each replicate over-expression of OAS3 via doxycycline induction of RNase-L-

KO TET-ON did not have a significant impact on SINV viral replication. Our first, second, 

and third replicates showed no significant reduction in SINV viral replication in OA3 

overexpressing RNase-L-KO cells with p= 0.181013, p= 0.657751, and p= 0.118960, 

respectively.  
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Figure 14:  The Ability for OAS3 Overexpression to Suppress SINV Replication 

is Ablated in RNAse-L -KO Cells: A.) Initial Replicate of SINV infected OAS3 vs. 

OAS3 expressing RNase-L -KO cells. B.) Second Replicate of SINV infected OAS3 

vs. OAS3 expressing RNase-L -KO cells. C.) Third replicate of SINV infected OAS3 

vs. OAS3 expressing RNase-L -KO cells. D.) Calculated Fold Change of SINV 

replicates. *** =p value <0.001; ** = p value <0.01; * =p value <0.05 
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The ability for OAS1-42 overexpression to suppress CHKV Replication is ablated in 

RNase-L -KO A549 cells.  

Infection of A549 TET-ON cells and A549 RNase-L- KO TET-ON cells with CHKV was 

completed following the infection scheme detailed in Figure 4. Results showed that over-

expression of OAS1-42 via doxycycline induction of WT TET-ON cells resulted in a mean 

18.10-fold reduction in virus replication compared to mock-treated groups. Our first, 

second, and third replicates of CHKV infection showed a decrease in OAS1-42 over-

expressing cells with p= 0.002513, p= 0.019259and p= 0.353648, respectively (Fig. 15). 

While in each replicate over-expression of OAS1-42 via doxycycline induction of RNase-

L-KO TET-ON did not have a significant impact on CHKV viral replication. Our first, 

second, and third replicates showed no significant reduction in CHKV viral replication in 

OAS1-42 overexpressing RNase-L-KO cells with p=0.247214, p= 0.416778, and p= 

0.719098, respectively.  
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Figure 15: The Ability for OAS1-42 Overexpression to Suppress CHKV 

Replication is Ablated in RNase-L -KO Cells: A.) Initial Replicate of CHKV infected 

OAS1-42 vs. OAS1-42 expressing RNase-L -KO cells. B.) Second Replicate of CHKV 

infected OAS1-42 vs. OAS1-42 expressing RNase-L -KO cells. C.) Third replicate of 

CHKV infected OAS1-42 vs. OAS1-42 expressing RNase-L -KO cells. D.) Calculated 

Fold Change of CHKV replicates. *** =p value <0.001; ** = p value <0.01; * =p value 

<0.05 
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The ability for OAS3 overexpression to suppress CHKV Replication is ablated in RNase-L 

-KO A549 cells.  

Infection of A549 TET-ON cells and A549 RNase-L- KO TET-ON cells with SINV was 

completed following the infection scheme detailed in Figure 4. Results showed that over-

expression of OAS3 via doxycycline induction of WT TET-ON cells resulted in a mean 

11.56-fold reduction in virus replication compared to mock-treated groups. Our first and 

second replicates of SINV infection showed a reduction in OAS3 over-expressing cells 

with p= 0.000085, and p= 0.000032, respectively (Fig. 14). While in each replicate over-

expression of OAS3 via doxycycline induction of RNase-L-KO TET-ON did not have a 

significant impact on SINV viral replication. Our first and second replicates showed no 

significant reduction in SINV viral replication in OA3 overexpressing RNase-L-KO cells 

with p= 0.056842 and p=0.136339, respectively.  
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Figure 16: The Ability for OAS3 Overexpression to Suppress CHKV 

Replication is Ablated in RNase-L -KO Cells: A.) Initial Replicate of CHKV 

infected OAS3 vs. OAS3 expressing RNase-L -KO cells. B.) Second Replicate of 

CHKV infected OAS3 vs. OAS3 expressing RNase-L -KO cells. C.) Calculated 

Fold Change of CHKV replicates. *** =p value <0.001; ** = p value <0.01; * =p 

value <0.05 
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The ability for OAS1-42 overexpression to suppress ZIKV Replication is reduced but not 

ablated in RNase-L -KO A549 cells.  

Infection of A549 TET-ON cells and A549 RNase-L- KO TET-ON cells with ZIKV was 

completed following the infection scheme detailed in Figure 4. Results showed that over-

expression of OAS1-42 via doxycycline induction of WT TET-ON cells resulted in a 5.43-

fold reduction in virus replication compared to mock-treated groups. Our ZIKV infection 

showed a reduction in OAS1-42 over-expressing cells with p= 0.000897 (Fig. 17). There 

was a slight but significant reduction in ZIKV viral replication in OAS1-42 overexpressing 

RNase-L-KO cells with p= 0.023719 (Fig. 17).  
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Figure 17: The Ability for OAS1-42 Overexpression to Suppress ZIKV 

Replication is Reduced But Not Fully Ablated in RNase-L -KO Cells: A.) 

Initial Replicate of ZIKV infected OAS1-42 vs. OAS1-42 expressing RNase-L -

KO cells. B.) Calculated Fold Change of ZIKV replicates. *** =p value <0.001; 

** = p value <0.01; * =p value <0.05 
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The ability for OAS2 overexpression to suppress WNV Replication is reduced but not fully 

ablated in RNase-L -KO cells.  

Infection of A549 TET-ON cells and A549 RNase-L- KO TET-ON cells with WNV was 

completed following the infection scheme detailed in Figure 4. Results showed that over-

expression of OAS2 via doxycycline induction of WT TET-ON cells resulted in a mean 

6.15-fold reduction in virus replication compared to mock-treated groups. Our first, second, 

and third replicates of WNV infection showed a reduction in OAS2 over-expressing cells 

with p= 0.057840, p= 0.005529, and p= 0.000197, respectively (Fig. 18). While in each 

replicate over-expression of OAS2 via doxycycline induction of RNase-L-KO TET-ON 

did not have a significant impact on WNV viral replication. Our first, second, and third 

replicates showed a significant reduction in WNV viral replication in OAS2 overexpressing 

RNase-L-KO cells with p= 0.057840, p= 0.035064, and p= 0.212273, respectively.  
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Figure 18: The Ability for OAS2 Overexpression to Suppress WNV Replication 

is Ablated in RNase-L -KO Cells: A.) Initial Replicate of WNV-infected OAS2 vs. 

OAS2 expressing RNase-L -KO cells. B.) Second Replicate of WNV infected 

OAS2 vs. OAS2 expressing RNase-L -KO cells. C.) Third replicate of WNV 

infected OAS2 vs. OAS2 expressing RNase-L -KO cells. D.) Calculated Fold 

Change of WNV replicates. *** =p value <0.001; ** = p value <0.01; * =p value 

<0.05 
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Discussion 

The 2',5'-oligoadenylate synthetase (OAS)-RNase-L pathway.is a major innate 

immune defense pathway against viral infections. It is primarily induced by IFN secretion 

produced in response to viral infection by adjacent cells (Koyama et al. 2008). Upon IFN 

binding to the IFN-R on the cell surface, phosphorylation of STAT proteins by the Janus 

kinases (JAK) results in the dimerization of STAT and translocation of STAT protein to 

the nucleus of the cell. The cell is then transitioned into an antiviral state via the 

transcription of copious amounts of ISGs, which are further translated to combat viral 

infection (Schoggins 2014). Among these ISGs is the OAS family of proteins, which plays 

a vital role in this process; after OAS proteins are translated, they subsequently bind mainly 

cytoplasmic dsRNA in a length-dependent manner (Wang et al. 2020; Eskildsen et al. 

2003). The binding of these OAS proteins to dsRNA causes synthesizing of 2-5A, utilizing 

ATP as a substrate, which acts as a potent activator of RNase-L. RNase-L activation results 

in nonspecific cleavage of cytoplasmic RNA, aiding in the termination of viral replication 

within the cell and ultimate clearance of viral infection (Eskildsen et al. 2003).  

Mutations in OAS proteins in humans and other mammals have extensively been 

correlated with heightened vulnerability to specific viral infections (Soveg et al. 2021; Lim 

et al. 2009; Wickenhagen et al. 2021), indicating that certain fully functioning OAS 

proteins may be more significant in safeguarding against select viruses. Despite a wealth 

of clinical evidence suggesting heightened susceptibility or severity of infection associated 

with mutations in specific OAS proteins for certain viruses, research gaps remain in our 

understanding of which OAS proteins are most crucial in protecting against most viral 

infections. Furthermore, underlying reasons why these proteins may be more important 
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than others in combating specific viral infection remains elusive. In addition to better 

prediction of which patients may be at risk for severe illness from certain viruses, 

understanding which OAS proteins are most important for protection against certain 

viruses could aid in the development of prophylactic antiviral strategies as well as 

therapeutic interventions for those persons who are at a higher risk of severe viral illness 

after being infected with particular viruses. Moreover, gaining a deeper comprehension of 

the interdependence between specific OAS proteins and RNase-L can reveal further 

insights into the intricate antiviral mechanisms that occur within a cell, of which a better 

understanding would allow more progress in the development of antiviral strategies. 

Not only do OAS proteins exhibit tissue-specific expression patterns resulting in 

variations of specific isoform concentrations across cell types, but OAS proteins also 

occupy various cellular compartments based on their isoform (J. Liu, Qian, and Cao 2016; 

Hovanessian 2007; Perry et al. 2005). While the majority of OAS proteins reside in the 

cytoplasm, enabling them to bind cytoplasmic viral RNA effectively, specific isoforms of 

OAS can localize to other cellular compartments. For instance, specific OAS isoforms have 

been identified in distinct cellular compartments such as the ER membrane (OAS1) and 

even the nucleus (OAS3) (Soveg et al. 2021; Malaguarnera, Nunnari, and Di Rosa 2016). 

This multifaceted distribution of OAS proteins is believed to aid in the suppression of viral 

replication at different points in the viral replication process and helps to defend against 

viruses that may utilize certain cellular compartments more often than others. Recent 

evidence suggests that the importance of specific OAS proteins regarding their ability to 

inhibit specific virus replication may be associated with the cellular localization of viral 

replication within a cell (Wickenhagen et al. 2021; Soveg et al. 2021). For instance, 
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prenylated OAS1-46 has been shown to localize to endomembrane systems, which SARS-

CoV-2 utilizes during its replication process. Previous reports showed that less severe cases 

of COVID-19 were associated with patients containing alleles with a common splice-

acceptor single nucleotide polymorphism in OAS1 (Rs10774671) were associated with less 

severe COVID-19 and that these people could express a prenylated form of OAS1 (p46) 

(Wickenhagen et al. 2021). 

Recognizing that cellular localization of OAS proteins has previously been 

correlated with their importance in impeding viral replication for certain viruses, we 

hypothesized that the capacity of OAS proteins to inhibit viral replication, when 

overexpressed, would be consistent across viruses within the same family. The logic behind 

this hypothesis stems from the notion that viruses within the same family have analogous 

viral replication strategies and utilize similar organelles and cellular compartments to 

replicate. However, our results indicate that this is not fully the case. Here we show that 

even within the same family, the capacity for overexpression of specific OAS proteins to 

inhibit viral replication can include various isoforms of OAS and can vary among viruses 

even within the same virus family, indicating that there may be factors besides cellular 

localization of viral replication that influence the importance of specific OAS isoforms in 

impeding viral replication. 

Further, we aimed to investigate the underlying mechanism behind the inhibition 

of viral replication for distinct OAS isoforms; specifically, we analyzed whether or not 

suppression of viral replication via overexpression of OAS isoforms relied on RNase-L. 

We show here that though suppression of viral replication achieved by overexpression of 

OAS3 was nullified in RNase-L-KO cells, overexpression of OAS1 and OAS2 isoforms in 
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RNase-L-KO cells resulted in reduced but not entirely eliminated viral replication. These 

results suggest that though suppression of viral replication via OAS1 and OAS2 does 

depend, at least partially, on RNase-L, there may be alternative mechanisms of viral 

suppression utilized by OAS1 and OAS2 isoforms that have yet to be elucidated. 

We showed that when OAS3 is overexpressed in A549 cells before and after viral 

infection, there is a mean 12.03-fold decrease in viral replication when compared to mock-

treated groups (Fig. 10). These findings are consistent with previous reports that showed 

OAS3 is significant for suppressing SINV replication in cell culture experiments (Li et al. 

2016). Further, OAS3 overexpression in A549 cells also reduced CHKV replication, with 

a mean 22.83-fold decrease in viral replication compared to mock-treated groups (Fig. 11). 

This is also consistent with real-world in vitro data that demonstrated that when HeLa cells 

express a truncated form of OAS3, they were less resistant to infection with CHKV (Bréhin 

et al. 2009). Some studies have shown that this inhibition can be overcome by mutations 

in CHKV that render it immune to OAS3 antiviral effects. Interestingly, our results here 

show that CHKV virus replication was reduced when OAS1-42 was overexpressed, though 

this did not appear to be the case when SINV infection was present in the same cell line. 

Both CHKV and SINV are primarily arthropod-borne viruses and are Alphaviruses within 

the family Togaviridae. The differences in the impact of specific OAS proteins on viral 

replication indicates that reliance on OAS proteins is unlikely to be based solely on the 

cellular localization of viral replication because both SINV and CHKV utilize similar virus 

replication strategies and similar cellular organelles during the viral replication process (J. 

Y. S. Leung, Ng, and Chu 2011; Holmes et al. 2020). Other differences beyond cellular 
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localization during the viral entry and replication process between SINV and CHKV may 

contribute to the differences in the impact of certain OAS proteins on viral replication.  

For instance, SINV and CHKV differ in the architecture of their genome and 

proteome, resulting in differences in transcribed genes and eventually translated non-

structural proteins. Both the polyprotein of SINV and CHKV gives rise to the four 

nonstructural proteins (nsP1-4) essential in virus replication and five structural proteins 

that makup the viral particle. Each of these proteins can be made after they are translated 

from transcribed RNA, which varies in length. Previous studies have shown that the ability 

of OAS proteins to bind dsRNA is length-dependent (Wang et al. 2020). Thus, it is possible 

that if viruses, even within the same family, produce dsRNA during their replication cycle 

that, even if it has a similar function or is made in the same areas of the cell, is different in 

length, they may resultantly be more likely to bind certain isoforms of OAS that better bind 

the length of dsRNA produced by those viruses. Additionally, differences in the type of 

cells that viruses infect can contribute to the types of cells that a particular virus can enter, 

and different cells have different concentrations of OAS isoforms (Shuvojit Banerjee et al. 

2014). Thus, it is possible that if a certain cell type has a naturally higher concentration of 

OAS isoforms than other cells, that isotype may make a larger impact on viral replication 

for viruses that typically infect those cells.   

Our findings also show differences in the impact of OAS protein overexpression 

and viral replication when comparing ZIKV and WNV, both of which are members of the 

Flavivirus family of viruses. We demonstrate here that when OAS1-42 is overexpressed in 

ZIKV infecte4d A549 cells before and after viral infection, there is a mean 20.62-fold 

reduction in virus replication compared to mock-treated groups (Fig. 12). There is currently 
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no reliable pre-clinical or clinical data that supports or contrasts these findings of the 

importance of OAS1-42 in the suppression of ZIKV replication. Further, results showed 

that over-expression of OAS2, OAS3, and GFP via doxycycline induction of WNV-

infected TET-ON cells reduced virus replication at least approximately 10-fold compared 

to mock-treated groups (Fig. 13). Note that in real-world pre-clinical mouse data and 

clinical human patient data, OAS1 mutations were associated with a greater susceptibility 

to infection (Lim et al. 2009; Mashimo et al. 2002). Note that there was some decrease in 

viral replication in WNV-infected cells for which OAS1-42 and OAS1-46 were also 

overexpressed. However, compared to mock-treated groups, these did not display 

statistical significance when comparing groups treated with doxycycline before and after 

viral infection. It is possible that differences in which OAS proteins impact viral replication 

may be distinct from those that impact susceptibility to infection. Additionally, these 

experiments were completed in overexpression models. Though they may be directly 

translatable to cells within the body that express similar levels of OAS proteins as those 

expressed in this experiment, it is also possible that cells that are naturally infected by 

viruses used in this study do not contain translatable amounts of OAS proteins, therefore, 

even if these results provide information as to what protein can inhibit viral replication in 

the largest capacity and are relevant for the design of therapeutic interventions, they may 

not be reflective of which OAS proteins are most important during a particular infection. 

Additionally, it is interesting that GFP overexpression slightly inhibits viral 

replication of WNV. Though GFP, to our knowledge, does not contain the ability to bind 

dsRNA or mimic OAS protein functions, it is possible that the mere expression of GFP 

interfered with the viral replication process of WNV in this study in ways that we currently 



  97 

do not fully understand. Though a solid understanding of which OAS proteins are most 

important for the inhibition of viral replication is significant for understanding which 

patients may be most at risk for severe infection or illness from viruses used in this study, 

we still aimed to understand why these proteins inhibited viral replication in the ways that 

were seen in this work. Thus, we sought to determine whether the inhibition of viral 

replication posed by overexpression of OAS proteins relied on RNase-L.  

Previous studies have shown that OAS3 plays a substantial role in 2’5’ OAS 

synthesis and RNase-L activation, more so than OAS1 or OAS2 isoforms (Li et al. 2016). 

The impact of OAS proteins on the activation of RNase-L in this study was tested using an 

A549 cell line in which OAS1, OAS2, OAS3, or RNase-L were knocked out, and the 

subsequent ability for polyIC, a dsRNA analog, to activate degradation of cellular RNA 

was tested. It was discovered that RNA degradation was absent in both OAS3-KO and 

RNase-L-KO cell lines upon poly-IC transfection. Further, in the same cell lines, and upon 

SINV infection, OAS3-KO cells showed a large reduction in the amount of 2’5’A 

production, which is required to activate RNase-L, indicating that OAS1 and OAS2 are not 

required to activate RNase-L. This study further showed that OAS3 was the predominant 

antiviral OAS for several RNA viruses, evidenced by a significant increase in viral 

replication in OAS3-KO cells that were not present in OAS1-KO and OAS2-KO cells (Li 

et al. 2016). Studies like these posed the question as to whether viruses that show 

suppression of viral replication via OAS1 or OAS2 mediate this suppression of viral 

replication in part through RNase-L independent mechanisms that are still to be further 

elucidated. This study aimed to answer this question for Alphavirsues and Flaviviruses 

viruses used in this study. 
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Intriguingly, we observed that even in RNase-L -KO cells, overexpression of OAS 

proteins OAS1-42, OAS1-46, and OAS2 still displayed a reduction in viral replication, at 

least to some extent. In contrast, RNase-L-KO cells that overexpressed OAS3 showed an 

ablation in viral replication compared to cells that contained RNase-L, such as those results 

seen for SINV and CHKV-infected cells that overexpressed OAS3 before and after viral 

infection (Fig. 14 and Fig 16).  

CHKV replication in cells that overexpressed OAS1-42 before and after viral 

infection showed a decrease in viral replication in WT cells, and though they still displayed 

a decrease in viral replication in RNase-L-KO cells, this decrease did not appear to be 

statistically significant (Fig. 15). ZIKV replication in cells that overexpressed OAS1-42 

before and after viral infection also showed a decrease in WT cells, but in RNase-L-KO 

cells, the viral replication was reduced but not fully ablated (Fig.17). These results are 

suggestive of alternative mechanisms utilized by OAS1-42 able to suppress viral 

replication that does not rely on RNase-L. Additionally, there appear to be differing results 

for CHKV and ZIKV. While in CHKV-infected RNase-L-KO cells that overexpressed 

OAS1-42, a decrease in viral replication was not statistically significant, in ZIKV-infected 

RNase-L-KO cells that expressed OAS1-42, the reduction in viral replication did display 

statistical significance. This indicates that the extent to which these proteins can decrease 

viral replication in conjunction with RNase-L activation may depend on the type of virus 

being tested. Further, WNV-infected RNase-L-KO cells that overexpressed OAS2 before 

and after viral infection showed a decrease in their ability to suppress viral replication when 

compared to WNV-infected cells that contained WT RNase-L but still were able to 

suppress WNV viral replication (Fig 18). 
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These findings suggest the existence of alternative pathways in which OAS proteins 

OAS1-42 and OAS2 inhibit viral replication, bypassing the need for RNase-L. Though the 

findings from these investigations have provided us with initial data on what OAS enzyme 

is most important for halting the replication of certain viruses, it is essential to consider 

that these results were completed in vitro. In a living system, many more immunological 

factors may be present that can impact how well or how quickly a virus replicates. 

Additionally, these investigations' findings can be expanded by applying in vivo models. 

For example, the pathogenesis of particular viruses can be studied in mice's knockout (KO) 

models, where a specific gene coding for an enzyme of interest, such as an isoform of OAS, 

is removed. Further, RNase-L knockout mouse models have already been developed and 

help determine viral pathogenesis associated with viruses that utilize RNase-L to suppress 

viral replication. Future in vitro experiments could examine other portions of the 2' 5' 

Oligoadenylate synthetase (OAS) pathway to determine if those factors impact viral 

replication by upregulation of proteins or by removing those proteins from the cell line to 

determine if the function is affected in any way. These future studies could help to expand 

on the knowledge gained through experiments presented here. They could aid in a better 

understanding of OAS and RNase-L-mediated suppression of replication for certain RNA 

viruses, which ultimately could be applied clinically and in the production of anti-viral 

interventions. 
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CHAPTER 3 

DISTINGUISHING CIRCULATING ANTIBODY REPERTOIRES OF RESPONDERS 

VS. NON-RESPONDERS TO IMMUNE CHECKPOINT BLOCKADE (ICB) FOR 

METASTATIC OSTEOSARCOMA (MOS) IN BALB/C MICE 

Abstract 

Osteosarcoma is the most common childhood bone malignancy, with a sharp decline in 

survival rates upon metastasis. We have previously demonstrated immune checkpoint 

blockade (ICB) of α-CTLA-4/α-PD-L1 given to mice inoculated with a K7M2 metastatic 

osteosarcoma (mOS) cell line resulted in ~50% survival with complete tumor clearance. 

Differences in response rates to ICB are common among patients with the same 

malignancy. However, unlike inbred lab mice, human patients have multiple variance 

factors, causing the discrepancy in ICB response to remain poorly understood. Prior to 

inoculation with mOS or ICB, our previous findings unveiled that blood from mice displays 

distinct differences in circulating Abs between responders vs. non-responders, suggesting 

the presence or absence of particular Abs influences ICB efficacy. The genesis of antibody 

production varies from subject to subject, as the specificity of Abs is not encoded in 

germline DNA; instead, its variation originates from somatic recombination and somatic 

hypermutation processes which are specific to each subject. For this reason, both human 

and murine subjects are likely to display distinctions in Ab repertoire, even if they come 

from the same genetic background. Here, we sought to replicate our previous results that 

showed differences in distinct Ab repertoires between responders and non-responders to 

ICB for mOS before inoculation with mOS or ICB treatment. Further, we investigated and 



  101 

characterized other factors that could contribute to these observed differences based on Ab 

binding patterns. 

 

Introduction 

Osteosarcoma (OS) is the most common bone cancer in children, making up ~3% 

of total child cancer cases, with survival rates declining from ~70% to ~20% upon 

metastasis (Czarnecka et al. 2020). The incidence rate of osteosarcoma is currently at 

projected ~1,000 cases to be diagnosed this year, with the majority of these cases in 

children and adolescents (“Home | American Cancer Society - Cancer Facts &amp; 

Statistics” n.d.). It is predicted that cases of adolescent OS will only increase in the coming 

years, as past trends have shown that little progress in the development of treatment for the 

disease has resulted in ongoing poor prognoses for patients, but increases in population and 

respective illness are expected to continue (Eyre et al. 2010). Traditional treatment methods 

for metastatic Osteosarcoma (mOS) involve surgery, radiation therapy, chemotherapy, or 

a combination of all three but have shown limited efficacy, encouraging interest in 

pioneering alternative treatment strategies (Lindsey, Markel, and Kleinerman 2017). 

Immune checkpoint blockade (ICB) that employs α-CTLA-4/α-PD-L1 has improved 

survival rates amongst various malignancies (Y. J. Park, Kuen, and Chung 2018). We have 

previously demonstrated that human mOS cells express PD-L1, a ligand for PD-1 on 

cytotoxic T lymphocytes (CTL), implying PD-L1 expression may limit CTL control of 

mOS (Lussier, O’Neill, et al. 2015). Similarly, murine mOS over express PD-L1 upon 

metastasis compared to primary tumors. Our previous results also showed that α-PD-L1 

increases T cell killing of mOS cells, reduces tumor burden, and extends lifespan in mice 
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inoculated with mOS before treatment, resulting in prolonged survival but not complete 

eradication of mOS (Lussier, O’Neill, et al. 2015). Further, α-CTLA-4/ α-PD-L1 has 

improved progression-free survival among patients in both pre-clinical and clinical trials 

for several cancers (Y. J. Park, Kuen, and Chung 2018; Topalian et al. 2014; Postow et al. 

2015; Wolchok et al. 2013). 

     When α-CTLA-4 and α-PD-L1 were co-administered to mice inoculated with mOS 

prior, ~50% who received the treatment survived and later exhibited immunity to the same 

mOS cells (Lussier, Johnson, et al. 2015). It is common for patients with the same 

malignancy to respond to immunotherapies differently, if at all (Sambi, Bagheri, and 

Szewczuk 2019). However, unlike inbred laboratory mice, human patients have differences 

in genetic makeup, environment, and other circumstances that make it difficult to identify 

why some patients respond inversely to treatment (Sambi, Bagheri, and Szewczuk 2019). 

However, in our model, genetically identical mice housed under identical conditions also 

display differences in ICB effectiveness. There is an urgent need to determine why ICB is 

effective in some individuals and not others to improve ICB effectiveness for mOS leading 

to better patient outcomes. Our long-term goal in this research is to determine what factors 

limit the efficacy of ICB for mOS, with the ultimate goal of translating these findings to 

improve life expectancy for many pediatric patients with mOS. This specific research 

aimed to examine biological differences in recipients of α-CTLA-4/α-PD-L1 ICB for mOS 

in a murine model by characterizing circulating Ab compositions between responders and 

nonresponders to ICB composed of α-CTLA-4 and α-PD-L1, to determine potential 

improvements in ICB efficacy for mOS.  
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The discrepancy among mice regarding their response to combination ICB therapy 

is curious, considering the mice used in the study are inbred Balb/c mice with 

similar/identical genetic makeup. They were also the same age and experienced the same 

living conditions. One possibility of variance is differences in circulating antibodies (Abs). 

Variance in circulating Abs can be present among genetically similar subjects for a number 

of reasons, mice and humans produce natural Abs formed during development without 

antigen induction (Holodick, Rodríguez-Zhurbenko, and Hernández 2017). In addition to 

natural Abs presence, circulating Abs can often be indicators of risk for or development of 

certain diseases. Recent studies have characterized Ab presence in sera using microarrays 

with >300,000 short peptides. The binding pattern of the Abs on the microarray is termed 

an "immunosignature." Analysis of immunosignatures has been shown to predict the 

identity of infectious diseases with >95% accuracy (Holodick, Rodríguez-Zhurbenko, and 

Hernández 2017). We initially wished to characterize the Ab response between ICB 

responders and non-responders in mOS-bearing mice but found that immunosignatures 

from pre-bleeds, prior even to tumor inoculation, could distinguish responders from non-

responders before ICB treatment on a microarray of 10,000 unique peptides (Fig. 19).  

Traditionally, immunosignatures have diagnostically predicted disease via the 

binding pattern of Abs in sera to the many peptides on these arrays, resulting in 

reproducible patterns for specific diseases (Restrepo, Stafford, and Johnston 2013; 

Helmink et al. 2019). However, this technology has not been used to identify treatment 

responders vs. non-responders. Here, we reproduced the model of responders and non-

responders to α-CTLA-4/α-PD-L1. We then sent sera from pre-bleeds in these mice for 

immunosignature assays to be characterized according to the currently available library of 
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300,000 peptides. We now have created a “trained” immunosignature profile to support 

predictive ability in this mOS ICB model. By analyzing peptide sequences bound by Abs, 

we further identified potential targeted antigens that could indicate why some subjects 

respond to treatment, and others do not.  

Predictive immunosignatures for determining the efficacy of ICB could prioritize 

patients likely to respond to therapy, while identification of Abs that facilitate or impede 

ICB could be translated to improve patient outcomes by aiding in the design of novel 

therapeutics. 
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A 

 
B. 

 
C.  

 
Figure 19: Initial Observed Distinctions in Ab Repertoire Between 

Responders Vs. Non-responders to ICB for mOS: A) ICB α-CTLA-4/α-PD-L1 

results percent survival in ~40% of mice. Balb/c mice were inoculated with 106 

K7M2 cells i.v. followed by α-PD-L1 (10F.9G2, 200ug/3 days) and α-CTLA-4 

(UC10-4F10-11, ug/3 days) i.p. and monitored for survival. B) Heat Map of 

immunosignatures. Sera samples taken from responders and non-responders 

before treatment C) Principle Component Analysis of Immunosignatures. 

(Blattman, 2015, Unpublished). 
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Metfhods 

In vivo Antibodies and Cell lines 

The α-CTLA-4 monoclonal antibody was purified via saturated ammonium sulfate (SAS) 

precipitation from the UC10-4F10-11 hybridoma (ATCC, Manassas, VA). Hybridomas 

were maintained in Roswell Park Memorial Institute (RPMI) media and were initially 

cultured in 20% fetal bovine serum (FBS) but were weaned to lower levels of FBS media 

until 2.5% FBS was reached. After cells grew to confluency in 2.5% FBS RPMI, cells were 

allowed to die for one week by not adding fresh media to the cells, and the supernatant was 

harvested in preparation for SAS precipitation. The α-PD-L1 monoclonal antibody (clone 

10F.9G2) for all in vivo blockade experiments was purchased from BioXCell (West 

Lebanon, NH). K7M2- Luc cells were a gift from Helman lab and were cultured in 10% 

fetal bovine serum (FBS), 1% of 100x penicillin, Streptavidin, and glutamine (PSG), in 

Dulbecco's Modified Eagle's medium (DMEM). K7M2- Luc cells were verified 

mycoplasma free before tumor inoculation. 

 

Mice and generation of tumors 

Twenty Balb/c/J mice were purchased from Jackson Laboratories (Bar Harbor, ME) and 

were housed in the Arizona State University Biodesign Institute under specific pathogen-

free conditions. All experiments listed here were approved by the Institutional Animal Care 

and Use Committee (IACUC) and were conducted under the appropriate supervision. 

Metastatic osteosarcoma tumors were established in all 20 mice by injection of 2* 106 

either K7M2-Luc cells via lateral tail vein in 100 μL of phosphate-buffered saline (PBS). 
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After inoculation with K7M2-Luc cells, mice were monitored by weight and a clinical 

scoring system that evaluated breathing, ambulation, lethargy, and scruffiness (BALS).  

 

Treatment and Bleed Schedule 

Mice were treated with ICB composed of α-PD-L1 and α-CTLA-4. Mice were given five 

doses of α-PD-L1 monoclonal antibody (clone 10F.9G2) at 200 µg per dose, purchased 

from BioXCell (West Lebanon, NH), which occurred every three days beginning one day 

after tumor inoculation. Mice were also given three doses of α-CTLA-4 at 100 µg per dose 

of monoclonal Abs beginning one day after tumor inoculation. Mice were bled via 

submandibular bleeds three days before inoculation with K7M2 cells 11 days after K7M2 

inoculation and 25 days after inoculation. Mice were later monitored for tumor progression 

and survival. 

 

Immunosignature Assays 

Immunosignature assays were prepared as described previously (Stafford et al. 2012) with 

a 300,000 peptide library. Arrays were scanned at 10-μm resolution at 647-nm wavelength 

by an Agilent C scanner for fluorescence readings. Microarrays were first incubated in a 

blocking buffer of PBS, 0.5% BSA, and 0.5% Tween for 1 hour. Serum samples taken 

from mice were added to the arrays at a 1:500 dilution into a sample buffer of 0.5% BSA 

and PBS for 1 hour at 25 °C. The serum samples served as the primary antibody. The 

primary antibody was then washed away with a blocking buffer, and peptide-bound 

antibodies were determined by secondary incubation with 5 nM AlexaFluor 647-

conjugated α-mouse (Rockland Antibodies) which incubated for 1 hour at 25 °C 
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Factor Analysis 

Factor Analysis was completed by Calviri. A total of 76 peptides from a t-test with a p-

value less than 0.005 from t-tests were filtered using a LASSO (least absolute shrinkage 

estimator) and a Schwarts Bayesian (SBC) stop criterion. A total of 4 of the 10 samples 

were selected at random for training and 6 were used for testing. This was repeated 5 times. 

Logistic regression, least angle regression random forest and support vector machine 

(SVM) with an interior point polynomial degree 2 kernel were used. Factor analysis was 

conducted with maximum likelihood estimation and promax rotation and was based on 

eigenvalues greater than 1.0; two factors were extracted. 

 

Identification of Peptide Homology Among Peptides With High Binding using Gapped 

Local Alignment of Motifs (GLAM2) 

Peptides from Table 3 were recorded in FASTA format and analyzed using Gapped Local 

Alignment of Motifs (GLAM2) (Frith et al. 2008). Sequences were aligned and subsequent 

frequency of each amino acid at specific peptide positions was recorded. GLAM2 attempts 

to find the best possible motifs 10 times then GLAM2 provides a score for each motif, 

higher scores indicate stronger motifs. A total of 63 peptide sequences were included in 

the final analysis while 11 were excluded since the sequences were less than 8 amino acids 

in length and GLAM2 only can attempt to align sequences 8 amino acids in length or longer 

(Frith et al. 2008). Sequences that were excluded from GLAM2 analysis have an asterisk 

(*) in front of the sequence number in Table 3.  Additionally, the “GSG” linker which is 

included at the N terminus was not included in any sequence when analyzed using GLAM2. 
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Basic Local Alignment Search Tool (BLAST) of Sequence Motifs 

 Using NCBI BLAST, sequence motifs that were determined by running peptide sequences 

through GLAM2 were input using pBLAST which is specialized to find protein sequences 

with shared homology to an input sequence. Parameters were set to look only at standard 

databases, and non-redundant protein sequences. Algorithm was set to blastp (protein-

protein BLAST). Only the possible combinations of peptide from Motif A were input into 

BLAST and analyzed.  
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Results 

Balb/C mice inoculated with K7M2 and treated with α-CTLA-4 and α-PD-L1 showed 60% 

survival and complete tumor clearance.  

In our study, mice treated with a combination of α-CTLA-4 and α-PD-L1 following the 

treatment schedule described showed 60% of mice (6 mice) survival after 150 days with 

no signs of metastasis, while 40% of mice (4 mice) succumbed to metastasis. This 

replicates past trends (Lussier, Johnson, et al. 2015). Control groups of mice that were only 

given PBS succumbed to metastasis by day 80 post-tumor inoculation (Fig. 20). 

 

High Binding Peptides Identified in Responder Group 

We initially sent ten sera samples to be arrayed. The rfu data was log base 2 transformed 

for analysis. The results show noteworthy mean differences between the average rfu of 

different sample types on average. Generally, the non-responder samples have a lower total 

array rfu than the responder samples. Satterthwaite corrected T-Tests were run on the 10 

known samples to look for mean differences on a per peptide level. Seventy-four peptides 

were identified with p-values less than 0.05 (Table 3). 

 

 

 

 

  



  111 

 

 

 
Figure 20: Survival Curve of Mice Treated with α-CTLA-4/α-PD-L1 for mOS: 

Mice treated with α-CTLA-4/ α-PD-L1 showed 60% survival, while mice treated 

with PBS controls all succumbed to metastasis by day 80 post-tumor inoculation. 
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Factor Analysis 

Responder samples typically showed greater overall reactivity on arrays and accounted for 

most of the variance seen in the factor analysis. Overall, responders load more heavily on 

factor 1 while non-responders load more heavily on factor 2 (Fig. 21). One responder H3 

loads more heavily on factor 2 than on factor 1, indicating a possible misclassification. 

Sample H4 loads on both factors and appears to be slightly higher on factor 1 and so is 

ostensibly indeterminate.  

 

Sequence Alignment Using Gapped Local Alignment of Motifs (GLAM2) 

A total of 5 gapped sequence alignments with GLAM2 scores 100 or higher were 

discovered after the initial run using GLAM2 (Fig. 22). 
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Table 3: Sequences Identified by immunosignature analysis to have 
distinct high binding in Responder samples 

Sequence Number Peptide Sequence with High Binding in Responders 
>Sequence1 YLVVGWQSGGSG 
*>Sequence2 PGGVNEDGSG 
>Sequence3 ALQVNQVNDGGSG 
>Sequence4 YGYRLFGGVSGGSG 
>Sequence5 PLRWWVLFSGSG 

>Sequence6 EQFNLQKGGSG 
>Sequence7 FQAANQVSGGSG 
>Sequence8 PAVKLELKVGGSG 
>Sequence9 FRAKLLFDGSG 
>Sequence10 AFFLYWHVGGSG 
*>Sequence11 QQNSLSDGSG 
>Sequence12 WSEVRWRFGGSG 
>Sequence13 WPLRFSWVLGGSG 
>Sequence14 DQQEHVLGGSG 
>Sequence15 NLGEVRSGGSG 
>Sequence16 FVALNKVGGSG 
>Sequence17 PAGQANQAGGSG 
*>Sequence18 HAAGSEGGSG 
*>Sequence19 LKNEEDGSG 
>Sequence20 WWWEWFEGGSG 
>Sequence21 HQVVSSDGGSG 
>Sequence22 YYVAANKFSGSG 
>Sequence23 PNANDASRLFGSG 
>Sequence24 NAWNLVFQFGGSG 
>Sequence25 NVDVNQGLDGGSG 
>Sequence26 QQKNLVLSGSG 
>Sequence27 LYYHDGYQKSDGSG 
>Sequence28 SRLASDGQGGSG 

>Sequence29 EEHNGGSG 

*>Sequence30 DVVLRSGGSG 

>Sequence31 VNLVKLDGGSG 

>Sequence32 WQLLHLRLGGSG 

>Sequence33 QFAWLKLDLSGSG 
>Sequence34 VLWAVLAGGSG 

>Sequence35 FYGRLHLFSGSG 
>Sequence36 FNLKFSWQDGSG 

>Sequence37 NVDLAQHHDGSG 

*>Sequence38 KQPLVGGSG 

>Sequence39 FAWYVKFDGSG 

>Sequence40 QQDQRFLGGSG 

>Sequence41 FSVWHFHLFGSG 

>Sequence42 PDNGVYQVSGSG 
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*>Sequence43 ESGDEGGSG 

*>Sequence44 SNSFVSEGSG 

>Sequence45 FSYSVGARLGGSG 
>Sequence46 ESNLNLFSGGSG 

>Sequence47 YQLQLVAKDGGSG 

>Sequence48 SYQSQKDRSEGSG 

>Sequence49 GLVANRVGGSG 

>Sequence50 PESRLDDGGSG 

>Sequence51 RQNNQVLEGSG 

>Sequence52 QQRNALSEGSG 

>Sequence53 LQSNNLGLGGSG 

>Sequence54 SWLGWWQLSGSG 

>Sequence55 YWSVVWKFDGSG 

>Sequence56 VKLVDAFEGGSG 

>Sequence57 RELQSNQRSGSG 

>Sequence58 ERLKVSLEDGSG 

>Sequence59 SANNQQVGGSG 

>Sequence60 KVVGDRLDGGSG 

>Sequence61 GQYNQQVDGSG 

>Sequence62 LYAQYWWHGGSG 

>Sequence63 EHNGKHDGGSG 

>Sequence64 QHYNVKKVEGSG 

>Sequence65 LQPLAGGSG 
>Sequence66 LQLSVEKDGGSG 

*>Sequence67 KQALVLSGSG 
*>Sequence68 LNLAPNGGSG 

>Sequence69 VEDQPARPHEGGSG 

>Sequence70 KFSYNAQANDGSG 

>Sequence71 WSGGYWKGQVFGSG 

>Sequence72 SDEHQHGGSG 

>Sequence73 KQSNGLSDGSG 

*>Sequence74 WVWWGWGGSG 
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Figure 21: Factor Analysis of Immunosignature Responder and Non-Responder 

Samples on Factor 1 vs. Factor 2. Responders tend to load on Factor 1 more closely, 

while non-responder samples tend to load more closely on Factor 2. 
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A. 

   SCORE: 168.847  

B. 

      SCORE: 152.072 
C.  

 SCORE: 134.864 

D. 

     SCORE: 126.567 

E.  

    SCORE: 123.019 

Figure 22: Motif Analysis of Peptides in Table 3. Sequences were aligned and 

frequency of each amino acid at the indicated positions was determined. The 5 top 

scoring replicates with a GLAM2 score of more than 120 are shown above. Larger 

peptides at a certain position indicate higher frequency of a peptide in that location 

among sequences. 
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Table 4: Regular Expression for Motifs in Figure 22 

Se

q 

GLAM

2 Score 

Expression Motif  

A 168.84 Q?VNW[LV]?K[FV]?[QH]?L?.?F?[SD]?G? 

B 152.07 Q?[QV][HS]?N[AL]?W?N[LV]?K[FLV]?L?[SD]?G? 

C 134.86 W?Q?S?.[AGS]?N[QLW]?.[FN]?K?[LV]?F?[SDG]G? 

D 126.56 [LQV][AS]?[YV]?N?G?[QW][YH]?V?[LWF]?[QKR]?[LS]D?L?

G? 

E 123.01 Q?W?VN?[AG]?L?Q[LW]?K.?[FLV]?[HF]?S?D?G? 

 

 

  



  118 

 

Discussion 

This research represents a novel association of pre-existing immunosignature 

profiles as predictors of eventual ICB treatment efficacy for mOS. Immunosignatures have 

traditionally been used as diagnostic tests to determine the likelihood of certain diseases 

before the genesis of untreatable symptoms, such as those seen in Alzheimer’s and certain 

cancers (Restrepo, Stafford, and Johnston 2013; Stafford et al. 2014b). Here, we have 

already shown the technology's ability to serve as a correlative test to determine whether a 

subject will respond to α-CTLA-4/α-PD-L1 even before inoculation with mOS (Fig. 19) 

and further showed that these results are reproducible (Fig. 20). Regarding factor analysis 

of our most recent data, responders mostly loaded on Factor 1, while non-responders loaded 

more strongly on Factor 2 (Fig 21). During our most recent data replication, one sample, 

H3, was a responder to ICB but, upon factor analysis, loaded more closely to Factor 2, 

which was more typical of non-responders. This result represents a potential margin of 

error in these immunosignatures recorded previously in immunosignature trials, which 

report a 10% margin of error in predictive modeling (Stafford et al. 2012, 2020). Since 

these assays rely on the integrity of Ab stability to determine the binding capacity of 

antibodies in a sample to a particular peptide, factors that decrease the integrity of Ab 

structure can impact the ability of these assays to predict phenotypes correctly.  

For example, samples in this study underwent multiple freeze-thaw cycles due to 

the necessary transport of the samples, which could lead to the degradation of Abs in the 

sample and an overall decrease in reactivity, potentially skewing results. Additionally, the 

trial results were cut-off at 150 days post-tumor inoculation, and it is possible that an 
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extension of this trial would have led to H3 developing tumor burden. However, tumor 

burden was not evident after the trial period. These trials can be repeated with larger sample 

sizes in the future, which may negate outliers like H3, which skew results. 

 Factor analysis is a method used to relate a set of underlying observed “latent” 

variables. It was chosen to analyze the data set because it can explain covariance among 

observed random variables concerning latent factors without defining what those latent 

factors are. This system is helpful for our analysis since, at the time of data analysis, we 

could not determine the factors that differentiated the responder from non-reponder 

antibody profiles. This analysis differs from principal component analysis (PCA) in that 

PCA analyses assume no measurement error, random error to be expected within an 

experiment, or systemic error that could be due to issues with instrumentation or assays, 

which was likely present to some degree in the samples assayed. Additionally, PCA forces 

all variance to be common and does not allow for unique variance. Lastly, PCA is only 

orthogonal and does not allow for correlation or relationships among components; factor 

analysis allowed us to determine how similar and different samples in the analysis were. 

Though immunosignatures have often been used to characterize Ab repertoires and 

classifications within samples, this technology has not yet been used to determine why 

differences in pre-existing immunosignatures exist among genetically identical mice and 

if they can then be altered, indicating potentially more positive outcomes for ICB-treated 

subjects. Analysis of bound peptide sequences and comparison to protein databanks could 

explain observed Ab discrepancies. Findings from this work can shift current research 

paradigms because they model a novel way to determine why ICB therapy will or will not 

be effective on a subject rather than merely determining if it will be effective. Such findings 
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could be widely applied to other sarcoma immunotherapy regimens through the same 

methods.  

 The epitopes on both the immunosignature arrays used in this study and 

microarrays used to verify the results' reproduction were randomly generated and therefore 

do not necessarily represent proteins found in nature. If there exists shared sequence 

homology between an epitope on an array and a protein present in nature, differences in 

protein folding and binding to other proteins that may be present due to the presence of 

other charged amino acids in a natural protein may not be present in the peptides on the 

microarray. For this reason, an Ab that might bind to the conformation of a particular 

peptide on a microarray may not attach to that same sequence when it is present and in a 

different folding conformation in its natural form. For these reasons, information about 

which peptide Abs in this study bind on microarrays should be analyzed; knowing that they 

may or may not represent immune reactions to natural proteins, they continue to serve as a 

valuable tool to identify and characterize circulating Ab populations in different subjects. 

Immunosignatures and protein microarrays that seek to characterize circulating Ab 

repertoires have many applications that extend past identification of potential responders 

and non-responders to cancer immunotherapy. Recent studies have also used them to 

diagnose cancer and other diseases, such as Alzheimer's, on the basis that during the 

development of these diseases, circulating antibody repertoire may be altered (Stafford et 

al. 2014b; Restrepo, Stafford, and Johnston 2013). If immunosignatures based on positive 

and negative patient responses to treatment were characterized, future applications could 

include monitoring cancer development and presence after immunotherapy treatment to 

determine which treatments are effective for a patient. 
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CHAPTER 4 

THE IMPACT OF MICROBIOME DYSBIOSIS ON T CELL FUNCTION WITHIN 

THE TUMOR MICROENVIRONMENT (TME) 

Abstract 

Insights into the effect of the microbiome's composition on immune cell function have 

recently been discerned and further characterized. Microbiome dysbiosis can result in 

functional alterations across immune cells, including those required for innate and adaptive 

immune responses to malignancies and immunotherapy treatment. Dysbiosis can yield 

changes in or elimination of metabolite secretions, such as short-chain fatty acids (SCFAs), 

from certain bacterial species that are believed to impact proper immune cell function. Such 

alterations within the tumor microenvironment (TME) can significantly affect T cell 

function and survival necessary for eliminating cancerous cells. Understanding these 

effects is essential to improve the immune system's ability to fight malignancies and the 

subsequent efficacy of immunotherapies that rely on T cells. In this review, we assess 

typical T cell response to malignancies, classify the known impact of the microbiome and 

particular metabolites on T cells, discuss how dysbiosis can affect their function in the 

TME then further describe the impact of the microbiome on T cell-based immunotherapy 

treatment, with an emphasis on recent developments in the field. Understanding the impact 

of dysbiosis on T cell function within the TME can carry substantial implications for the 

design of immunotherapy treatments and further our understanding of factors that could 

impact how the immune system combats malignancies. 
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Introduction 

Microbial species inhabit nearly every organ of the human body; their significance has 

recently been established in proper health and immune cell function, with potential impacts 

in the tumor microenvironment (TME) through the presence or absence of microbial-

derived metabolites such as short-chain fatty acids (SCFAs), that can impact T cell 

functioning. The human microbiome comprises a complex network of various organisms, 

including those of bacterial, archaeal, fungal, viral, and protozoan populations, many of 

which are capable of symbiotic or pathogenic manifestations on the host, particularly when 

oscillation in microbial composition occur (Riiser 2015). In a healthy host, microbial 

populations typically outnumber human cells; current studies have estimated the number 

of bacteria alone in the human body is roughly the same as that of human cells (Sender, 

Fuchs, and Milo 2016). Technological advancements such as metagenomic sequencing and 

sophisticated data analysis have allowed scientists to characterize the abundance and 

diversity of the human microbiome, classifications that have allowed researchers to 

elucidate the potential mechanisms by which these species impact health and disease 

(Freilich et al. 2009; Qin et al. 2010; Methé et al. 2012). Studies support the necessity of a 

diverse, stable, and balanced microbiome to maintain general health and proper immunity 

to disease, with negative impacts during microbiome dysbiosis (Tuddenham and Sears 

2015). Microbial dysbiosis is an imbalance in the composition of microbial communities 

within a host resulting in perturbations from normal cellular and organ function, illness, or 

reduced treatment efficacy for an infection or disease (Petersen and Round 2014). The 

etiology of dysbiosis is diverse and includes pathologies resulting from inflammation, 

infection, diet, genetics, and antibiotic administration (Willing et al. 2010; Claesson et al. 
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2012; Pham and Lawley 2014). Current studies have also demonstrated the impact of host-

microbiome interactions during dysbiosis on cancer progression and treatment, including 

disease presence and chronic inflammation (Czesnikiewicz-Guzik and Müller 2018). 

Dysbiosis is believed to impact the regular functioning of immune cells caused by 

modifications in microbial-produced metabolites needed for proper performance (Arpaia 

et al. 2013; Luu et al. 2019). Such alterations in immune cells can impact not only how we 

respond to pathogenic infections but also the immune response to neoplastic events.  

The degree of T cell tumor site infiltration and proper function within tumor sites 

can significantly affect tumor progression or regression (Al-Shibli et al. 2008). Therefore, 

an alteration in T cell function can cause a massive change in the efficacy of how T cells 

respond within the TME and, ultimately, their ability to clear malignancies. Understanding 

the mechanistic impact of microbial composition on T cells and their function within the 

TME is essential if we hope to understand and improve treatment strategies for 

malignancies. Here, we review canonical T-cell responses to malignancies, the impacts of 

the microbiome in the context of its typical and dysbiotic state on T-cell signaling and 

further how this can change T-cell function within the TME, recent discoveries in the field, 

and the potential that research stemming from these investigations can have on how we 

design and administer cancer therapies. 

 

Conventional Αnti-tumoral Activity of T-cells 

Adaptive immune cells, such as T cells, play a considerable role in the antitumor immune 

response, with the presence of tumor-infiltrating T lymphocytes exhibiting positive 
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prognostic value across a wide range of cancers (L. Zhang et al. 2003; R. C. Taylor et al. 

2007). To understand how microbiome dysbiosis can affect the ability of T cells to react to 

malignancies, we must first understand conventional α-tumoral T-cell mechanisms. 

Typical CD4 T Cell Signaling and Function in Response to Malignancies: 

CD4 T cells are directly and peripherally involved in the antitumor immune response 

through effects on innate and adaptive immune cells such as macrophages and T cells. 

Individually, CD4 T cells can be cytotoxic to incipient and progressive malignancies, 

acting directly on unhealthy cells that present neoepitopes to eliminate them through 

differentiation into Th1 cells and ensuing perforin/granzyme B-dependent killing or target 

cell elimination via ligation of Fas/FasL (or other TNF/TNFR family) death receptors (Fig. 

24 A) (K. U. Lundin et al. 2004). Peripherally, CD4 T cells can also secrete IL-2 and IFN-

γ, which have been found to elicit M1 macrophages to inhibit tumor propagation via 

secretion of nitric oxide synthase (iNOS), reactive oxygen species (ROS), and IL-12, 

resulting in direct and indirect clearance of tumor cells. Additionally, M1 macrophages can 

engulf malignant cells to eliminate them (Fig. 24 B) (X. Zhou et al. 2021). These M1 

mechanisms are productive during MHC class II negativity, which can result from the loss 

of MHC Class II trans-activator (CIITA) expression during carcinogenesis (Haabeth et al. 

2014). Additionally, CD4 T cells are necessary to support continued CD8 memory T cell 

survival and function (Janssen et al. 2003). They secrete cytokines, such as INFγ and IL-
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2, that can act on CD8 T cells to improve the anticancer immune response (Fig. 24 C) 

(Ossendorp et al. 1998). 

Typical CD8 T Cell Signaling and Function in Response To Malignancies: 

The presence of CD8 T cells within the TME has been associated with improved tumor 

clearance and overall prognosis, often characterized by the concomitant presence of pro-

inflammatory cytokines such as Type I IFN (Trujillo et al. 2018). The mechanisms by 

which CD8 T cells within the TME are believed to eliminate cancerous cells are via ligation 

of the Fas ligand (Fas L) on T cells with the Fas receptor (FasR) on target cells or by the 

perforin/ granzyme B pathway, with a preference for FasL/FasR pathway for cancerous 

cells (Fig. 24 D) (Chávez-Galán et al. 2009). Though these mechanisms can aid in the 

clearance of tumors, tumor-infiltrating lymphocytes often display upregulation of 

inhibitory markers, such as PD-1 and CTLA-4, which bind PD-L1 and CD80/CD86 

respectively, which can halt α-tumoral effector functions and result in reduced effector 

cytokine production (Ahmadzadeh et al. 2009) . 
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Figure 23:  Conventional Mechanisms of T Cell Anti-Tumoral Activity. A). Th1 

differentiated CD4 T cell killing of cancerous cells that present neoepitopes on MHC II 

via secretion of perforin and granzyme B. B). CD4 T cells release cytokines IL-2 and 

IFN-γ to recruit M1 macrophages, activated M1 Macrophages can kill cancerous cells 

either by direct phagocytosis or release of NOS or ROS, which results in tumor cell 

death, and continue to secrete IL-12, among other cytokines which recruits T cells to the 

site of the tumor. C). Activated CD4 T cell release of cytokines such as IL-2 and IFN-γ 

which recruits CD8 T cells to the site of tumor growth. D). CD8 T cells directly kill 

cancerous cells that present neoepitopes via MHC I via the Fas/FasL and via the release 

of perforin/ granzyme B, resulting in tumor cell killing. Image Created with 

BioRender.com 
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Molecular Impact of the Microbiome on Αnti-tumoral Activity of T-cells 

There is evidence that microbial species within the mucosal tissue of a host and within the 

tumor microbiome contribute to patient tumor immune response variations, with 

correlations between metabolic functions of microbes present within the TME and clinical 

patient presentation (Nejman et al. 2020). These trends have been documented for several 

pancreatic, bone, and breast cancers (Riquelme et al. 2019; Nejman et al. 2020; Sagarika 

Banerjee et al. 2021). Alteration of the host microbiome can change host cell function, 

including that of innate and adaptive immune cells (Thaiss et al. 2016; Russo et al. 2016). 

The mechanisms underlying these cellular changes are still being investigated but have 

been better characterized in recent studies and are believed to be primarily associated with 

alterations in metabolite secretions by microbial species that subsequently impact immune 

cell function (W. Yang et al. 2020; Luu et al. 2019). In particular, microbes produce 

fermentation products known as short-chain fatty acids (SCFAs); these free fatty acids 

contain short aliphatic carbon chains and are composed of less than six carbons. Typically 

when referring to SCFAs, the following are included: formic acid (C1), acetic acid (C2), 

propionic acid (C3), butyric acid (C4), and valeric acid (C5) (J. Tan et al. 2014). SCFAs 

are predominantly water-soluble, and therefore easily transported throughout the body, and 

are believed to play a significant role in the differentiation, function, and regulation of T 

cells and other immune cells through the promotion of pro- or α-inflammatory cytokines 

needed for particular effector functions (Arpaia et al. 2013; Ryu et al. 2022). Thus, 

alterations in microbiome composition and consequent changes in microbial metabolite 

secretion may disrupt T cells' conventional effector functions against malignancies. 
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Tumor-specific Microbiome Associations with Malignancies: 

Microbial composition within the TME varies across cancers and further differs from 

adjacent healthy tissues, even in solid tumors with no direct contact with the external 

environment (Nejman et al. 2020). Several cancers, including breast, lung, ovarian, 

colorectal, melanoma, brain, prostate, and bone, have exhibited the presence of specific 

microbial species contributing to a dysbiotic state within tumor tissue (Thompson et al. 

2017; Costantini et al. 2018; Greathouse et al. 2018; Apostolou et al. 2011; Castellarin et 

al. 2012; Sfanos et al. 2008; Nejman et al. 2020). These tumor-specific microbial 

populations can sometimes vary for different cancer types within the same organ systems 

(Sagarika Banerjee et al. 2018). Considering the known impact of microbial changes on 

immune cell function, changes within the TME regarding tissue-specific microbial 

populations may initiate changes in T cell function within neoplasms (Nejman et al. 2020). 

Intriguingly, Rotter-Maskowitz et al. recently identified correlations between intratumoral 

bacterial presence and predicted clinical presentation and response to anticancer treatment 

(Nejman et al. 2020). Similar concepts can be traced back to William Coley in the late 19th 

century, who showed that injecting killed bacterial species into tumor tissue resulted in 

tumor regression, which we now believe is due to adjuvant effects via activation of innate 

immune receptors and engagement of subsequent immune responses within the tumor 

(Kopenhaver, Carlson, and Snook 2020). Further investigations are needed to determine if 

bacterial presence in cancer impacts cancer progression via changes in immune cell 

function or if metabolites preferred by certain bacteria that are present as a result of cancer 
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progression provide a niche for those found in specific tumor tissues, the presence of 

particular bacterial species in tumor tissue compared to healthy tissue indicates a potential 

avenue for understanding better what factors impact cancer progression within the TME 

(Thompson et al. 2017).  

 

Gut Microbiome Associations with Malignancies: 

Investigations during cancer progression and treatment suggest certain gut microbial 

presence outside the TME correlate with systemic inflammatory processes that affect the 

TME, such as the upregulation of pro-inflammatory cytokines such as tumor necrosis factor 

(TNF) caused by increased immune cell responses, resulting in more significant tumor 

regression (Iida et al. n.d.). These systemic alterations could be associated with secreted 

metabolites from specific bacteria, noting that metagenomic studies concluded that the 

enrichment of anabolic pathways resulting from cellular metabolism and differences in 

pro-inflammatory cytokines caused by some bacteria's presence affect tumor response 

(Gopalakrishnan et al. 2018). Additionally, several studies suggest that gut microbiome 

composition plays a role in cancer progression at mucosal sites and in tumors not confined 

to mucosal tissue, which may be partly due to metabolites produced by microbes in the gut 

(Zhuang et al. 2019; Sánchez-Alcoholado et al. 2020).  

 

 

Transport of Microbial-Derived Metabolites to T Immune Cells  

Metabolites can be produced by gut-specific or organ-specific bacteria and passively or 

actively transported to other locations impacting organ and cellular function at local and 
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peripheral sites (Kamp and Hamilton 2006; Cummings et al. 1987). For this reason changes 

in microbiome composition will also impact metabolite presence. For instance, during 

dysbiosis, certain SCFAs or other metabolites may be reduced in quantity if the bacteria 

that produce them are no longer present. Active  diffusion of metabolites in T cells can 

occur via membrane transporters, including MCT1 (monocarboxylate transporter-

1/Slc16a1) and SMCT1 (sodium-coupled monocarboxylate transporter-1/Slc5 a8) (J. Park 

et al. 2014). Once inside the cell, SCFAs are known to act via G-protein-coupled receptor 

(GPCR) signaling, inhibition of histone deacetylase (HDAC), production of acetyl-CoA, 

and further changes in the metabolism of the cell resulting in increased or decreased 

functionality (C. H. Kim 2021). Evidence shows that SCFA presence activates mTOR, and 

STAT3 in T cells via  GPCR41, GPCR43, GPCR109a resulting in Blimp-1 expression, 

which triggers the expression of many downstream signaling cascades (Y. Zhao et al. 

2018). Studies in germ-free mice suggest that changes in microbiota can directly impact 

the expression of toll-like receptors (TLRs) (A. Lundin et al. 2008) and can affect antigen-

presenting cell presence, T cell differentiation, and systemic immunity (Rangan and 

Mondino 2022). 

 

 

 

Molecular Effects of Dysbiosis on CD4 T Cell Signaling and Function: 

Recent studies showed C2, C3, and C4 metabolites, which can be produced by microbiota, 

could exhibit immunomodulatory functions by altering CD4 T cell differentiation in a 

concentration-dependent manner, as high concentrations of C2 and C3 drove expression of 
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IL-17A, IL-17F, RORα, RORγt, T-bet, and IFN-γ, cytokines associated with Th17 and Th1 

profiles (Fig. 25 A.) (J. Park et al. 2014). More specifically, the natural killer group 2, 

member D (NKG2D) ligand system is a central immunomodulatory system in which 

immune cells recognize NKG2DL on stressed or infected cells through NKG2DR, present 

on immune cells such as CD4 T cells, CD8 T cells, and NK cells, activating effector 

functions (Groh et al. 2003). C3 produced by propionibacteria during cellular metabolism 

can induce the expression of NKG2D ligands MICA/B on both activated T lymphocytes 

and cancer cells in an intracellular calcium-dependent manner, allowing for proper immune 

effector function and potential prophylaxis of malignant cells (Fig. 25 B.) (Andresen et al. 

2009). This finding also implies the absence of C3 during the elimination of microbial 

populations that produce it can limit the degree of NKG2D ligands and, therefore, limit 

subsequent NKG2D/NKG2D interactions, resulting in a reduced overall T cell effector 

function within the TME. Further, C4 presence was shown to drive Treg differentiation in 

a concentration-dependent manner both in vitro and in vivo (Fig. 25 C) (Kespohl et al. 

2017; Furusawa et al. 2013). Additional studies have indicated issues with the development 

of regulatory T cells (Tregs) in antibiotic-treated mice, indicating a requirement for healthy 

intestinal microbiota to achieve even normal Treg development (H. Han, Yan, and King 

2021). 

 

Molecular Impact of Dysbiosis on CD8 T Cell Signaling and Function: 

In pre-clinical mouse models, microbial dysbiosis induced by maternal antibiotic treatment 

found that the offspring had altered CD8+ T Cell receptor signaling apparent by an inability 

to sustain interferon-gamma (IFN-γ) production in vivo after vaccination and in vitro upon 
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T cell receptor (TCR) stimulation. Resultantly, these cells did not maintain protein tyrosine 

phosphorylation and Erk1/2 activation, which are necessary for the proper functioning of 

CD8+ T Cells (Brownlie and Zamoyska 2013). Further, SCFA presence was shown to 

enhance the function of cytotoxic T lymphocytes through an increased function of mTOR 

post-treatment of T cells with pentanoate and C4 and driving supplementary inhibition of 

class I histone deacetylase activity. mTOR typically drives differentiation into Th1, Th2, 

and Th17 but is also a critical regulator in CD8 T cell differentiation through the regulation 

of cytolytic effector molecules (Finlay et al. 2012; C. Liu et al. 2015). Effector molecules 

such as CD25, IFN-γ, and TNF-α were then elevated in these treated cells, demonstrating 

enhanced cytotoxic activity and potential for pentanoate and C4 as supplements to cancer 

treatment for some malignancies (Fig. 25 D) (Schiweck et al. 2022).  
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Figure 24:  Impact of Microbial Secreted Metabolites on T Cell Function. A). 

Bacterial produced acetic acid (C2) and propionic acid (C3) can result in upregulation of 

T-bet and RORγt causing upregulation of IFNy and IL-17 and subsequent differentiation 

into Th1 and Th17 T cells respectively. B). Microbial Produced propionic acid (C3) has 

been shown to result in upregulation of NKG2D and NKG2DL on CD4 T cells, CD8 T 

cells and NK cells, contributing to an α-tumoral environment and death of cancer cells. 

C). Microbial produced butyrate has been shown to cause differentiation of T-regulatory 

cells (Tregs) in a concentration dependent manner. D). Microbial produced pentanoate 

and butyrate have been shown to contribute to increased CD8 T cell effector functions. 

Image Created with BioRender.com 
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Elimination of Microbial Species by Antibiotics and the Resulting Effect on T Cell 

Populations 

Considering the impact of microbial species on T-cell function, clinicians should be 

cognizant of the immunopharmacological behavior of antibiotics regarding microbial 

species-specific elimination based on antibiotic type. For instance, neomycin, which 

predominantly eradicates facultative gram-negative species, and vancomycin which 

predominantly eradicates gram-positive species, have both been associated with the 

reduced expansion of T cells in mouse models during antibiotic administration (Duan et al. 

2010; Cheng et al. 2017). Cocktails of ampicillin, vancomycin, neomycin and 

metronidazole (AVNM) have been associated with lower immune function and decreased 

concentrations of bacterial metabolites C3 and C4 in mice (Ubeda and Pamer 2012). γδ T 

cells are a part of the Th17 subset and are a source of the pro-inflammatory cytokine IL-

17. Antibiotics have also been shown to modulate γδ T cell populations, with variations 

depending on the antibiotic type used and species of bacteria eliminated (Duan et al. 2010). 

Understanding which antibiotics eliminate microbial populations may be critical when 

designing patient treatment regimens to reduce the chances of anomalous immune cell 

function. 

 

Interactions of Dysbiosis on T Cell-based Immunotherapy in the TME 

Both CD4 and CD8 T cells play an essential role in the clearance of malignancies. The 

impact of microbiome dysbiosis on immune cell function generates a challenging dilemma, 

considering that many immunotherapies in pre-clinical and clinical use, such as immune 

checkpoint blockade and adoptive cellular therapies, are T-cell-based.  
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Impact of Dysbiosis on T Cell Dependent Immune Checkpoint Blockade: 

It has been documented that specific microbes in the gut can impact ICB immunotherapy 

approaches across several cancers (McCulloch et al. 2022). For instance, α-CTLA-4 

treatment for melanoma relies on the presence of Bacteroides species; additionally, the 

treatment showed no effect on germ-free and antibiotic-treated mice (Vétizou et al. 2015). 

Bacteroides species can be propionogenic, having the capacity to generate the SCFA C3. 

Therefore, the absence of C3 can alter the proper function of T cells, which α-CTLA-4 

treatment relies on (Louis, Hold, and Flint 2014). In a separate study, the introduction and 

restoration of propionogenic bacteria during antibiotic-induced dysbiosis resulted in the 

restoration of C3 levels, indicating that the re-establishment of propionogenic bacteria 

could counteract decreases in SCFAs required for the efficacy of particular immunotherapy 

(El Hage et al. 2019). In mice and humans, high C4 concentrations in the blood were 

associated with resistance to α-CTLA-4 therapies, evidenced by restrained upregulation of 

B7 on T cells (Coutzac et al. 2020). Similar results of reliance of immunotherapy efficacy 

on bacterial presence were seen in α-PD-L1 treatment for melanoma, which depended on 

the presence of Bifidobacterium (Sivan et al. 2015). Bifidobacterium species produce 

SCFAs C2, C3, and C4 SCFAs that contribute to immune cell function (Louis, Hold, and 

Flint 2014). Strikingly, more recent investigations have shown fecal transplants from ICB 

responders to non-responders for melanoma treatment saw that more than one-third of 

human patients previously unresponsive to treatment become responsive after transplants 

(Davar et al. 2021b). 
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Impact of Dysbiosis on Adoptive T-Cell Therapy: 

Recent studies in mice have further shown that differences in gut microbiome composition 

and dysbiosis due to antibiotic administration could alter the efficacy of adoptive T-cell 

cancer treatments. However, these changes in response to treatment are likely species-

specific since they vary based on the type of antibiotic administered. In fact, some mice 

treated with vancomycin displayed an increase in CD8α+ dendritic cells (DCs) with 

supplemental decreases in tumor burden in an IL-12-dependent manner. At the same time, 

alternative antibiotics did not produce the same effect (Uribe-Herranz et al. 2018). 

Additional studies have indicated that severe cytokine release syndrome during CAR- T 

cell therapy is associated with particular microbiome alterations and a higher abundance of 

Bifidobacterium, Leuconostoc, Stenotrophomonas, and Staphylococcus and that desired 

responses may require specific gut microbial presence (Hu et al. 2022; M. Smith et al. 

2022). These results demonstrate that microbiome composition can also impact T-cell 

therapies whose efficacy relies on proper immune cell function. 

 

The Impact of Diet on T cell Based Cancer Therapies 

It is well known that diet can influence the establishment of microbial communities within 

a host (David et al. 2013). Since we now know that microbial community composition can 

impact T cell function, investigations regarding how diet can impact cancer treatments that 

rely on T cell function have been recently investigated. In mice, the western diet of high 

fat, high carbohydrate, and low fiber diet can decrease downstream production of short-

chain fatty acids (SCFA), which originate from microbiota; this could impact T cell 

function and efficacy of treatments that rely on T cells. (Statovci et al. 2017). Other findings 
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have shown that ketogenic diets can increase antitumor immunosurveillance by reducing 

PD-L1 expression on tumor cells in a malignant glioma model. (Lussier et al. 2016). 

Additionally, when placed on a ketogenic diet, mice have displayed enhancement of the 

anticancer effects of PD-1 blockade. (Ferrere et al. 2021). More recent studies have shown 

that when fucoidan, a polysaccharide naturally derived from brown algae, was co-

administered with ICB treatment, it significantly improved the antitumoral activity of PD-

1 antibodies in a murine melanoma model in vivo through consistent activation of tumor-

infiltrating CD8+ T cells. (J. Yang et al. 2021). Recent studies also indicate that calorie 

restriction can increase the antitumoral ability of T cells (Pietrocola and Kroemer 2019), 

an approach that, when applied to a murine triple-negative breast cancer model, augmented 

radiation efficacy (Saleh et al. 2013). Further, clinical trials analyzing melanoma patients 

showed that patients who consumed a high-fiber diet were five times more likely to respond 

to PD-1 therapy (Spencer et al. 2019). Modulation of diet serves as a potential 

interventional strategy that can be used to enhance T cell-based immunotherapies therapies 

in the future. 

 

Discussion 

With the onset of technological advancements such as molecular sequencing and 

sophisticated Metabolic-network modeling, insights into how microbiome composition 

impacts health, disease, and immune cell function disease, cancer, and immune cell 

function have been recently better illuminated. Further insights into cohesion between 

microbiome composition and proper immune cell function may be a helpful resource that 

will eventually allow scientists to regulate the immune response to and clearance of 
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malignancies. Further, broadening our understanding specifically of T cell function in the 

TME concerning microbiome composition may improve our understanding of how best to 

administer current antineoplastic drugs and therapies. 

There also exists potential to exploit the dysbiotic microbiome’s impact on immune 

cell function as an augmentation to α-tumoral therapies for some cancers that originate in 

common lymphoid progenitors (CLP). For instance, patients with cutaneous T-cell 

lymphoma (CTCL) reported decreased overall tumor burden when treated with an 

aggressive antibiotic regimen. Upon immunohistochemistry analysis, samples displayed a 

decrease in interleukin-2 high-affinity receptors in T cells at these sites, indicating a decline 

in mechanisms that allow for T cell proliferation (Lindahl et al. 2019). Similar regimens 

have also been pursued Mucosal Associated Lymphoid Tissue (MALT) lymphomas, 

improving 5- year survival rates (Ferreri et al. 2018). These incidents demonstrate the 

importance of identifying how antibiotics can affect immune cells, and the specific 

malignant cells clinicians might target during treatment.  

Though it is evident that the composition of the microbiome and microbial 

dysbiosis can impact immune cell function and subsequent immune response to 

malignancy, there still exists research gaps that must be pursued if we hope to mitigate 

adverse effects of microbial dysbiosis and immune system dysfunction. Further research is 

needed into what comprises the “optimal” microbiome and whether this composition 

differs for particular diseases and malignancies. Current data indicate a requirement for the 

presence of specific microbial species' therapeutic efficiency (Sivan et al. 2015), but this 

also tends to vary from cancer to cancer, making it difficult to classify what an optimal 

microbiome for patients might look like. For this reason, a more significant effort is needed 
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to determine what microbes may offer benefits during cancer treatment and what causes 

these microbiomes to be beneficial or harmful in particular organ systems. Since both gut 

and tumor-specific microbial composition can potentially permute disease progression, 

identifying what comprises microbial populations both locally and systemically across 

specific cancers may serve as a helpful resource for future diagnostic approaches. In fact, 

several microbial signatures between blood and tissues have already been identified across 

cancers, indicating a potential diagnostic approach to cancer treatment that may soon be 

available (Poore et al. 2020).  

Further research into how the dysbiotic state of the microbiome can impact T cell 

function can lead to potentially better treatments for cancer patients through the modulation 

of microbes present in the host. Knowledge pertaining to which bacterial communities and 

their associated mechanisms are needed for proper immune cell function would allow 

physicians to be cognizant of the implications associated with specific antibiotic use and 

subsequent species-specific elimination of bacterial communities in conjunction with ICB 

treatments. Overall, expanding our knowledge about the microbiomes' interconnection 

with the immune system and T-cell function during cancer progression and treatment can 

improve our knowledge of how to best design and administer cancer treatments and 

ultimately improve patient outcomes. 
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CHAPTER 5 

THE IMPACT OF MICROBIOME MODULATIONS ON T CELL-MEDIATED 

IMMUNOTHERAPY EFFICACY FOR METASTATIC OSTEOSARCOMA (MOS) 

Abstract 

Osteosarcoma is the most common childhood bone malignancy, with a sharp decline in 

survival rates upon metastasis. We have previously demonstrated immune checkpoint 

blockade (ICB) of α-CTLA-4/α-PD-L1 to mice inoculated with a K7M2 metastatic 

osteosarcoma (mOS) cell line resulted in ~50% survival with not only complete tumor 

clearance but also resistance to the same K7M2 cell line upon later inoculation. Differences 

in response rates to ICB treatment are common among patients with the same malignancy 

across various cancers. However, unlike inbred lab mice, human patients have diversity in 

genetic makeup and other factors, making it difficult to understand what factors impact 

ICB efficacy. Recent studies have discovered that ICB's effectiveness can be associated 

with or even reliant on microbiome composition. Additional findings have shown that 

antibiotic treatment can significantly reduce CD3+ T cell presence in the lungs of saline-

treated mice with viral infection compared to those not treated with antibiotics. These 

factors could be significant in the design of mOS treatments, as mOS frequently 

metastasize to the lungs, and antibiotic treatments are often needed for patients on ICB who 

are likely to develop nosocomial infections. For these reasons, we question whether 

microbiome composition impacts ICB for mOS and if alteration of the microbiome can 

cause subsequent alteration of T cell-mediated control of mOS. Our central hypothesis is 

that microbiome dysbiosis can alter T cell-mediated ICB efficacy for mOS. We first 

attempted to answer our research question by analyzing the microbiome composition of 
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these subjects before inoculation with mOS or ICB. We then altered the microbiome 

composition of our mice via antibiotic administration to determine if treatment outcomes 

would change. Microbiome composition and subsequent ICB efficacy for mOS have yet to 

be analyzed outside of this research but could significantly impact treatment outcomes if 

understood.  

 

Introduction 

Recent studies have demonstrated the impact of host-microbiome interactions on 

patient health, including disease presence and chronic inflammation (Czesnikiewicz-Guzik 

and Müller 2018; D. Kim, Zeng, and Núñez 2017). Further investigations in patients during 

cancer progression and treatment suggest the presence or absence of certain types of 

microbes in the gut could affect systemic pro- or anti-inflammatory processes, such as the 

upregulation of tumor necrosis factor (TNF), which could result in greater tumor regression 

(Iida et al. 2013). Additionally, the presence of specific microbes in the gut can also impact 

ICB immunotherapy approaches. For instance, α-CTLA-4 treatment for melanoma has 

been found to rely on the presence of Bacteroides species. At the same time, the therapy 

showed no effect on germ-free and antibiotic-treated mice (Vétizou et al. 2015). Similar 

results, depending on the presence of Bifidobacterium, were seen in the α-PD-L1 treatment 

of melanoma (Sivan et al. 2015). Across several cancers, it has been shown that when 

broad-spectrum antibiotics are administered during the first 6 weeks of ICB therapy, there 

is significantly reduced efficacy of treatment, a time frame that is important since the first 

6 weeks of ICB treatment can largely impact the generation of initial T cell responses 

caused by ICB  (Khan et al. 2021). 
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Strikingly, more recent investigations have shown fecal transplants from ICB 

responders to non-responders for the treatment of melanoma saw greater than one-third of 

human patients who previously were unresponsive to treatment became responsive after 

transplants, supporting a possible influence by the microbiome in ICB responsiveness and 

increasing curiosity to determine its role in the treatment across cancers (Routy et al. 

2018b). Discord in the microbiome has been recorded even in inbred lab mice. Though the 

variation in microbiome composition is more significant among different strains than 

within the same strain, factors such as birthing conditions, cage-specific conditions, and 

the degree of stress experienced can cause a microbiome change composition (Laukens et 

al. 2016; Friswell et al. 2010; Moloney et al. 2014).  

Several studies have aimed to determine why microbiome composition can impact 

ICB responses and various factors have been determined to contribute to changes in ICB 

efficacy posed by alterations in immune cell function, some of which have been discussed 

in Chapter 4. Metagenomic studies concluded that enrichment of anabolic pathways and 

differences in pro-inflammatory cytokines caused by some bacteria's presence results in 

disparities seen in tumor response and serve as one possible reason differences in patients' 

microbiomes are associated with variance in ICB efficacy and why the elimination of these 

microbial population can alter the ability for  (Gopalakrishnan et al. 2018). As previously 

mentioned, bacteria contained in the microbiome of a host also have the capacity to impact 

the presence of metabolites that further affect immune cell function, including short-chain 

fatty acids (SCFAs), which are often products of microbe fermentation processes (DiPalma 

and Blattman 2023). Alterations in the presence of these microbes and subsequent changes 
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in metabolite presence can impact both innate and adaptive immune cell functions (Thaiss 

et al. 2016; McCoy, Burkhard, and Geuking 2019). 

Primarily, influences on innate immune cell function posted by microbiome 

dysbiosis can progress to complex diseases, as the first line of defense against pathogenic 

infection is compromised. Additionally, since the innate immune system is responsible for 

informing the adaptive immune system of pathogen presence, disruptions in it can further 

alter how adaptive immune responses are constructed, dampening the overall adaptive 

immune response as well (Thaiss et al. 2016). In fact, cytokines released by innate immune 

cells, such as IFN, are needed to maintain central dendritic cells (cDCs) in their basal state.  

Alterations in microbiota can alter secreted IFN by plasmacytoid DCs, signals needed by 

cDCs to prime T cells in the formation of a proper immune response. This circumstance is 

likely why in a recent study, T cells in germ-free mice were not able to initiate responses 

to direct stimulation with CD40 antibodies and also demonstrated reduced inflammatory 

cytokine profiles in comparison to mice that contained a “model microbiota,” typically 

found under specific pathogen-free conditions (Schaupp et al. 2020). Further, colonization 

of the same germ-free mice with the “model microbiota” restored T cells' ability to respond 

after α-CD40 treatment (Schaupp et al. 2020). 

Additionally, recent studies have demonstrated that microbiome composition can 

impact memory T cell formation, which can be essential for sustained immunity against 

malignant calls after ICB treatment. Dysbiosis in the microbiome can change how memory 

T cells progress by causing reductions in the magnitude of memory T cell generation when 

in its dysbiotic state (Sallusto et al. 1999). In fact, mice housed in specific pathogen-free 

(SPF) conditions had fewer T memory cells than wild-type mice (Beura et al. 2016). This 
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reduction in T cell memory could be due to several factors, including the fact that dysbiosis 

results in alterations of innate immune cells that inform adaptive cells and also that adaptive 

immune cells may have issues in their ability to home to specific sites that require a 

response.  

For instance, a recent study demonstrated that antibiotic-treated mice infected with 

gammaherpesvirus displayed fewer CD3+ lung infiltrating T cells than mice not treated 

with antibiotics but still infected with the same virus. Mice that were not treated with 

antibiotics also showed better outcomes than mice that were (Yaron et al. 2020). These 

results indicate that not only can microbiome dysbiosis result in reductions in the ability 

for immune cells to respond to a particular stimulus but they also impact the ability for 

immune cells to home to a site of infection even after a response is generated. 

These studies and those previously mentioned indicate a reliance on the 

microbiome for ICB efficacy, likely due to alterations in immune cell function and a 

potential effect on immune cells that can impact T-cell responses, memory, and homing. 

Characterizing microbiome composition in responders and non-responders to mOS 

has not been previously done but could provide novel insights that could be utilized to 

improve ICB treatment. We sought to investigate how microbiome composition impacted 

α-CTLA-4/α-PD-L1 treatment efficacy and T-cell control of mOS. Findings from this work 

can shift current research paradigms and make a societal impact because they model a new 

way to determine why ICB therapy will or will not be effective on a subject rather than 

merely determining if it will be effective. Such findings could be widely applied to sarcoma 

immunotherapy regimens through the same methods.  
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Methods 

 

Antibiotic Preparations and Administration 

The antibiotic cocktail used in this study was composed of ampicillin, vancomycin, 

neomycin, and metronidazole (AVNM). Initially, 100g of ampicillin purchased from Alfa 

Aesar (Ward Hill, MA), 0.35g of vancomycin hydrochloride purchased from G 

Biosciences (Saint Louis, MO), and 100g of Neomycin purchased from BioBasic 

(Markham ON, Canada) were mixed in 1 L of reverse osmosis water, yielding AVN. The 

reverse osmosis water used in this study is typically used for mice in the ASU vivarium to 

drink. Next, 0.1g of Metronidazole, purchased from Alfa Aesar (Ward Hill, MA), was 

mixed with 1L of reverse osmosis water. Next, 100 mL of 0.1g/L Metronidazole was mixed 

with 900 mL of AVN, and 25g of grape Koolaid was added to the final mixture, yielding 

AVNM. Approximately 250 mLs of AVNM was placed in the water bottles of mice who 

were planned to be on antibiotic treatment. AVNM was changed every three days to ensure 

mold did not grow in the water. Mice were initially weighed every day for two weeks after 

the start of antibiotic treatment. They would be euthanized if any mouse dropped below 

15% of their starting weight, taken immediately before the first antibiotic treatment. Mice 

in this trial that were given antibiotic treatments were maintained on AVNM for the entire 

trial to ensure continuous microbiome depletion. 
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In vivo Antibodies and Cell lines 

The α-CTLA-4 monoclonal antibody was purified via saturated ammonium sulfate (SAS) 

precipitation from the UC10-4F10-11 hybridoma (ATCC, Manassas, VA). Hybridomas 

were maintained in Roswell Park Memorial Institute (RPMI) media and were initially 

cultured in 20% fetal bovine serum (FBS) but were weaned to lower levels of FBS media 

until 2.5% FBS was reached. After cells grew to confluency in 2.5% FBS RPMI, cells were 

allowed to die for one week, and the supernatant was harvested in preparation for SAS 

precipitation. The α-PD-L1 monoclonal antibody (clone 10F.9G2) for all in vivo blockade 

experiments was purchased from BioXCell (West Lebanon, NH). K7M2- Luc cells were a 

gift from Helman lab and were cultured in 10% fetal bovine serum (FBS), 1% of 100x 

penicillin, Streptavidin, and glutamine (PSG), in Dulbecco's Modified Eagle's medium 

(DMEM). 

 

Mice and generation of tumors 

Balb/c/J mice were purchased from Jackson Laboratories (Bar Harbor, ME) and were 

housed in the Arizona State University Biodesign Institute under specific pathogen-free 

conditions. All experiments listed here were approved by the Institutional Animal Care and 

Use Committee (IACUC) and were conducted under the appropriate supervision. 

Metastatic osteosarcoma tumors were established by injection of 1.5* 106 either K7M2 

cells via lateral tail vein in 100 μL of phosphate-buffered saline (PBS). After inoculation 

with K7M2-Luc cells, mice were monitored by weight and a clinical scoring system that 

evaluated breathing, ambulation, lethargy, and scruffiness (BALS).  
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Treatment Schedule 

For mice who were treated with ICB composed of α-PD-L1 and anit-CTLA-4. Mice were 

given five doses of α-PD-L1 monoclonal antibody (clone 10F.9G2) purchased from 

BioXCell (West Lebanon, NH), which occurred every three days beginning one day after 

tumor inoculation. Mice were also given three doses of α-CTLA-4 monoclonal antibody 

beginning one day after tumor inoculation. 

 

Fecal Sample Collection and Processing 

Fecal samples were collected from mice during multiple time points in the study, including 

before antibiotic administration (to determine pre-existing microbiome compositions), 

during antibiotic administration (to determine the depletion of microbiome compositions 

resulting from antibiotic administration), before tumor inoculation (to characterize 

microbiome composition at the time of mOS inoculation, and during lung harvest for T cell 

experiments (to verify that microbiome compositions of mice were depleted at the time T 

cell function was characterized. For each fecal sample, 2-5 pellets were collected from 

mice and immediately stored at -80℃. Samples were processed using ASU CORE facilities 

with Microbiome 16S rRNA gene amplicon sequencing, and analysis was completed in 

collaboration with Dr. Rosa Krajmalnik-Brown and Dr. Qiwen Cheng, who characterized 

pre-existing microbiomes of the mice in this study according to their alpha and beta 

diversity. 
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Spleen Harvest 

Spleens were harvested prior to perfusion, were weighed and the percentage of body weight 

represented by the spleen was calculated. Splenocytes were processed using a 0.2µm cell 

strainer (Falcon) placed over a 50mL conical tube and the back of a 3mL syringe. 

Splenocytes were centrifuged at 1200 rpm for 5 minutes. The supernatant was removed, 

and red blood cells were lysed using ACK lysis buffer (Sigma) for 2 minutes at room 

temperature and quenched with 8mLs of RPMI. Cells were centrifuged and counted so that 

106 cells per well were plated for flow staining. 
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Results 

Mice Do Not Show Distinct Microbiome Differences on the Genus Level Between 

Responder and Non-Responder Groups Before Inoculation with K7M2 Cells or ICB. 

Fecal samples were taken from all ten mice used in the initial trail referenced in Figure 20 

before they were inoculated with mOS and before they were given ICB treatment. Samples 

were sent for sequencing after determining whether mice responded to ICB or non-

responders to ICB. 16S Ribosomal Unit sequencing analysis of the V3 region showed that 

mice did not have distinct differences in microbiome composition between responder and 

non-responder groups before inoculation with K7M2 or ICB on the genus level. 

Muribaculaceae is a family of bacteria within the order Bacteroidales, a gram-negative 

family of bacteria, and was moderately abundant among both responder and non-responder 

groups, without a preference for one group over the other. Lachnospiraceae is a family of 

obligate anaerobic bacteria known to generate SCFAs butyrate and acetate as products of 

polysaccharide fermentation(J. Zhang et al. 2019). Lachnospiraceae were moderately 

abundant in both responders and non-responders. Finally, Lactobacillus was relatively 

plentiful in both responders and non-responders. Overall, there was no statistical difference 

between the pre-existing microbiomes of mice in this study on the genus level (Fig. 25). 

 

Alpha and Beta Diversity of Fecal Samples. 

Fecal samples taken from responders and non-responders prior to inoculation with K7M2 

or ICB did not show distinct differences in microbiome composition when analysis of 

Alpha and Beta diversity contained in samples was completed (Credit: Qiwen Cheng). 
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Microbiome composition differences were more apparent between mice cages than 

between responder vs non-responder sets (Fig. 26). 
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Figure 25. Relative Abundance of Genus in Fecal Samples of Mice Prior to 

Inoculation With mOS or ICB. Mice Do Not Show Distinct Microbiome 

Differences on the Genus Level Between Responder and Non-Responder Groups 

Before Inoculation with K7M2 Cells or ICB. 
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A. 

  
B. 

 
Figure 26: Alpha and Beta Diversity of Fecal Samples. Blue and Red samples each 

represent mice fecal samples from separate cages. A) Alpha Diversity of fecal 

samples of mice prior to inoculation with mOS or ICB. B) Beta Diversity of fecal 

samples of mice prior to inoculation with mOS or ICB.  
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The Impact of Antibiotic Treatment on Weight Varies Based on the Age of Mice  

Mice that were treated with the AVNM antibiotic cocktail at an older age tended to lose 

weight more quickly within the first week of antibiotic treatment compared to mice that 

were treated with antibiotics beginning at weeks 4 and 10, but they also were able to 

recover more quickly than younger mice (Fig. 27). Additionally, Mice that were treated at 

10 weeks of age, at which point they are considered fully adult (Catherine Hagan 2017), 

showed little variance in weight from their starting weight compared to other age groups 

tested, with the majority of the mice fluctuating no more than 5% from their initial starting 

weight within the first two weeks of treatment and by the time they were inoculated with 

K7M2. 
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A. 

 
B. 

 
Figure 27: Comparison of Weight Change Within Mice Groups at Different 

Ages. Graphs are represented as Days post initial antibiotic (Abx) treatment vs. 

weight change: A.) Weight change of mice who were began on Abx at 10 weeks old 

B.) Weight change of mice were began on Abx at 4 weeks old. 

 

  

           No Abx Treatment 

           Abx Treatment 
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Mice Inoculated with Mycoplasma Positive K7M2 and then Treated with Abx showed 

Better Survival Rates Than Mice Not Treated with Abx. 

Both groups of mice pre-treated with AVNM Abx were given Abx for at least two weeks 

before mOS inoculation beginning at ten weeks of age. This included control mice who 

were treated with only PBS after inoculation with tumor and mice who were treated with 

α-PD-L1 and α-CTLA-4 after tumor inoculation. Both of these groups showed improved 

rates of survival compared to mice that were not treated with AVNM but were given the 

same treatment post mOS inoculation (Fig. 28). It is important to note that the K7M2 stocks 

these mice were given were determined to be contaminated with mycoplasma after testing.   
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Figure 28: Survival Curve of Mice Inoculated With K7M2 With Without Abx: Mice 

appeared to have better survival outcomes when they were in the antibiotic-treated group 

vs. the non-antibiotic-treated group. 
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Splenomegaly was Present in Mice Treated with Abx Who Were at Endpoint Criteria Due 

to K7M2 Metastasis 

Interestingly, mice that were at endpoint criteria after developing mOS metastasis and were 

also on Abx had variations in the size of their spleens based on the groups that they were 

in. Specifically, mice that were at endpoint criteria who were on the antibiotic cocktail for 

the entirety of the trial exhibited splenomegaly and had an average spleen size of 0.13g 

making up 0.787 % of their body weight (n= 2) (Fig. 29). When compared to mice that 

were not at endpoint criteria, these differences in spleen size are quite significant; mice that 

were not at endpoint criteria but were treated in Abx had a spleen size of 0.08g making up 

an average 0.333% of their body weight (n=6) (Fig. 29).  A mouse that as not given Abx 

who were at endpoint titer showed had a spleen size of 0.04g making up an average 0.247% 

of their body weight (n=1) (Fig. 29).  While mice that were not given Abx who were not 

at endpoint titer showed an average spleen size of 0.12g making up an average of 0.399% 

of their body weight (n=3) (Fig. 29) 
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Figure 29: Sizes of Spleen Harvested From Mice A.) Spleen Sizes From Mice 

Treated with Abx vs. Without Abx B.) Percentage Body Weight of spleen in mice 

treated with Abx vs. Without Abx 
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Discussion 

Though many studies support that the microbiome and variations in its composition 

profoundly impact treatment for some malignancies, investigations that characterize 

microbiome composition for most cancers have not been pursued (Mager et al. 2020; 

Vivarelli et al. 2019; Routy et al. 2018a; Almonte et al. 2021). For melanoma, studies have 

shown that  ICB composed of either α-PD-1 or α-CTLA-4 can even rely on the presence 

of particular microbes to make any impact at all, with subjects showing little to no response 

when certain microbes are not present (Vétizou et al. 2015; Topalian et al. 2012). Further 

studies showed that alterations in microbiome composition resulted in subsequent changes 

in the presence of metabolites thought to be secreted by these microbes, causing inhibition 

of ICB and chemotherapeutic drug efficacy, which can be primarily caused by antibiotic 

administration (J. H. Yang et al. 2017). This result is a significant finding because specific 

metabolites can impact cellular immune function via changes in inflammatory processes 

and subsequent immune cell functioning altering treatment regimen efficacy of treatments 

that rely on cellular immune function (C. H. Kim and Betz 2018).  

Under less controlled conditions, attenuation of ICB efficacy for combination PD-

1/PD-L1 has been seen in human patients to treat various cancers when microbiome 

depletion has occurred. For instance, antibiotics were associated with attenuated efficacy 

of α-PD-1/ α-PD-L1 therapies in Chinese patients with advanced non-small-cell lung 

cancer (S. Zhao et al. 2019). Meta-analysis of 19 studies that involved antibiotic treatment 

during cancer treatments and possible effects on mainly PD-1 or CTLA-4 inhibitor 

therapies across human patients found that antibiotic usage significantly reduced the 

progression-free survival in patients treated with ICB among groups compared to those not 
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treated with antibiotics (Huang et al. 2019). These associations of ICB efficacy against 

melanoma and microbiome composition have inspired interest in understanding how 

microbiome manipulation and composition can influence cancer immunotherapy 

effectiveness for other cancers as well and inspired the investigations outlined here.  

Characterizing microbiome composition and its impacts on responders and non-

responders to mOS has not been previously done. Here, we investigated potential 

associations between microbiome composition and its effects on α-CTLA-4/α-PD-L1 

treatment efficacy to control of mOS.  

First, we took fecal samples from mice before they were inoculated with K7M2 

cells or ICB and analyzed the composition of these samples on the genus level. We found 

that Muribaculaceae, a gram-negative member of Bacteroidales, was present in mouse 

fecal samples before inoculation with K7M2 and ICB at equal levels among responders 

and non-responders. Bacteroidales species have been cited for playing a negative role in 

ICB efficacy on several occasions due to decreased CTL response to cancer and diminished 

antigen presentation capacity (E. Kim, Ahn, and Park 2021). Studies have shown that an 

overabundance of Bacteroidales has been associated with shorter-term progression-free 

survival in ICB-treated patients (Rezasoltani et al. 2021). In a melanoma-bearing mouse 

model, over-abundance was associated with non-responsiveness to α-PD-L1 and lower 

CD8+ tumor-infiltrating lymphocytes (TILs) (Gong et al. 2019). Since Bacteroidales was 

present in both responders and non-responders before inoculation with tumor or ICB 

administration, it is unlikely that it was associated with non-responder outcomes (Fig. 25). 

However, it is possible that selective antibiotic elimination of certain bacteria can alter ICB 

outcomes by allowing for the overgrowth of Bacteroidales species or other species that are 
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associated with negative ICB responsiveness. Lachnospiraceae was also present in our 

samples (Fig. 25)  and is a family of obligate anaerobic bacteria. They can ferment diverse 

plant polysaccharides into SCFAs, such as butyrate and acetate (J. Zhang et al. 2019), 

which have been shown to impact ICB responses and T cell function within the TME 

(DiPalma and Blattman 2023). This family of bacteria was also present in mouse fecal 

samples before inoculation with ICB or K7M2, about equally between responders and non-

responders. Lactobacillus, a gram-positive bacteria mainly present in several mammals' 

gut, was also detected in both responders and non-responders and has been associated with 

positive outcomes regarding ICB treatment (Fig. 25)  (Bender et al. 2023). 

Overall, there was no statistical difference between the pre-existing microbiomes 

of mice in this study on the genus level. The fact that Bacteroidales, Lachnospiraceae, and 

Lactobacillus (Fig. 25) were all moderately present in both NR and R fecal samples 

indicates that it was unlikely they were the cause of responsiveness or non-responsiveness 

to ICB. Further, differences in the composition of the microbiome were more significant 

between cages of mice rather than responder vs. non-responder profiles (Fig. 26). It is 

important to note that the sequencing of samples analyzed in these data was completed via 

16S ribosomal unit sequencing and could only be clarified at the genus level. Future studies 

that wish to explore species-level variances among mice in our groups could utilize whole-

genome sequencing, which has been shown to provide better resolution of species-level 

identification than 16S ribosomal unit sequencing (Ranjan et al. 2016). Better resolution of 

these samples on the species level could reveal differences that are not present in our 

current data. We further wished to determine if ICB efficacy could be altered by 

modulation of the microbiome rather than simply whether or not it was associated with 
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pre-existing microbiome compositions. For this reason, we attempted to alter the 

microbiome of mice in our study via the administration of a broad-spectrum antibiotic 

cocktail composed of ampicillin, vancomycin, neomycin, and metronidazole (AVNM), 

which has previously been shown to vastly reduce microbiome composition while ensuring 

that mice do not die from the intense elimination of essential microbial populations. This 

cocktail has previously been associated with reduced efficacy of immunotherapy (Ubeda 

and Pamer 2012). 

We first found that the impact of antibiotic treatment composed of AVNM on 

mouse weight varies based on the age of mice at the start of antibiotic administration. For 

mice who were administered AVNM at an older age (~18 weeks), we noted that weight 

loss tended to occur quickly and to a greater extent when compared to mice that were 

treated with antibiotics at a younger age (~4-10 weeks). However, we also observed that 

older mice also acclimated more quickly to AVNM administration than younger mice and 

not only were observed to drink the water quickly but also were able to gain lost weight 

back within only a few days, with all mice recovering any lost weight by day 10 of AVNM 

administration. (Fig. 27). Mice that were treated at 10 weeks of age, at which point they 

are considered fully adult (Catherine Hagan 2017), showed little variance in weight from 

their starting weight compared to other age groups tested. All groups of mice, whether 

AVNM administration began at 4, 10, or  17 weeks, showed no more than -5% variance 

from their initial starting weight after two weeks of AVNM treatment and by the time they 

were inoculated with K7M2 cells. Thus, ensuring that a two-week period passes before 

beginning an experimental procedure that depletes the microbiome in Balb/c mice using 

AVNM is critical to ensure that outcomes caused by decreases in weight are minimized. 
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Though these findings do not establish an optimal age for administering AVNM treatment 

to Balb/c mice, they provide valuable insights into the influence of age on AVNM 

antibiotic tolerance in Balb/c mice. This contextual understanding allows researchers to 

optimize their experimental design while minimizing potential sources of error.  

Though AVNM and other broad-spectrum antibiotic treatment regimens have been 

associated with reduced treatment efficacy, our initial mouse trial results demonstrated 

contradicting outcomes. The results of the mouse trial depicted in Figure 28 may 

demonstrate a phenomenon similar to that of what was observed when Coley’s toxin was 

administered directly into solid tumors (McCarthy 2006; Loughlin 2020). Testing of the 

K7M2 stocks used in this trial revealed that they were positive for mycoplasma. 

Mycoplasma lacks rigid cell walls, making them resistant to antibiotics that target bacterial 

cell walls, such as penicillin and streptomycin, which are widely used in cell culture 

(Young, Sung, and Masters 2010). However, the antibiotics used in this study, ampicillin, 

vancomycin, neomycin, and metronidazole, all function through various distinct 

mechanisms. Ampicillin is a beta-lactam antibiotic that primarily elicits bacteriocidal 

effects by inhibiting bacterial cell wall synthesis, resulting in cell death (Oates et al. 2010). 

Vancomycin is considered a glycopeptide antibiotic; it acts by binding to terminal D-

alanyl-D-alanine (D-Ala-D-Ala) residues of the peptidoglycan precursors, thus, preventing 

the formation of the peptidoglycan chain and ultimately inhibiting bacterial cell wall 

synthesis (Hammes and Neuhaus 1974). Neomycin is an antibiotic that belongs to the 

aminoglycosides family. Neomycin inhibits bacterial reproduction by binding to the 30S 

subunit in the bacterial ribosome, disrupting the reading of mRNA, resulting in incomplete 

or non-functional proteins within the bacteria, impairing essential bacterial functions, and 
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causing the eventual death of the bacteria (Arya 2005). Finally, metronidazole interacts 

with ferredoxins, producing nitro radicals; these can cause DNA damage and inhibit protein 

synthesis within a bacterial cell.  

Both neomycin and metronidazole have the potential to directly eliminate 

mycoplasma within a cell since neither of these antibiotics acts directly on cell wall 

components. Direct killing of mycoplasma may have resulted in the release of PRRs which 

could be primarily detected by innate immune elements, recruiting other immune cells to 

the site of cancer cells that contain them, thus, instigating an immune response and a higher 

rate of cancer cell clearance in mice treated with AVNM. Typical studies utilizing AVNM 

have demonstrated a reduced overall immune response and overall ICB treatment efficacy 

(Ubeda and Pamer 2012). This impact on ICB treatment is thought to be attributed to the 

antibiotic-specific elimination of certain species of bacteria needed to maintain 

effectiveness.  

When analyzing organs from mice used in these studies, it was interesting to see 

that mice that were chronically treated with AVNM who also met endpoint criteria and 

were found to have pulmonary metastasis of K7M2, exhibited splenomegaly when 

compared to mice that were not treated with AVNM who met endpoint criteria (Fig. 29). 

Mice not treated with AVNM who met endpoint criteria and had pulmonary metastasis 

exhibited a large reduction in spleen size. This is significant because mice that did not have 

pulmonary metastasis but were chronically placed on AVNM antibiotics did not exhibit 

splenomegaly and also had spleen sizes similar to mice that were not treated with AVNM 

antibiotics, which also did not develop pulmonary metastasis (Fig. 29). Though reasons for 

the splenomegaly exhibited in mice treated with AVNM and who developed pulmonary 
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metastasis were not able to be investigated in this study, future investigations can seek to 

determine the reasons for this pathology. Additionally, more mice should be considered in 

groups that analyze mice who met endpoint criteria but who were not treated with Abx. 

It may be possible that when a need for an immune response was present in the lung 

tissue, such as K7M2 metastasis, there was also a need for cells to respond to K7M2 cancer 

epitopes, resulting in a large increase in immune cell proliferation. However, decreases in 

overall innate and adaptive immune responses could have led to a subsequent decrease in 

the ability of immune cells to home to the metastasis present in the lungs. Previous studies 

have demonstrated that mice treated with broad-spectrum antibiotics during a viral 

infection displayed lower levels of CD3+ cells in the lungs compared to mice not treated 

with antibiotics (Yaron et al. 2020). The splenomegaly in this study may have been 

associated with a  decrease in the ability for immune cells proliferating in the mice treated 

with AVNM to home to the site of metastasis. Future experiments could investigate the 

expression of mucosal homing receptors such as CCR9 and α4β7 integrin, which are 

associated with mucosal homing (Manhas et al. 2022; Holechek et al. 2016), to determine 

if mice on AVNM are less likely to express these markers on their immune cells, potentially 

explaining why AVNM-treated mice exhibit splenomegaly, indicating they are likely 

making an immune response, though they also may be the first to succumb to metastasis. 

           Though the conclusions drawn from this study provide substantial implications for 

the potential impacts of microbiome composition on T cell function within the tumor 

microenvironment (TME) and further efficacy of cancer treatments that rely on the 

function of T cells, such as the ICB therapy referenced here, it is essential to note that 

limitations of this study must be considered when findings from this work are applied in a 
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clinical context. Our colleagues previously found that the chosen antibiotic mixture could 

deplete microbiome composition as much as possible without harming the strain of Balb/c 

mice used in the study. For this reason, we selected this antibiotic mixture but one should 

also note that our cancer model was completed in a specific-pathogen-free environment 

but has not been attempted in a germ-free mouse model. Further, this experiment was 

completed in only Balb/c mice; other mouse strains might have differences in baseline 

microbiome compositions than those seen in the Balb/c mice used in this study which could 

impact how ICB functions. This should be considered if findings from this research are 

ever applied in clinical settings. Additionally, Balb/c mice are genetically similar, though 

this allows for a controlled experiment; as described here, humans are significantly more 

genetically diverse and could have different responses to treatments due to factors that may 

not be as easily changed as microbiome composition.  

Several future experiments can be drawn from these studies. For instance, in vitro 

analyses that seek to determine the impact of specific microbial-produced metabolites on 

mOS and immune cells could utilize the coincubation of K7M2 cells and immune cells 

taken from a mouse with an active K7M2 metastasis in the presence of specific SCFA 

metabolites that are typically produced by bacteria either in the gut or in the TME. Impact 

on surface marker expression of both cancerous cells as well as T immune cells could be 

observed. The information gained from these studies would allow us to understand better 

if specific metabolites can alter K7M2 cancer cells or T immune cell function. 

Additionally, studies could utilize short-chain fatty acid analysis (SCFAA) to determine 

what metabolites bacteria produce in non-Abx treated mice. These metabolites could be 
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administered to mice within their diets, potentially reversing microbiome depletion's 

impact on T immune cells. 

     Potential impacts of microbiome depletion can be completed on mice who only receive 

α-PD-L1 or α-CTLA-4 treatment alone to see if there is any impact on either antibody 

treatment alone, though this study was not the aim of the experiments described here, which 

was to determine if depletion of the microbiome had an impact on combination ICB. The 

microbiome represents a malleable factor in cancer therapy, as it can be altered through 

multiple means. Thus, the work described here is essential because if microbiome 

composition does impact T cell function, especially within the TME and further regarding 

therapies that rely on T cell function, understanding how it affects T cells and the 

immunotherapies that depend on them may allow us to alter microbiome composition for 

subjects that have decreased immune cell function due to antibiotic use or microbial 

dysbiosis.  
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CHAPTER 6 

METHODS FOR VALIDATION OF A T CELL EPITOPE PREDICTION 

ALGORITHM ENSEMBLEMHC IN VIVO 

Abstract 

Bioinformatics-based approaches that calculate the ability of specific epitopes to engage T 

immune cells have made recent strides in the design of therapeutics against cancers. 

Epitope prediction models (EPMs) are software systems that analyze cellular data and 

determine which epitopes are essential for us to look at when designing treatments and 

therapeutics. One way EPMs can do this is by identifying neoepitopes in specific cancers. 

Our collaborating lab has recently shown that their EPM, "EnsembleMHC," has been able 

to predict epitopes and neoepitopes in diseases and cancers with higher accuracy when 

compared to other commonly used EPMs. One potential setback is that results associated 

with the efficacy of EnsembleMHC have only been completed outside of a living system. 

The calculated accuracy of its predictions is based on simulated environments and a 

comparison of predictions to real-world clinical trends. Though this shows promise as a 

means of determining what proteins might be necessary to target for therapies against 

certain diseases and cancer; it excludes variables present in a living system that 

computational biology cannot predict. To that end, we propose a study addressing the 

problem that past predicted accuracy of EPMs like EnsembleMHC was not based on results 

from a living system but instead on simulated predictions. Testing the effectiveness of 

EnsembleMHC to predict cancer neoepitopes that are important for therapeutics to target 

will allow us to gain further insight into its reliability and will first need to be completed 

in an established mouse model, such as the established K7M2 mouse model. We first 
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propose determining neoepitope proteins specific to K7M2 cell lines by using RNAseq and 

EnsembleMHC. This data gathered from RNAseq will allow us to carry out experiments 

in live mice that will test whether EnsembleMHC correctly predicted neoepitopes present 

in the K7M2 cells. We hypothesize EnsembleMHC will accurately predict neo-epitopes in 

K7M2 cells and that after mice are exposed to them, they will clear K7M2 cells. We believe 

these investigations on the accuracy of EPMs like EnsembleMHC must be completed if we 

are to advance bioinformatics applications to the creation of therapeutics for diseases like 

cancer. 

 

Introduction 

 

Prediction of epitopes that engage immune cells like T cells is important for the 

design of therapeutics against cancers. They allow researchers to understand better what 

protein therapies should be targeting based on their likelihood of recruiting immune cells 

to attack specific cells (Soria-Guerra et al. 2015). These predictions are currently used to 

determine the effectiveness of treatments like checkpoint blockade and have the potential 

to one day aid in developing vaccines against certain cancers (Sarkizova et al. 2019; Narang 

et al. 2019). Research in recent decades has made considerable strides in the ability of 

Epitope Prediction Models (EMPs) to accurately predict epitopes of interest for the design 

of cancer therapeutics. In addition to a better understanding of the human genome, the 

expansion of the size of computed protein datasets has made it possible for researchers to 

use EPMs to analyze large sets of data more accurately across the human population (Soria-

Guerra et al. 2015; Tanjo et al. 2020). Our collaborators have recently developed an EPM 

that combines several other EPMs to improve epitope prediction accuracy (Tanjo et al. 
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2020; Wilson et al. 2021a). They have termed this EPM, EnsembleMHC, and have found 

that it can more accurately predict epitopes that are important to the immune system than 

all other EPMs commonly used (Wilson et al. 2021b). An issue with EPMs is that they are 

often meant to complement laboratory findings rather than serve to replace them (Brusic, 

Bajic, and Petrovsky 2004). A significant reason for this is that computational models may 

not predict factors present in a living system that could affect how important an epitope is 

to the immune response (Brusic, Bajic, and Petrovsky 2004; Paul et al. 2020). Such a 

circumstance could lead researchers to form incorrect conclusions on what proteins should 

be targeted for a particular therapy and may not be able to apply their findings to 

translational medicine applications. 

Though EPMs show much promise in predicting epitopes that are important to 

focus on for cancer therapeutics, many EPMs, like EnsembleMHC, have never been tested 

in a living system. This prospect can be an issue, as we don't know how accurately EPMs 

can predict neoepitopes of importance until they are apparent in a live system. For this 

reason, we describe here methods to test EndembleMHC in a living system by comparing 

the protein makeup of two mouse bone cell lines. One cell line is a cancerous metastatic 

osteosarcoma (mOS) K7M2 cell line, and the other is a non-cancerous cell line made of 

primary osteoblasts. We hope to determine neoepitope proteins specific to K7M2 cell lines 

by using RNAseq and EnsembleMHC then compare the results of the mouse trial with the 

initial EnsembleMHC neoepitope predictions to determine the accuracy of EmsembleMHC 

in its prediciton of neoepitopes that are important for the immune system to target for 

osteosarcoma cancer in a mouse model. This study will directly compare healthy osteoblast 

cells to cancerous osteoblasts cells that are both of mouse origin. This will address the 
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problem that much past research using EPMs has not used direct comparisons of living 

cells to determine significant epitopes. This proposed research could also address the 

problem that past predicted accuracy of EPMs like EnsembleMHC was not based on results 

from a living system but instead on simulated predictions. Testing the effectiveness of 

EnsembleMHC to predict cancer neoepitopes that are important for therapeutics to target 

will allow us to gain further insight into EPMs reliability and possibly pave the way for the 

future design of cancer therapeutics.  

     We hypothesize that EnsembleMHC can predict the neoepitopes present in K7M2 cells 

accurately and that when these neoepitopes are given in the form of vaccination to mice 

and later inoculated with K7M2 cells, the mice will be able to clear the K7M2 cells, 

indicating that EnsembleMHC was able to predict neoepitopes of importance with high 

accuracy. Support for this hypothesis is drawn from recent studies that looked at the 

likelihood of certain people developing severe SARS-CoV-2 if exposed and infected using 

EnsembleMHC and compared those findings to real-world outcomes of patients with the 

same genetic factors (Wilson et al. 2020). The study found that they could predict with 

high accuracy what proteins were important for the immune system to recognize to 

effectively clear SARS-CoV-2 and that people with a predisposition not to recognize those 

identified proteins had a worse outcome when infected with SARS-CoV-2 (Wilson et al. 

2020). Such a finding supports that the EnsembleMHC software could correctly predict 

which proteins were important for the immune system to recognize. Additionally, this 

study found that EnsembleMHC was more accurate than seven of the commonly used 

EPMs based on each EPM to predict epitopes that we already know are important for the 

immune system to recognize (Wilson et al. 2020). Thus, the research described here would 
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allow for the validation of the EnsembleMHC prediction algorithm and would pave the 

way for the design of potentially better design of immunotherapies that rely on T cells.  
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Proposed Methods 

Murine Neonatal Calvaria and Long Bone Harvest 

First, calvaria should be harvested from neonatal mice under 48 hours old by placing them 

on ice and under a guillotine. The surface of each mouse should be sprayed with 70% 

ETOH. Next, the skin of the neck should be peeled back, and the calvaria should be 

removed from mice and placed on ice. Further, the long bones of mice should be harvested 

and disassociated from mice, then skin and other tissue should be peeled away from murine 

femurs and long bones and placed on ice.  

 

Disassociation and Culturing of Primary Osteoblasts 

Murine calvaria should be cut into pieces ~1-3mm3 and incubated in 0.25% trypsin 

containing 0.02% EDTA for 25 minutes at 37 °C to digest bone and fibrous tissues. Bone 

chips should be digested in DMEM containing 0.1% Collagenase II (Gibco) and 0.05% 

trypsin for 1 hour at 37 °C with a metal stir bar at 200. r.p.m. Released cells should be 

collected and centrifuged at 8 min at 1000 r.p.m. Cells should then be resuspended in 5mLs 

of DMEM/ 10% FBS and transferred to a 25 cm2 plastic culture flask. Cells should be 

incubated for 20 mins before nonadherent cells are transferred to another flask. This step 

should be repeated twice to remove most fibroblasts, and the culture media was changed 

every 2-3 days. Cells should be verified mycoplasma free before tumor inoculation to 

ensure that these do not show up as neoepitopes upon the comparison of the cell lines. 
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Culturing of K7M2 and K7M2-Luc- Cells 

K7M2 cells are needed for comparison to primary osteoblasts and should be grown in 10% 

fetal bovine serum (FBS), 1% of 100x penicillin, Streptavidin, and glutamine (PSG), in 

Dulbecco's Modified Eagle's medium (DMEM). Cells should be verified mycoplasma free 

before tumor inoculation to ensure that these do not show up as neoepitopes upon the 

comparison of the cell lines. K7M2-Luc cells will be cultured in the same way as K7M2 

cells but will instead be used to inoculate mice. 

 

RNA extraction 

RNA extraction should be completed next on cells after they reach confluency at passages 

3-4 using a Qiagen RNA extraction kit, following the manufacturer's instructions for both 

primary cells and K7M2 cells. It should be considered that mRNA expression likely varies 

among mice. For this reason, mRNA extraction will be completed in triplicate from three 

different mice for non-cancerous samples and three separate K7M2 samples. 

 

Testing of RNA Quality and RNAseq Analysis. 

RNA quality can be tested using a  TapeStation and obtaining an RNA Integrity Number 

(RIN), assessing the quality of genomics samples. After RNA is tested and determined to 

be of usable quality, RNA should be run through RNAseq in triplicate for both K7M2 cells 

and primary cells. RNAseq data further will be compared between primary osteoblasts and 

K7M2 cells. The differences noted between cell lines will then be run through 

EnsembleMHC to determine which of the supposed neoepitopes are likely to bind in a high 

capacity to murine MHC, thus eliciting significant T-cell responses.  
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Peptides and Mouse Trial Design 

After determination of which peptides are of high binding capacity, at least ten 5-wk-old 

mice will be vaccinated subcutaneously with the predicted T cell epitopes; after 4 wks 

when a complete T cell response is made, we will innoculate these mice and age-matched 

mice with 2*106 luciferase-tagged K7M2 cells and monitor tumor progress for 100 days 

(Fig. 30) via In Vivo Imaging (IVIS) as described by Christie et al. (Christie et al. 2021). 

Luciferase is an enzyme that luminesces when exposed to luciferin. For this reason, K7M2 

cells tagged with luciferase will allow us to track the tumor burden of mice in real time 

after they are injected with luciferin and viewed on IVIS. Luciferase activity can decay, so 

many days later, cancer may also be in other places that do not appear on IVIS. To account, 

statistical analysis will be performed on all tumor data. 
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Figure 30: Design of in vivo Study to Determine the Efficacy of EnsembleMHC 

Prediction Algorithm. One group of mice would be vaccinated with neoepitopes that were 

proven to be significant for enhancing T cell responses to mOS. The second group would 

not receive the vaccination. Both groups would be injected with K7M2 cells which should 

contain neo-epitopes that were determined to be of significance for eliciting T cell 

responses by EnsembleMHC. 
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Representative Results  

Culturing of Primary Osteoblasts 

After the harvest of the calvaria and long bones from neonatal mice (Fig. 31), primary 

osteoblasts should be cultured from both calvaria and long bones, though long bones could 

yield a much higher quantity of cells (Fig. 32). Both K7M2 and primary osteoblast cells 

will be adherent and will appear similar in size and morphology as shown in Figure 32. 

 

Potential Outcome of Mouse Trial 

We expect mice vaccinated with peptides predicted by EnsembleMHC to show more 

significant tumor regression than those not vaccinated, evident by reduced tumor burden 

via IVIS imaging. We also expect these mice will generate T-cells specific to peptides 

which can be tested in a future study.  
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D. 

 

E. 

 

F. 

 
 

Figure 31: Harvest of Murine Calvaria and Long Bones. A) A Neo-natal mouse 

less than 48 hrs. after birth were euthanized, sprayed with 70% ethanol and used 

in these experiments. B) Mouse head was separated from the body. C) Skin along 

the top of the skull was peeled back so that calvaria could be viewed. D) Murine 

calvaria was removed. E) For harvest of long bones, legs from neonatal mice were 

removed. F) Skin, muscle and adipose tissues were removed from long bones. 
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C 

 
Figure 32: Primary Osteoblast Cultures Before First Passage. Cells were passaged 

when they reached 60-80% confluency. A) Long bone cells from mouse 1. B) Long 

bone cells from mouse 2. C) Long bone cells from mouse 3. 
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Discussion 

The bioinformatics field has advanced dramatically in recent decades (Soria-Guerra et 

al. 2015), with applications ranging from risk assessment for certain diseases, such as 

determining one's risk for breast cancer, to developing therapeutic interventions for 

malignancies, such as cancer vaccines (Sarkizova et al. 2019; Narang et al. 2019). Current 

epitope prediction models (EPMs), like EnsembleMHC, can determine proteins of interest with 

far greater accuracy than previous models (Tanjo et al. 2020; Wilson et al. 2021a). In fact, 

EnsembleMHC demonstrated a remarkable ability to accurately predict epitopes that were 

most important for T cell recognition during SARS-CoV-2 infection, epitopes whose influence 

was validated when predictions were compared to real-world data, as persons who had the 

predisposition to present the predicted epitopes to their immune system due to having specific 

MHC haplotypes were less likely to develop severe SARS-CoV-2, underscoring the massive 

potential of the prediction algorithm. (Wilson et al. 2021a).  

EPMs are meant to complement laboratory findings rather than replace them (Brusic, 

Bajic, and Petrovsky 2004). One obstacle computational models face is that they may not 

predict factors in a living system that could affect how significant an epitope is to the immune 

response, including innate and adaptive immune elements that may be present in a living 

system that remain unaccounted for in a prediction model (Brusic, Bajic, and Petrovsky 2004; 

Paul et al. 2020). This circumstance could mislead researchers into drawing inaccurate 

conclusions regarding what proteins should be targeted for potential therapeutic intervention. 

Though EPMs hold much promise in predicting epitopes important for cancer therapeutics, 

many have never been tested in vivo. Extensions from our work aim to address the problem 

that the past predicted accuracy of EnsembleMHC was not based on results from a living 
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system but instead on simulated predictions. We propose to test this using our lab's established 

K7M2 metastatic osteosarcoma (mOS) mouse model, made from cancerous osteoblast cells 

from Balb/c mice that form mOS, which serves as a convenient option to test this research as 

the outcomes of control mice have been tested and replicated multiple times in our lab (Lussier, 

O’Neill, et al. 2015; Lussier, Johnson, et al. 2015).  

The first step of this research lies in comparing RNA from primary osteoblasts 

harvested from neonatal mice with RNA from K7M2 cancer cells. Osteoblasts harvested from 

mice are most likely to divide rapidly if taken from neonatal mice 48 hrs old or younger 

(Bakker and Klein-Nulend 2012). Further, the maturation of osteoblast cultures can be 

monitored by staining for the presence of alkaline phosphatase, a technique that we can apply 

to future cell cultures to validate that the correct cells have been cultured (K. S. Leung et al. 

1993). Both cancerous and primary cells should be sent for RNAseq analysis and differences 

in RNA expression should be determined to understand neo-epitope presence. Further, we 

propose that this data is used to evaluate epitopes likely to engage immune cells via analysis 

with EnsembleMHC, then those epitopes determined to be able to elicit effective T cell 

responses be used to vaccinate mice. Next, mice should be inoculated with K7M2, and it should 

be determined if there is a difference in cancer progression among vaccinated vs. unvaccinated 

groups.  

One important consideration when interpreting the results of this study is that the 

comparisons we hope to complete are in  Balb/c mouse models. Balb/c mice are genetically 

similar, so, likely, the results found in one mouse will also apply to another mouse. 

However, these comparisons will not be true in other mouse models. Additionally, this 

comparison will be completed in murine K7M2 cells compared to primary osteoblast tissue 
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in mice and so is not necessarily translatable to human mOS since all cancers accumulate 

specific mutations. In the same breath, the purpose of this model is to validate the ability 

of EnsembleMHC to predict T cell epitopes in vivo rather than in silico, so although the 

specific epitopes determined within this model cannot be applied to humans, the prediction 

model itself can be. For the future clinical implementation of this model, individuals will 

likely need to be screened individually to predict which neo-epitopes within particular 

cancer accurately should be targeted for the patient can be made. Additionally, T-cell 

prediction algorithms are correct only a fraction of the time (Wilson et al. 2021a). Proper 

conclusions regarding the ability of a particular epitope to elicit T-cell responses would 

require an in vivo study.  

Future progress in these studies could seek to determine first whether neo-epitopes 

can be predicted for other tumor models using the same methods. Additionally, studies that 

compare the effectiveness of T-cell prediction in vivo would be beneficial. Eventually, the 

methods described here may be able to contribute to the production of individualized 

cancer vaccines for various malignancies. 
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CHAPTER 7 

DISCUSSION 

 Though the innate and adaptive immune systems have distinct functions and 

mechanisms, they work together to provide a coordinated defense against pathogens. 

Recognition of pathogens by the innate immune system is initiated by pathogen recognition 

receptors (PRRs), which recognize and are activated by conserved molecular structures on 

pathogens known as pathogen-associated molecular patterns (PAMPs). PRRs fall into 

several families, each recognizing a distinct pattern leading to specific consecutive immune 

activation steps, allowing the innate immune system to provide a tailored response to an 

infection based on the molecular pattern recognized (Akira, Uematsu, and Takeuchi 2006; 

Liao and Su 2021). The activation steps that follow pathogen recognition can further 

inform the adaptive immune system of the pathogen’s presence by the release of cytokines, 

chemokines, and other molecules that impact cells of the immune system, resulting in the 

recruitment of cells to the site of infection, destruction of pathogens, promotion of 

inflammation or elicitation of other effector functions by immune cells (Koyama et al. 

2008; Akira, Uematsu, and Takeuchi 2006). Moreover, PRRs can activate intracellular 

proteins that set into motion several changes within a cell.  These changes, in turn, further 

activate intracellular anti-microbial processes to clear a pathogen from an infected cell, 

limiting its capacity to propagate. 

 The oligoadenylate synthetase (OAS) family of proteins plays a notable role in 

select intracellular anti-microbial processes. These proteins comprise a network of PRRs 

responsible for recognizing viral dsRNA within a cell, resulting in downstream changes 

that alter cellular function and result in virus clearance through the activation of RNase-L 
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and subsequent destruction of cytosolic RNA (Kristiansen et al. 2011). Briefly, dsRNA 

binds OAS proteins, resulting in a conformational change within the OAS protein that 

causes the protein to become enzymatically active (Silverman and Weiss 2014). The now-

active OAS protein utilizes ATP within the cell as a substrate to synthesize 2-5A (2'-5' 

oligoadenylate). 2-5A binds to the latent RNase-L monomer, causing it to dimerize and 

embrace nuclease activity that allows for the cleavage of both viral and single-stranded 

RNA (Silverman and Weiss 2014). The three enzymatically active isoforms of OAS- 

OAS1, OAS2, and OAS3- all are believed to function through the same pathway of viral 

suppression via the activation of RNase-L and succeeding destruction of cytosolic RNA 

(Silverman and Weiss 2014). However, recent studies in an A549 human lung 

adenocarcinoma cell line have shown that eliminating OAS3 results in the loss of RNase-

L activity, while eliminating OAS1 and OAS2 does not. These findings indicate that OAS1 

and OAS2 isoforms may function through other mechanisms yet to be fully known (Li et 

al. 2016).  

Additionally, how specific OAS proteins impact the clearance of viral infections 

across different families remains elusive. However, several accounts of polymorphisms, 

particularly OAS proteins in humans, show associations with increased susceptibility to or 

advancement of infection with certain viruses (Lim et al. 2009; Wickenhagen et al. 2021; 

Marques et al. 2008; Alagarasu et al. 2013; Barkhash et al. 2014). For instance, several 

studies in both humans and laboratory mice show that deficiencies in OAS1 proteins can 

increase susceptibility to west Nile virus (WNV) infection (Mashimo et al. 2002; Lim et 

al. 2009).  Further, recent evidence suggests that the importance of specific OAS proteins 

may be associated with the cellular localization of viral replication within a cell 
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(Wickenhagen et al. 2021; Soveg et al. 2021). In fact, C-terminal prenylation of OAS1-46 

traffics these proteins to endomembrane systems, which during viral infections as SARS-

CoV-2, can be sites rich in viral dsRNA.  Trafficking of OAS1-46 to these sites results in 

an increased likelihood that dsRNA structures in the SARS-CoV-2 genome will bind 

OAS1-46 and initiate potent anti-viral mechanisms through the activation of RNase-L. It 

is believed that this is the reason that persons with an inability to prenylated OAS1-46 

showed increased susceptibility to SARS-CoV-2 (Wickenhagen et al. 2021; Soveg et al. 

2021), supporting the notion that the impact of OAS proteins on viral replication is 

associated with the cellular localization of viral replication, though we still do not fully 

understand the mechanisms related to OAS virus-specific impacts on viral inhibition. 

Research regarding the impact of OAS proteins on viral replication specific to 

particular viral families represents a gap in our understanding of anti-viral innate immune 

mechanisms. Understanding these mechanisms further could allow improvements in 

patient’s with a viral illness, as we would be better able to predict which patients are at risk 

for severe or progressive disease based on genetic screenings. Additionally, a better 

understanding of innate immune pathways that impact viral replication could aid in 

developing new antiviral medications and therapies that target specific pathways. We 

wished to elucidate further the impact different OAS proteins had on viral replication 

across diverse RNA virus families. Additionally, we aimed to characterize whether OAS 

proteins' impact on viral suppression depends on RNase-L  or if potential other mechanisms 

exist that allow for virus replication.  

In Chapter 2, “Characterizing the Impact of  Specific OAS Proteins on Viral 

Replication in a Human Lung, Adenocarcinoma Cell Line,” we hypothesized that if the 
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impact of OAS proteins on viral replication depends on where in a cell a virus replicated 

and viral replication strategies are similar across viral families, then the ability of particular 

OAS proteins to impact viral replication would be similar across viral families. Evidence 

for this logic exists across several previous studies that indicate the location of viral 

replication is essential regarding which innate immune sensors are activated. Additionally, 

we predicted that if the antiviral function of OAS3 relies on RnsasL, then RnasLKO cell 

lines would also display ablated anti-viral properties towards viruses that OAS3 primarily 

impacts. We tested our hypotheses by creating TET-ON cells overexpressing OAS1-42, 

OAS1-46, OAS2, and OAS3 when induced with Doxycycline and infecting these cells with 

various viruses, both with and without induction with Doxycycline, to determine the impact 

of overexpression of certain proteins on virus replication. 

 Our findings suggest that OAS-mediated suppression of viruses varies even across 

viruses within the same family. Alphaviruses both showed that OAS3 overexpression 

resulted in decreases in virus replication, though only CHKV showed that overexpression 

of OAS1-42 resulted in reductions in virus replication. These results shed light on which 

proteins may be most important for combat against viral replication for SINV and CHKV. 

These results are also consistent with previous data that indicated both SINV and CHKV 

are impacted by OAS3 (Li et al. 2016; Bréhin et al. 2009). Flavivurses, Zika virus (ZIKV), 

and West Nile Virus (WNV) were both impacted differently by overexpression of OAS 

proteins. We show here that ZIKV replication is primarily reduced by overexpression of 

OAS1-42, which is mainly consistent with real-world clinical data that suggests mutations 

in OAS1 can cause people to be more susceptible to adverse ZIKV outcomes. However, 

WNV seemed to be most impacted by OAS2 and OAS3 overexpression. These results 
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indicate that other factors may impact the ability of OAS proteins to suppress viral 

replication besides the cellular localization of viruses during their replication cycle. 

 Additionally, we show here that in RNase-L-KO cells, overexpression of OAS3 for 

CHKV and SINV replication was ablated, indicating that RNase-L is a major component 

of OAS3-mediated viral suppression. However, there was reduced but not absent viral 

replication in cases of OAS1-42 and OAS2 overexpression for CHKV, ZIKV, and WNV, 

indicating that there may be other factors on which OAS1 and OAS2 rely on to suppress 

viral replication that yet to be determined.  

Studies regarding elements of the innate immune system and their associations with 

the inhibition of viral replication allow for a better understanding of how the innate immune 

system reacts to both viral infections and disease. When extended, these studies can also 

allow for a better understanding of the adaptive immune system. In fact, recent studies 

demonstrate a direct interconnectedness of OAS proteins to the adaptive immune system, 

showing that both under and over-expression of OAS2 proteins can mediate T-cell receptor 

activity expression during some cancers via regulation of caspase-3, particularly in the 

context of oral cancers (Dar et al. 2016). Future research efforts can further analyze the 

interplay between innate immune elements like OAS proteins and RNase-L  and their 

functional impact on both T immune cells and B cell responses. For example, if 

overexpression of OAS3 impedes the replication of a particular virus, the results of our 

study indicate that its ability to hinder viral replication also relies on RNase-L . Thus, future 

studies could determine if RNase-L  KO mice (A. Zhou et al. 1997) also show a decreased 

ability to combat that particular virus but this in vivo model also would allow the analysis 
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of T cell responses and determine if those are impacted, providing insight into what 

elements are needed to create an effective T cell response against viral infection.   

Beyond understanding the T-cell response to viral infections, copious efforts have 

been made for decades to understand and modulate the T-cell response to malignant cells 

across cancers (Pardoll and Topalian 1998; J. Han et al. 2020). Several excellent reviews 

have further analyzed the broad implications of T cell responsiveness to cancers and how 

knowledge gained from this research can be harnessed to improve cancer immunotherapies 

(van der Leun, Thommen, and Schumacher 2020; C. C. Smith et al. 2019).  Immune 

checkpoint blockade (ICB) represents one form of cancer immunotherapy that has shown 

much success in recent decades across several cancers in both pre-clinical and clinical trials 

(Larkin et al. 2015). ICB that employs anti-CTLA-4, anti-PD-L1, and anti-PD-1 alone or 

in combination with one another have shown promise in improving survival rates amongst 

various malignancies via T cell-mediated control of cancer cells (Fairfax et al. 2020; Y. J. 

Park, Kuen, and Chung 2018; Brahmer et al. 2012; Topalian et al. 2012).  

Our lab utilizes a murine K7M2 metastatic osteosarcoma (mOS) model to study T-

cell responses to cancer. Osteosarcoma is the most common bone cancer in children 

making up ~3% of total child cancer cases, with limited treatment options (CK et al. 2016; 

Abarrategi et al. 2016). Osteosarcoma is believed to originate from mesenchymal cells and 

is subclassified according to its predominant stroma, often comprised of osteoblastic, 

chondroblastic, fibroblastic, or giant cell-rich tumors, among others (Abarrategi et al. 

2016). However, the predominant stroma is not believed to have prognostic importance or 

implications for the effectiveness of current therapies, though it can be utilized for future 

immunotherapy development (Abarrategi et al. 2016). Most osteosarcoma cases initiate in 
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long bones, with common metastasis to the mucosa of the lungs in both human and murine 

cancers (Lindsey, Markel, and Kleinerman 2017; Abarrategi et al. 2016). Traditional 

treatment methods for metastatic osteosarcoma (mOS) involve surgery, radiation therapy, 

chemotherapy, or a combination of all three. Still, they have shown limited efficacy and 

high mortality rates even after the conclusion of treatment (Lindsey, Markel, and 

Kleinerman 2017). In fact, survival rates decline from ~70% to ~20% upon metastasis, 

even with modern treatment options (Czarnecka et al. 2020). A drive to elucidate and 

resolve these obstacles has led to discoveries of mOS resistance mechanisms to traditional 

treatment methods and has augmented the pioneering of alternative therapies to treat the 

disease (Chou and Gorlick 2006). 

Immune checkpoint blockade represents one notable therapy pursued for the 

treatment of mOS. Additionally, multiple studies have indicated that cytotoxic T 

lymphocytes (CTLs) limit mOS progression and that the mechanisms of ICB rely on 

cytotoxic T cells to be fully efficient (Lussier, O’Neill, et al. 2015; Lussier, Johnson, et al. 

2015). Bearing this in mind, we previously investigated the impact of ICB composed of 

anti-CTLA-4/anti-PD-L1 for metastatic osteosarcoma (mOS) in genetically identical mice 

and showed that treating mOS with this treatment regimen in a K7M2 Balb/cJ murine 

model results in complete control of tumors and immunity to later tumor inoculation with 

the same K7M2 cell line in 60% of mice (Lussier, Johnson, et al. 2015).  

The discrepancy among mice regarding their response to the combination therapy 

is curious, considering the mice used in the study are inbred Balb/c mice with similar 

genetic makeup. The mice used in the study were also the same age and were housed under 

the same living conditions. One possibility of variance is differences in circulating 
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antibodies (Abs). Mice and humans produce natural Abs formed during development 

without antigen induction (Holodick, Rodríguez-Zhurbenko, and Hernández 2017). 

Additionally, B cells undergo the process of somatic recombination to generate a repertoire 

of Abs that can vastly expand following antigen stimulus; since this process occurs semi-

randomly and independent of germline-encoded DNA, even subjects with the same DNA 

can have differences in circulating Abs (Tonegawa 1983; Jacob et al. 1991). 

In addition to natural Abs presence and Abs generated through the process of 

somatic recombination, circulating Abs can often be indicators of risk for or development 

of certain diseases believed to have been produced in response to novel peptide stimulation 

instigated by the disease. Recent studies have characterized Ab presence in sera by using 

microarrays with >300,000 short peptides. The binding pattern of the Abs on the 

microarray is termed an "immunosignature." Analysis of immunosignatures has been 

shown to predict the identity of infectious diseases with >95% accuracy (Holodick, 

Rodríguez-Zhurbenko, and Hernández 2017). We initially characterized the Ab response 

between ICB responders and non-responders in mOS-bearing mice but found that 

immunosignatures from pre-bleeds, prior even to tumor inoculation, could distinguish 

responders from non-responders before ICB treatment on a microarray of 10,000 unique 

peptides. As mentioned in previous chapters, traditionally, immunosignatures have 

diagnostically predicted disease via the binding pattern of Abs in sera to the many peptides 

on these arrays, resulting in reproducible patterns of specific illnesses (Restrepo, Stafford, 

and Johnston 2013; Helmink et al. 2019). However, this technology has not been used to 

identify predicted treatment efficacy responders vs. non-responders. 
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In Chapter 3: Distinguishing Circulating Antibody Repertoires of Responders vs. 

Non-Responders to Immune Checkpoint Blockade (ICB) for Metastatic Osteosarcoma 

(mOS) in Balb/c mice, we sought first to determine if we could replicate our previous 

studies, which showed a ~60% survival rate in Balb/c mice that were inoculated with anti-

CTLA-4/ anti-PD-L1 immunotherapy after inoculation with mOS. We then aimed to 

determine if pre-bleeds from these mice could show distinct antibody repertoires between 

responders and non-responders to ICB for mOS. Based on pre-bleed samples taken from 

mice inoculated with mOS and then treated with anti-CTLA-4/anti-PD-L1, we showed that 

mice likely to respond to immunotherapy typically had Abs bound to 74 specific peptides. 

We were further able to validate the ability to determine which mice would respond to 

immunotherapy and which would not by again running blinded samples on the identical 

peptide arrays. The findings from this research have several clinical implications.  

First, this study shows that by constructing a training set of peptide arrays using 

responder vs. non-responder Antibody (Ab) profiles to immune checkpoint blockade (ICB, 

immunosignatures and similar peptide arrays can serve as a powerful diagnostic tool that 

can predict an individual’s response to ICB for mOS with ~80% accuracy. This knowledge 

would enable clinicians to make informed decisions regarding patient care, as they could 

direct their patients to resources that maximize their treatment outcomes. Further, analysis 

of peptides to which Abs in responders bound with high capacity showed several consensus 

sequences. Notably, the peptides used on these arrays were randomly generated, implying 

that they could represent an actual linear peptide or be mimotopes that do not represent a 

linear peptide present in nature (Meloen, Puijk, and Slootstra n.d.).  
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Future studies could move in several directions, first to determine if these sequences 

are indicative of Abs that are instigating an increased immune response to mOS after ICB; 

one potential experiment could be to inject mice with epitopes that correlated in high Ab 

binding capacity in responders, into mice before mOS inoculation or ICB treatment. This 

would allow us to determine whether the Ab presence is causative of the response to ICB 

for mOS. If the generation of an Ab response to epitopes determined to be of the high 

binding capacity of Abs from responders shows increased responsiveness to ICB for mOS, 

these results could be applied clinically by seeing if vaccination before ICB treatment can 

impact and maximize results of ICB. Additionally, certain factors have already been 

correlated with changes in circulating Ab composition.  

For instance, alterations in microbiome composition typically result in subsequent 

changes to circulating Ab composition, believed to be in response to antigens presented by 

microbes (Vivarelli et al. 2019; Davar et al. 2021a). Additionally, recent studies have 

discovered that ICB's effectiveness can be associated with or even reliant on microbiome 

composition (Davar et al. 2021b). For this reason, we speculated if differences in Ab 

composition between responders and non-responders could be related to pre-existing 

microbiome composition. We further tested this theory in subsequent chapters. 

In Chapter 4: The Impact of Microbiome Dysbiosis on T Cell Function Within the 

Tumor Microenvironment (TME), I explain first how T cells canonically react to cancerous 

cells; I then explain how the presence of certain microbes can impact T cell function within 

the TME. Certain bacterial presence has been shown to influence both innate and adaptive 

immune cell function. This influence is primarily a result of metabolites secreted as 

fermentation products by these bacteria. Short-chain fatty acids (SCFAs) have been shown 
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to play direct roles in immune cell function (M. Sun et al. 2018; J. Zhang et al. 2019; Luu 

et al. 2021; Schiweck et al. 2022). Additionally, variations in microbial populations can 

alter subsequent metabolites produced by microbes, which can further impact immune cell 

function (W. Yang and Cong 2021).  

Within the TME, this is particularly important, as there are not only intratumoral 

microbial populations for which metabolite presence can affect immune cell function, but 

the presence of specific microbes in mucosal tissue can also impact the function of immune 

cells. These findings hold significance in the context of cancer treatments that rely on the 

direct engagement of T immune cells, especially immunotherapy treatments. This 

reinforces the idea that the microbiome influences immunotherapy treatments reliant on 

immune cells, such as T cells. Recognizing and understanding these insights better is 

imperative for clinicians and researchers who hope to optimize patient outcomes. 

Additionally, they inspire research efforts to understand the microbiome’s impact on 

immunotherapy treatments for specific cancers. 

In Chapter 5: The Impact of Microbiome Modulations on T Cell-Mediated 

Immunotherapy Efficacy for Metastatic Osteosarcoma (mOS), we sought to determine the 

impact of the microbiome on immunotherapy composed of anti-CTLA-4/anti-PDL1 for 

mOS. First, we harvested fecal samples of mice before they were given ICB or mOS. After 

knowing whether the mice in the study were responders or nonresponders to ICB, we sent 

fecal samples for 16S ribosomal unit sequencing. Genus level resolution and 

characterization of microbial populations in these samples showed no specific difference 

in microbial populations before tumor inoculation and ICB. This indicates that genus-level 

microbial populations likely do not cause responders or non-responders to ICB for mOS. 
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To determine if the microbiome impacted ICB for mOS in any capacity, we decided 

to apply an antibiotic regimen known to deplete, to a significant level, the microbiome in 

specific pathogen-free mice. This antibiotic regimen composed of ampicillin, vancomycin, 

neomycin, and metronidazole, termed AVNM, was previously shown to eliminate most of 

the microbiome while still not killing mice that were ten weeks old. We first found that 

variation in weight among mice is dependent on the age of mice at the start of antibiotic 

treatment. Additionally, when mice were inoculated at 10 weeks of age with K7M2 cells, 

mice treated with Abx did not show reduced responsiveness to ICB or decreased ability to 

combat mOS. After inoculation with the cells, it was found that there was a mycoplasma 

presence in the cell line. It is possible that the Abx that was administered during treatment 

to the mice eliminated the mycoplasma in the injected cells, causing additional elimination 

of the tumor cells from the mice. This concept is similar to that which was introduced in 

Chapter 1, describing Coley’s toxin. In this situation, intratumoral bacteria activated and 

bound to PRRs, which triggered the innate immune system further and activated the 

adaptive immune system in response.  

We completed an additional trial with K7M2 cells whose stocks were tested to be 

mycoplasma negative, and this trial will continue to be monitored to determine if the results 

found here are replicative or only present during mycoplasma presence. In this study, we 

noted splenomegaly is present in mice who succumb to tumors and are on antibiotic 

regimens. In contrast, mice not on antibiotic regimens and who developed endpoint 

metastasis did not display splenomegaly. Further, mice that were typically on the same 

antibiotic regimen but did not have active tumor burden did not show the same 

splenomegaly. This result is significant because it implies that there is still an immune 
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response occurring in the mice that reach the endpoint but implies that since the mice are 

still succumbing to tumors, the immune response may not be effective. It is possible that 

immune cells cannot traffic to the areas they are needed in due to microbiome depletion. 

Future studies can look into markers expressed in these splenic cells to determine whether 

or not immune cells are “stuck” in the spleen when microbiome depletion has occurred. If 

ways in which the microbiome impacts immunotherapy and immune cell function during 

cancer progression are better understood, researchers may be able to improve T-cell-

mediated immunotherapy regimens in the future.  

Another way to improve T cell-medicated immunotherapy regimens is to 

understand better how to effectively engage T cells to eliminate cancer. In Chapter 6, 

Methods for Validation of a T cell Epitope Prediction Algorithm EnsembleMHC in vivo, 

we describe methods that would allow for the testing of the accuracy of a T cell prediction 

algorithm. We describe utilizing the K7M2 Balb/c model described in these studies to test 

how well EnsembleMHC can predict T cell epitopes. These studies can be extended in 

several capacities, as we could better predict how to engage T-cell responses and extend 

this knowledge to therapeutic cancer vaccines and CART cell therapies. 

Taken together, results from this research have implications for both antiviral 

therapeutic approaches and anti-cancer therapeutic approaches, as they indicate knowledge 

related to how the innate immune system responds to viral infection as well as how certain 

factors can impact the adaptive immune system during immunotherapy. 
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