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Abstract 

 

Undifferentiated pleomorphic sarcoma (UPS) is one of the most common, aggressive, 

and metastatic soft tissue sarcomas in adults. Generally, UPS are unresponsive to conventional 

chemotherapies or immunotherapies, which is believed to be attributed to the 

immunosuppressive tumor microenvironment (TME) of these malignancies. Preclinical studies 

in the murine KP model of UPS showed that intratumoral (i.t.) activation of the STimulator of 

INterferon Genes (STING) pathway using the murine STING agonist DMXAA, elicited immune 

mediated UPS clearance in 50-75% of treated mice.  

To assess the translational potential of STING immunotherapy, I tested the anti-tumor 

efficacy of three STING agonists in the KP model of UPS capable of activating both human and 

murine STING. Excitingly, E7766 emerged as a translational STING agonist which can shift the 

UPS TME towards an immunologically inflamed phenotype. Thirty-eight percent of E7766 

treated mice eradicated their primary tumors which was CD8+ T-cell dependent. Of the mice that 

eradicated primary UPS tumors, 87.5% develop protective immunity against UPS re-challenge.  

Next, I investigated which cell types in the UPS TME engage in STING signaling 

following therapy. I found that STING expression in non-malignant host cells and not UPS cells 

is required to observe tumor eradication following STING immunotherapy. Single cell RNA 

sequencing of UPS tumors revealed that neutrophils are abundant cells in the TMEs of UPS 

tumors treated with DMXAA and E7766 at both timepoints. Myeloid cells were identified as the 

cell type with the highest interferon stimulated gene (ISG) score. Both DMXAA and E7766 

maintain higher ISG scores in myeloid and lymphoid cells relative to control and CDN at the 1-

week timepoint.  



 iii  

Finally, I developed a novel gene therapy tool to explore forced expression of the 

constitutively active mutant hSTINGN154S protein using plasmid DNA. Using these tools, I 

transfected TAO1 UPS and HEK293T cells and confirmed the functional status of the 

hSTINGN154S proteinôs expression in vitro. In summary, these data suggest that E7766 is an 

exciting therapeutic candidate for UPS, and further investigation into the importance and 

consequences of STING signaling in various UPS TME cell types is required to understand 

therapeutic mechanisms of this therapy. 
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1. Chapter 1: Introduction  

1.1 Cancer, the immune system, and immunotherapy 
 

1.1.1 Cancerôs relationship with the immune system 

 

In 1891 Dr. William B. Coley, a bone sarcoma surgeon, launched the first recorded 

systematic study of immunotherapy for the treatment of malignant tumors in which he injected 

streptococcal organisms into three patients to stimulate an immune response1. Motivated by the 

loss of his patients to metastatic malignancy, Coley scoured the literature for a solution. In his 

readings, he found 47 reported cases suggesting that having an infection could lead to tumor 

regression1. Unfortunately, injecting live infectious organisms was quite dangerous and 

ultimately lead to two patients dying1,2. However, an observable reduction in tumor size was 

noted1,2. To circumvent these adverse clinical outcomes, Coley altered his treatment to include 

heat inactivated streptococcal organisms and Serratia marcescens3. This concoction was 

formally named ñColeyôs Toxin.ò It is believed that Coley treated roughly 1000 patients with his 

toxin and observed that the majority of his patients tolerated the treatment well3,4 . Interestingly, 

patients with bone or soft tissue sarcomas consistently displayed noticeable anti-tumor responses, 

while individuals with melanoma or carcinoma did not respond as favourably3,4. Although these 

studies were exciting and fuelled investigation throughout Coleyôs career, he faced considerable 

backlash from the scientific community, and a biological mechanism for understanding how 

Coleyôs toxin could stimulate anti-tumor responses was lacking1. Despite these challenges, 

Coleyôs studies contributed to the foundation of the field of cancer immunotherapy, which is 

why Dr. Coley is widely regarded as the father of cancer immunotherapy1,4.  

In the 1950s the key role that the immune system plays in shaping tumor biology began 

to unfold. Drs. Macfarlane Burnet and Lewis Thomas shared a common belief that the immune 
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system is involved in controlling cancer5. Both scientists surmised that tumor cells must express 

neo-antigens, enabling their recognition and destruction by the immune system. However, two 

challenging questions emerged that had to be addressed for providing physiological evidence in 

support of this theory. First, if cancer originates in the host, can the immune system detect cancer 

cells as ñnon-self?ò and second, if the immune system is indeed killing small populations of 

cancer cells, can these populations be clinically detected or scientifically proven due to the 

proposed phenomenon?  

Foundational transplant studies completed by Dr. Peter Medawar gave insight into the 

immune systemôs ability to distinguish between ñselfò and ñnon-selfò tissues. Using skin 

homografts in inbred mice, Medawar showed that homografts from one mouse into another of 

the same strain could not be distinguished from an autograft, while homografts from one inbred 

strain into another inbred strain did not survive6. These studies provided insight into the idea that 

there are factors that the immune system can use to differentiate ñselfò from ñnon-selfò cells.  

Over time, evidence continued to accumulate in support of the shared theory of Burnet 

and Lewis and provided some answers to the previous questions. Foley demonstrated that inbred 

C3H mice that have been immunized with methylcholanthrene (MCA) induced sarcomas 

develop protective immunity and rejection of these same tumors upon subsequent 

transplantation7. From these studies, it was deduced that cancer cells must contain material that 

can be detected as ñnon-selfò to the host which can be leveraged to mount an anti-tumor immune 

response and that using these immunization systems can artificially model the immune systemôs 

control of tumor cell populations. In 1970, Burnet and Lewis published ñthe concept 

immunosurveillance of cancer,ò which details their theory of how the immune system can 

recognize and eradicate cancer cells8. 
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Subsequent studies in using the MCA model challenged the concept of cancer 

immunosurveillance. Stutman hypothesized in alignment with the concept of the 

immunosurveillance of cancer, that immunosuppressed mice would be susceptible to higher 

incidence of cancer development. Interestingly, Stutman found that MCA tumor incidence and 

latency in immunodeficient CBA/H nude mice was comparable to immune competent wild type 

mice9. Stutman repeated these experiments with mice at different ages and across all studies 

found similar results that immunocompetent and immune compromised mice developed tumors 

at similar rates and were supported by similar findings in studies completed by Outzenôs 

group10,11. Although at the time the functional status of specific immune cells in nude mice was 

not entirely characterized, these results dissuaded the scientific community from pursuing the 

investigation of the immune systems role in cancer control.   

In the 1990s there was a resurgence in popularity of the theory of cancer immune 

surveillance. Two key studies made exciting strides in the field with advancements in animal 

models. The first demonstrated that endogenous production of interferon-gamma (IFNɔ) confers 

a protective effect to the host against tumor growth as administration of neutralizing IFNɔ 

antibodies to BALB/c mice conferred rapid and more efficient growth of immunogenic 

fibrosarcoma in a transplantation model12. These results were further supported by the finding 

that mice lacking the receptor for IFNɔ or the primary transcription factor involved in IFNɔ 

receptor signaling; signal transducer and activator of transcription 1 (STAT1), were significantly 

more susceptible to MCA induced tumor growth compared to wild type control counterparts13. 

Similar observations were seen in studies with C57Bl/6 mice that were engineered to lack 

perforin, a crucial cytolytic granule produced by cytotoxic T lymphocytes and NK cells as a 

mechanism of cell killing.  In a perforin-/- state, mice had a significantly greater incidence of 
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MCA tumor development relative to perforin competent control mice14. Critical studies in mice 

genetically engineered to lack the expression of recombination activating gene 2 (RAG2) 

solidified the importance of lymphocytes in cancer immunosurveillance. In the absence of 

RAG2, mice are unable to complete V(D)J recombination which is required for lymphocyte 

antigen receptor synthesis15. Therefore, RAG2-/- lack T, B, and NKT lymphocytes. RAG2-/- mice 

showed a greater susceptibility to spontaneously occurring and carcinogen induced MCA tumors 

relative to immune competent controls16. Taken together, these exciting studies demonstrated 

that lymphocytes and the effector cytokines they produce play an important role in cancer control 

which convincingly reinvigorated and supported the theory of cancer immunosurveillance13-18.  

Although encouraging progress had been made at the pre-clinical level, studies 

substantiating the physiological presence of cancer immune surveillance in humans was lacking. 

In alignment with immunologically suppressed pre-clinical models, it was logical to hypothesize 

that immunocompromised humans should have a higher incidence of cancer. Studies 

investigating this have indeed shown that individuals who are immunocompromised have a 

higher risk of contracting various types of cancer. Immunodeficiency can be found in individuals 

born with germline mutations which lead to a dysfunctional immune system, become 

immunocompromised through infection by human immunodeficiency virus which leads to 

acquired immunodeficiency syndrome (AIDS) or through intentional immunosuppression in 

preparation to receive a transplant. A comprehensive meta-analysis of 12 studies including 

immunocompromised individuals on a global scale revealed that in an immunocompromised 

state, transplant candidates and individuals with HIV/AIDs are more susceptible to virally 

induced cancers including Kaposiôs sarcoma, non-Hodgkinôs lymphoma, hepatitis B and C virus 

related liver cancer, and others19. Interestingly, there were no differences in the incidence of 
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common epithelial origin cancers (breast, prostate, colon/rectum, ovary, trachea, bronchus, and 

lung) when comparing immunocompromised individuals to the general population which has 

also been demonstrated in other studies19,20.  

Further evidence for cancer immune surveillance exists in non-immunocompromised 

patients with cancer. Indeed, it has been shown in several human studies that increased 

lymphocytic and NK cell infiltration is a positive prognostic factor, often conferring improved 

survival compared to patients with lower lymphocytic infiltration21-26. The findings from these 

important studies have supported the existence of the theory of cancer immunosurveillance and 

the important role of lymphocytes in antagonizing cancer in both preclinical and human studies.  

 

1.1.2 Targets for the immune system - tumor antigens 

 

For the theory of cancer immunosurveillance to hold true, the immune system must identify 

targets on cancer cells which differentiate them from non-malignant cells. These markers are 

known as tumor antigens. Indeed, antigens which engage T-lymphocyte stimulation are critical 

for eliciting a protective anti-tumor immune response. Tumor antigens can be broadly 

categorized as tumor specific antigens (TSA) or tumor associated antigens (TAA)27,28.  

TSA are proteins that are uniquely expressed by the cancer cells which allows them to be 

seen as foreign or distinct from ñselfò tissue27,28. Such antigens can result from oncogenic virus 

infections which induce the expression of a ñnon-selfò protein such as E6 or E7 which can occur 

following human papilloma virus infection, inducing cervical carcinoma27,28. TSA can also result 

from chromosomal translocation, creating novel fusion proteins, as is the case with the Bcr-Abl 

antigen which is found in chronic myelogenous leukemia27,28. Alternatively, TSA can arise 

through the development of neoantigens that are induced by point mutations in primary protein 
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structures. For example, in the ras family, proto-oncogenes undergo mutations resulting in 

oncogenesis which is common in many cancer types29.   

Conversely, TAA are antigens that are not unique to tumor cells and are expressed in other 

non-malignant tissues27,28. These antigens can be classified as cancer testis antigens (CTA), 

differentiation antigens, and over-expressed antigens. CTA are expressed in many cancer tissues, 

gametes, and trophoblasts. Examples of CTA include melanoma associated antigens (MAGE 1 & 

3) and New York esophageal squamous cell carcinoma (NY-ESO)29,30. These antigens are 

expressed in the normal testes tissue, but are also aberrantly overexpressed in melanomas, non-

small cell lung carcinoma, sarcoma, and esophageal carcinomas27,28. Differentiation antigens are 

found on both the tumor cells and cell type of tumor origin, but not in other tissues. Tyrosinase, 

MART-1 (Melan A), gp100/pmel17, and TRP2 are differentiation antigens common in 

melanoma29,31. These proteins play an important role in melanin biosynthesis and melanosome 

but are aberrantly expressed in cancerous melanoma cells29. Similarly, prostate-specific 

membrane antigen (PMSA) is expressed in prostatic epithelial cells and can also be expressed by 

prostate cancer cells29,31. Lastly, over-expressed antigens are TAA that are highly expressed in 

tumor cells because of the amplification of genes encoding these specific proteins32. Examples of 

over-suppressed tumor antigens are HER2/NEU, which is over-expressed in breast cancers, 

MUC-1 which is over-expressed in breast and pancreatic cancer, and WT1 which is over-

expressed in leukemia29,32.  

 

1.1.3 A proposed mechanism for tumor evolution ï Cancer immunoediting 

 

Given the advancements in understanding the relationship between cancer and the 

immune system, it is challenging to grasp how cancer can continue to exist in humans with 
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competent immune systems. However, studies completed by several scientists have contributed 

to the theory of cancer immunoediting which outlines how cancer can evolve to evade immune 

destruction.  

In 2001 a study completed by Shankaran et al provided evidence that the immune system 

does indeed shape the immunogenicity of MCA induced tumors16. In this study, it was shown 

that MCA tumors that were passaged in immunocompromised RAG2-/- mice had similar growth 

kinetics and successfully grew in 17/17 mice16. Interestingly, when tumors that were originally 

developed in immunocompromised hosts were engrafted in immunocompetent mice, only 12/20 

tumors grew successfully16. This finding suggests that tumors that develop in immune competent 

mice are shaped by the immune system to acquire more aggressive traits compared to tumors 

grown immunocompromised hosts which do not have to evolve against the pressures of the 

immune system, retaining characteristics that the immune system can target16. These findings 

informed Dunn and colleaguesô characterization of the concept of cancer immunoediting as an 

extension of cancer immune surveillance to detail potential mechanisms in which the immune 

system can shape tumor biology and subsequent tumor modifications that result in tumors 

becoming undetectable by the immune system33. Within this framework, interactions between 

cancer and the immune system can lead in different disease outcomes, which were ultimately 

described as the ñthree Eôs of cancer immunoediting;ò 1) elimination, 2) equilibrium, and 3) 

escape34.  

 The first of the three Eôs is elimination, which encompasses cancer immunosurveillance. 

When normal cells are exposed to damaging carcinogens, radiation, chronic inflammation, or 

viral infections, they can transform into a malignant state33,35. In this phase, the innate and 

adaptive immune systems work in a concerted effort to eliminate tumor cells before they are 
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clinically detectable33,35. As the invasive tumor cells accumulate, this garners attention from 

innate immune cells, namely NK, NKT, DCs (dendritic cells), macrophages, and ɔŭ T cells, 

which are recruited to the environment by type I interferon damage signals from disrupted 

tissues33,35. The infiltrating innate lymphocytes can then recognize the distinct molecules on the 

cell surface of cancer cells, eliciting IFNɔ production by these cells which can induce tumor cell 

death33,35. Coupling the danger signals with an increasing availability of tumor debris, DCs in the 

tumor microenvironment (TME) are activated, take up the tumor debris, and travel to the tumor 

draining lymph node (TdLN)33,35. Here, the DCs present tumor antigens to naive CD4+ and 

CD8+ T-cells to educate them against a specific tumor target, engaging the adaptive immune 

response33,35. Subsequently, these activated T-cells will leave the TdLN, travel through the blood 

to infiltrate the TME to identify and kill  remaining tumor cells expressing their target 

antigen33,35. If this process is successful, there is no progression into an immunoediting phase, 

and the tumor will be eradicated33,35.  

 If rare tumor cell variants survive the elimination process, they may progress into the 

second and likely the longest stage of cancer immunoediting, equilibrium 33,35. In this state, 

uncontrolled proliferation of cancer cells is subdued as the TME is subjected to the pressure of 

T-cell mediated killing and IFNɔ, inducing a latent or dormant state in the cancer cells33,35. 

Although these pressures can maintain control over the tumor growth, they do not entirely 

eradicate all malignant cells33,35. In this environment, Darwinian selection can take place and the 

pressure of the immune system edits the tumor phenotype33,35. As tumor cells recognized by the 

immune system are killed, the genomic instability of cancer cells can lead to the acquisition of 

mutations which allow them to avoid destruction by the immune system33,35. This phase may also 

represent a final stage of cancer immunoediting if tumor growth never progresses to a point of 
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clinical detection for the remainder of the hostôs life33,35. Perhaps some of the most compelling 

evidence of the concept of equilibrium is the transmission of cancer from donor to recipients 

following organ transplant. In case reports, organ recipients from donors who previously had 

cancer but were cancer free at the time of organ harvest, develop cancer 1-2 years following 

transplantation36,37. These findings are suggestive that the donorôs immune system maintained a 

state of non-detectable disease in the host, but in the absence of the pressures exerted by the 

donorôs immune system, cancer growth could be resurrected in the recipient36,37.  

 The last component of cancer immunoediting is escape33,35. In this phase, surviving 

tumor cells that have acquired mutational variants, permitting immune evasion, can proliferate in 

an unregulated fashion33,35.  Some of these advantageous adaptations include, a loss of major  

histocompatibility complex (MHC) class I expression, loss of original tumor antigen expression 

from the selective pressure from the immune system, expression of inhibitory cell surface 

proteins (TIGIT, PD-L1), low intrinsic tumor mutational burden, and production of 

immunosuppressive cytokines (TGFɓ, IL-10, VEGF) which suppress anti-tumor responses and 

recruit suppressive immune cells including myeloid derived suppressor cells, pro-tumor 

macrophages, and regulatory T-cells (Tregs)30,35. This results in the uncontrolled progression of 

malignancy as the immune system can no longer restrain cancerous growth, ultimately 

culminating in death of the host33,35. This theory informs how the immune system not only 

protects the body against cancer development, but also plays a key role in altering the 

immunogenic phenotype of cancer, detailing how tumors can adapt to evade killing by the 

immune system.  
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1.1.4 The intersection of tumor biology and immunology - The cancer immunity cycle  

 

Following key progressions in understanding of tumor antigens, cancer 

immunosurveillance, and cancer immunoediting, Chen and Mellman published an integrated 

summary of these recent insights, comprehensively detailing a stepwise sequence of events 

required to mount a successful anti-tumor immune response, called the Cancer-Immunity (CI) 

cycle in 201338,39. Broadly, this theory characterizes a cyclical and self-propagating process by 

which an increase in immunostimulatory constituents can engage tumor antagonistic T-cell 

responses. The first of the seven steps involves the exposure of tumor antigens. These tumor 

antigens are then captured by critical antigen presenting cells (APCs); DCs in the tumor 

microenvironment. Inflammatory signals in the TME, importantly, exposure to type I interferons, 

induce DC activation and maturation, resulting in the expression of important costimulatory 

molecules. This leads to the second step, in which mature DCs process and present tumor 

specific antigens on MHC-I or MHC-II  molecules. Next, DCs will traffic to the TdLN where the 

third step occurs, which is DC priming and activation of effector T-cells against the presented 

cancer specific antigen. In the fourth step, educated effector T-cells will leave the lymph node 

and travel through the blood stream. Subsequently, in the fifth step, T-cells will infiltrate the 

tumor stroma and microenvironment. Sixth, effector T-cells in the TME will recognize cancer 

cells through the interaction of the T-cell receptor (TCR) and the cognate cancer specific antigen 

that is expressed on MHC-I on the cancer cellôs surface. This interaction initiates the seventh 

step, which is the induction of T-cell mediated tumor killing. The killing that results from step 7 

will increase availability of cancer antigens, reinvigorating subsequent iterations of the CI cycle.  

Over the last decade since the initial publication of the CI cycle, further advancements in 

the field have contributed to an updated iteration of this cycle in 202339. It has become 
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increasingly apparent that the TME can significantly influence the CI cycleôs success. In the 

2023 update of the CI cycle, Mellman and colleagues have classified cancers into three 

immunotypes based on the extent of T-cell infiltration in the TME39. First, there are immune 

inflamed tumors, which are abundant in immune infiltrates, namely T-cells, and can contain 

tertiary lymphoid structures (TLS) which permit continued engagement of a productive anti-

tumor response. Second, there are immune excluded tumors, and in this environment, T-cell 

infiltration is restricted to the tumor stroma and are excluded from contact with tumor cells. 

Finally, there are immune inert tumors, which do not exhibit any T-cell infiltration39.  

To demonstrate how the TME can be permissive to immune destruction of tumor cells 

through the CI cycle, Mellman and colleagues added a sub-cycle at step five of the CI cycle, 

which illustrates how inflamed immunotype tumors can engage with the TME to positively 

contribute to cancer clearance39. In step 5a, activated T-cells accumulate in the tumor stroma, 

where they can travel in the TME and interact with other immune cells and to TLS in step 5b to 

confer a maintained effector functional state in step 5c. In this step five sub-cycle, T-cells can 

navigate through each substage to maintain an anti-tumor effector phenotype, ultimately 

permitting to their entry into the remainder of the main CI cycle to recognize and eradicate tumor 

cells.  
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Figure 1.1 - The cancer immunity cycle (Adapted from Mellman 2023, Image created in 

BioRender).  

 

Characterization of the CI cycle has contextualized the roles of several key cell types and 

components involved in successful anti-tumor immune responses. Namely, the critical role of 

DCs, their maturation, and capability of engaging with T-cells to engage specific tumor antigen 

responses38,39.  In a fundamental immunological context, DCs can interact with CD4+ T-cells via 

MHC-II and CD8+ T-cells via MHC-I to engage adaptive immune responses against pathogens 

or microbes that are extracellular or intracellular, respectively30. In the context of cancer, there is 

a specific type of DC called type 1 conventional DCs (cDC1s) which are critical immune cells 

for mounting an anti-tumor CD8+ T-cell response30. Most subsets of DCs express endogenous 

intracellular antigens on MHC-I, not tumor antigens. However, cDC1s are capable of cross-

presentation by phagocytosing tumor antigens in the extracellular environment which are 

subsequently processed in the cytosol of the cDC1 for presentation of the tumor antigen on 

MHC-I to engage the CD8+ T-cell response. Interaction of the T-cells TCR and the cDC1 
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presenting the tumor antigen on MHC-I represents the first signal in CD8+ T-cell activation30. 

The second signal occurs through TCR synapse, facilitating interaction of costimulatory 

molecules B7 and CD28 to potentiate the activating response30. Next, biochemical signals from 

the DC (IL-2 and IFNɔ) will  promote differentiation of the CD8+ T-cell to a cytotoxic phenotype 

and induce proliferation30. Following theses three critical signals, the CD8+ T-cell will travel to 

and enter the TME to identify and kill cancer cells expressing the target antigen via granzymes, 

perforin, or through FAS:FASL interactions initiating tumor cell apoptosis30,39. Unfortunately, in 

environments where cancer continues to exist and proliferate, there is disruption in the CI cycle 

and interventions are required to restore its efficacy.  

 

1.2 Cancer Immunotherapy  
 

It is evident that the immune system plays a critical role in ensuring tumor clearance. 

However, one of the Hallmark characteristics of cancer is to evade immune destruction40.  

Despite the challenges imposed by the evolving nature of cancer and its ability to leverage 

strategies of immune evasion, cancer immunologists have persisted in the pursuit of developing 

therapies to stimulate anti-cancer immunity. Immunotherapies are designed to harness the power 

of the immune system and direct it towards the killing of cancer cells by targeting axes of tumor 

immune escape. In this section, I will describe several immunotherapies which have emerged 

over the last 15 years with promising clinical advances, including cancer vaccines, targeted 

monoclonal antibodies (mAb), immune checkpoint blockade (ICB) therapy, oncolytic virus (OV) 

therapy, and adoptive cellular therapy (ACT). 
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1.2.1 Cancer vaccines  

 

One of the most impactful immunological advances in medicine is the technology of 

vaccination. Vaccination involves the administration of an incapacitated or altered infectious 

agent into the healthy host, to elicit an immunological effector and memory response against the 

disarmed threat41. This arms the host with antigen-educated adaptive immune cells that can 

neutralize the biological threat in the event of re-exposure, preventing the incidence of various 

diseases41. Similar principles can be applied in the context of cancer, creating vaccines specific 

to tumor antigens to prevent or treat malignancies. 

Cancer vaccines can be broadly categorized for two functions; to prevent cancer or to 

treat it. Prophylactic cancer vaccines are designed to immunize individuals against common 

infections that can lead to cancer development42,43. One example of this would be Gardisil9TM 

which has been designed to immunize humans against nine human papilloma virus (HPV) types 

known to induce carcinomas of the cervix, vulva, vagina, penis, anus, head and neck, and 

oropharynx42,44. This vaccine was developed in vitro by engineering virus like particles (VLP) to 

display the L1 target antigen of HPV45,46. By exploiting the structure of HPV and engineering a 

virus like particle (VLP) expressing the HPV L1 target antigen, scientists successfully mimicked 

the biology of HPV to create a vaccine which can successfully prevent cervical cancer in 96.7% 

of immunized individuals44.  Upon injection of the VLP, a strong humoral immune response is 

observed, as a robust production of neutralizing antibodies against this antigen are generated. 

Currently there are four prophylactic cancer vaccines approved by the FDA, 3 of which target 

HPV and one that targets hepatitis B virus42. Although encouraging, prophylactic cancer 

vaccines are restricted to benefit cancers that arise specifically following infection which 
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accounts for 13% of cancer incidences globally, other solutions must be investigated for the 

remaining 87% of cancers that are not infection induced47.  

Therapeutic cancer vaccines are designed to invoke an adaptive immune response that 

can kill  an established tumor by immunizing individuals with TSA or TAAs48. Of course, 

developing vaccines specific to TSA has been particularly attractive, restricting immune 

mediated cell killing to be highly tumor specific. There are two primary strategies for therapeutic 

cancer vaccination. The first is direct administration of tumor antigens. The simplicity of this 

strategy allows for simple and easy delivery of many potential tumor antigens. However, it is 

largely reliant on the hostôs APCs to mount an antigen processing and presenting response that 

results in effective effector lymphocytes activation to elicit tumor cell specific killing48. The 

second strategy is to infuse cancer patients with activated antigen carrying DCs, ensuring that 

tumor antigens are effectively presented to lymphocytes in the host48. These DCs are 

manipulated ex vivo and loaded with TSAs to ensure that these cells are successfully equipped to 

facilitate anti-tumor T-cell activation in vivo upon infusion. In 1990, TheraCys, an intravesical 

bacillus Calmette-Guerin vaccine was the first FDA approved cancer vaccine for treatment of 

bladder cancer49,50. Administration of this cancer vaccine significantly reduced the risk of cancer 

progression following transurethral resection49,50. In 2010, Sipuleucel-T, a DC vaccine targeting 

the commonly expressed prostate cancer antigen; prostatic acid phosphatase, was approved by 

the FDA to treat men with asymptomatic or minimally symptomatic metastatic prostate cancer51-

53. While these vaccines can induce an adaptive anti-tumor immune response, the success of 

therapeutic cancer vaccines has been limited, largely owing to tumor heterogeneity, 

immunosuppressive tumor microenvironments, and immune escape mechanisms which can be 

leveraged by tumor cells to evade immune destruction48,54. As highlighted in a recent review, the 
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ideal targets for therapeutic cancer vaccines would be neo-antigens with high immunogenicity 

which would induce highly specific tumor cell killing via adaptive immune engagement, 

suggesting that these therapies may need to be highly personalized based on a patientôs tumor 

antigen profile55. Lastly, further studies must be completed to optimize cancer vaccine 

administration strategies and timing of vaccination, specifically in the context of prophylactic 

cancer vaccines, to ensure immunological memory and long-term protection against disease 

occurrence41,54. 

 

1.2.2 Monoclonal antibodies  

 

Antibodies are immunoglobulin (Ig) glycoproteins produced by plasma B cells which can 

recognize foreign antigens, neutralize cells expressing these antigens, and engage an antigen 

elimination response in concert with other immune cells56. In 1973, Schwaber generated the first 

antibodies to target human-mouse hybrid cells57. In the late 1970s these methods were expanded 

upon by Kohler and Milstein who engineered the first human-derived hybridomas58. This method 

is presently used as the mainstay for therapeutic mAb production56. Antibodies are versatile tools 

that can be used with high antigen specificity, as the variable region of each unique antibody 

targets and binds to specific antigen epitopes56. Although many different classes of antibodies 

exist, the most common type used for immunotherapeutic interventions are IgG because the 

fragment crystallization (Fc) region of IgG antibodies can engage NK cells, macrophages, and 

DCs to elicit antigen neutralization and destruction through the Fc receptor signaling30,56.  

There are multiple mechanisms for promoting tumor cell death via mAb immunotherapy. 

First, mAbs can block growth factor signaling that is required to support tumor proliferation, 

invasion, and survival. An example of this, would be Cetuximab, a mAb that is clinically 
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approved for treatment of colorectal, breast, and lung cancers56,59,60. Cetuximab blocks epidermal 

growth factor receptor (EGFR) ligand binding, which is commonly over expressed in cancers 

and required for tumor cell survival56,59,60. Thus, the disruption of critical survival signaling 

induces tumor cell apoptosis. Second, mAbs can opsonize tumor cells by binding to tumor 

antigens to induce antibody dependent complement cytotoxicity (ADCC)56,59. An example of this 

is the mAb anti-CD20 which is used to treat B-cell lymphomas that overexpress CD20. Tumor 

cells bound by anti-CD20 mAbs can interact with macrophages and NK cells through Fc receptor 

signaling to induce tumor cell killing. Immunotoxins are another class of conjugated mAbs that 

function as carrier systems for radioisotopes and chemotherapy agents to facilitate cell specific 

drug delivery and induce death in tumor cells expressing the mAbs target antigen56. Brentuximab 

vedotin and gemtuzumab ozogamicin are both immunotoxins that are approved for the clinical 

treatment of Hodgkinôs or systemic anaplastic large cell lymphoma and acute myelogenous 

leukemia, respectively61,62. In recent years, bispecific T cell engages (BiTEs) are mAbs which 

have been designed to facilitate engagement of host T-cells to eliminate tumor cells56. BiTEs are 

recombinant proteins that express two different antigen binding sites, one that is specific to 

tumor cells, and another that is specific to T-cells, such as CD356. Thus, BiTEs bring tumor cells 

and T-cells together to induce an immune synapse, by activating the T-cell through ligation, 

resulting in tumor cell killing by T-cells63. Clinically, Blinatumomab is a CD19/CD3 specific 

BiTE approved for the treatment of acute lymphoblastic leukemia63.  

Although mAbs can successfully treat hematological and solid cancers, there are 

limitations to the effectiveness of this immunotherapy. One of the greatest challenges with mAb 

treatment is innate or acquired resistance56. Unfortunately, the success rate of mAb therapy is 

largely dependent on the tumorôs continued and consistent expression of the mAbôs target 
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antigen56. As cancers have a high degree of genomic instability, they can acquire mutations in 

the antibodyôs target antigen or associated signaling molecules downstream of the antigen which 

can facilitate resistance to mAb immunotherapy, subsequently leading to disease recurrence56.  

 

1.2.3 Immune checkpoint blockade therapy 

 

An immunotherapy that has gained significant traction and garnered exciting results is 

immune checkpoint blockade (ICB) therapy. Many cancers have acquired an ability to exploit 

natural mechanisms employed by the body to reduce the magnitude of an immune response to 

evade immune destruction and promote immunosuppression56. Immune checkpoint blockade 

(ICB) therapy functions by interrupting the interaction of T-cells with ligands that negatively 

regulate their killing abilities, allowing these cells to maintain an effector phenotype56. Two of 

the most extensively studied immune checkpoints in the context of cancer immunotherapy are 

cytotoxic T-lymphocyte associated protein (CTLA-4) and programmed cell death 1 (PD-1)56,64.  

CTLA-4 is a competitive inhibitor which binds to the B7 complex with much higher 

affinity than the costimulatory molecule CD2856,65,66. When expressed on the surface of T-cells, 

CTLA-4 inhibits the CD28 co-stimulation required for T-cell activation, thereby reducing 

effector phenotype induction65,66. In 1996, exciting in vivo studies by James Allisonôs group 

demonstrated that blocking of CTLA-4 T-cells reduced tumor growth and improved anti-tumor 

immunity in murine models of colon carcinoma and fibrosarcoma66 which was supported by 

complementary studies performed by others67,68. Compelling preclinical results thrust CTLA-4 

blockade into clinical studies in 2000 with the first two fully human CTLA-4 antibodies, 

Ipilimumab and Tremelimumab69-71. Although infrequent and accompanied by inflammatory 

toxicities, tumor regression was achieved in some cases71,72. At the conclusion of two major 
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phase III clinical trials, Ipilimumab was shown to significantly extend the survival of patients 

with metastatic melanoma when compared to standard dacarbazine chemotherapy or a gp100 

vaccine73-75. Excitingly, in 2011 Ipilimumab was the first ICB immunotherapy granted FDA 

approval for advanced metastatic melanoma76. However, the clinical benefit thus far of 

Ipilimumab has been exclusive to melanoma76.    

Shortly after these advancements, PD-1 was identified as a potent negative regulator of 

T-cell activity upon interaction with its ligands, PD-L1 and PD-L277,78. Numerous preclinical 

studies revealed that PD-1 is an important regulator of T-cell activation, as mice lacking PD-1 

expression developed autoimmune diseases77,78. Clinically, studies in melanoma patients 

indicated that pro-inflammatory signals occurring from effector T-cell activity can induce the 

expression of PD-1 to negatively regulate T-cell activity79. In 2002 Iwai et al solidified the 

significance of PD-1/PD-L1 signalling in the context of cancer by demonstrating that P815 

tumors expressing PD-L1 had much greater tumorigenesis and invasiveness relative to tumors 

lacking PD-L1 expression80. Further, using an anti-PD-L1 mAb, these effects were reversed, 

supporting the notion that blockade of PD-1/PD-L1 signalling can reinvigorate T-cell mediated 

tumor killing80. The preclinical evidence suggesting that tumor cells can hijack PD-1/PD-L1 

signalling to evade T-cell killing inevitably lead to the development of the human anti-PD-1 

mAbs, Nivolumab and Pembrolizumab80. Excitingly, anti-PD1 targeting mAbs have shown 

therapeutic efficacy for the treatment of many cancers81-83. As of March 2024, there are 6 anti-

PD-1 blocking immunotherapies currently approved by the FDA for the treatment of melanoma, 

biliary tract tumors, renal cell carcinoma, head and neck cancer, Hodgkinôs lymphoma, and 

others81-84. Several mAbs targeting PD-L1 have also demonstrated encouraging anti-tumor 

activity, leading to FDA approval of Avelumab, Duvalumab, and Atezolizumab85.  
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Although encouraging, immune related adverse events are not uncommon with ICB 

immunotherapy86,87. Additionally, these therapies are highly dependent on the presence of 

endogenous tumor antigen specific T-cells. Therefore, the TME and T-cell infiltration of 

different tumor types may inform the suitability of this immunotherapeutic approach. The 

emergence of other immune regulatory agents including TIM3, VISTA, PVRIG, CD47, LAG3, 

TIGIT, and others have been identified and are currently under investigation which will continue 

to inform the applications of ICB immunotherapy in cancer88,89. 

 

1.2.4 Oncolytic Virus Therapy 

 Oncolytic virus (OV) therapy is an emerging immunotherapy that functions by 

exclusively infecting and killing cancer cells while leaving non-malignant cells unharmed90,91. 

Although OVs can directly kill tumor cells, these agents also engage a potent anti-tumor 

response by facilitating immunogenic cell death90,91. Moreover, OVs are exciting 

immunotherapeutic vehicles that can be engineered to reduce pathogenicity and increase tumor 

immunogenicity. Taligmogene laherparapvec (TVEC) is the first OV that has been approved to 

treat unresectable stage IIIB-IV melanoma in Australia, Europe, Israel, and USA90. TVEC is an 

oncolytic herpes simplex virus which has been engineered to preferentially replicate in tumor 

cells thereby promoting anti-tumor immune activation90,91. This OV is equipped with several 

modifications to ensure it uniquely infects tumor cells, confers uninhibited tumor cell antigen 

presentation on MHC-I, and carries a payload of GM-CSF, whose expression will recruit DCs to 

the tumor90. After confirming that T-VEC was safely tolerated through phase I/II clinical testing, 

a phase III clinical trial of intratumoral TVEC administration showed a 26% overall response 

rate in unresectable melanomas and an increase in median overall survival, ultimately informing 
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FDA approval of TVEC in 2015 for the treatment of melanoma92. Currently, there are three other 

OVs approved across the world H101, ECHO-7, and Teserpaturev for the treatment of squamous 

cell cancer of the head, neck and esophagus, melanoma, and glioma, respectively93-95. Regulatory 

challenges persist as one of the greatest hurdles for the advancement of OV immunotherapy90. 

Given that this immunotherapy entails administration of live viruses, unknown biosafety issues, 

unconventional pharmacokinetics, defining appropriate clinical endpoints, and identifying 

appropriate control conditions impose unique barriers to the implementation of these trials and 

clinical treatment guidelines90,91. As OVs are biological agents, their potency, stability, purity, 

tumorigenicity, and potential for contamination by mycoplasma impose a need for stringent 

quality control testing90,91. Concern has emerged surrounding transmission of OV infection from 

a treated cancer patient to others, however this phenomenon has never been reported90. Lastly, 

OVs are some of the first cancer immunotherapies that are administered intratumorally, further 

exacerbating the previously outlined concerns.  

 

1.2.5 Adoptive Cell Therapies 

 

 Adoptive cell therapy (ACT) involves the isolation of endogenous immune cells and 

manipulating them outside of the host to enhance their anti-tumor functions. Following 

modification, these cells are then reinfused into the patient to reinforce anti-tumor effector 

functions of the immune system. It is well understood that tumor infiltrating T-cells (TILs) are 

associated with improved preclinical and clinical outcomes therefore it is unsurprising that most 

ACT involve T-cells. ACT can be broadly classified into two categories, the first is TIL therapy 

and the second is chimeric antigen receptor T-cell therapy (CAR-T). 
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TIL therapy was initially described by Rosenburg and colleagues, who successfully 

isolated and expanded activated T-cells from murine tumors ex vivo96. By extracting TILs from 

the TME, a diverse arsenal of T-cells specific to unique tumor antigens were harvested and 

expanded96. Following a 6ï8-day expansion, TILs were reinfused into tumor bearing mice and 

demonstrated potent anti-tumor at both primary and metastatic tumor sites96. Encouraging 

preclinical studies lead to phase I/II clinical trials for TIL therapy in patients with metastatic 

melanoma. In approximately half of the TIL treated patients, potent anti-tumor responses were 

observed96. Further studies isolating TILs from other solid tumors have been completed 

demonstrating varying levels of anti-tumor function97-99. TIL therapy can also extend to the 

manipulation of circulating T-cells that are non-tumor antigen specific. These cells can be 

isolated from peripheral blood and engineered to express TCRs that are specific to tumor 

antigens. Preclinical and clinical studies using T-cells engineered to express TCRs highly 

reactive to two common melanoma antigens, MART-1 and gp100, have shown promising 

results, with cancer regressions occurring in 30% of humans and 19% in mice100. Although these 

antigens are over-expressed in melanomas, they are also expressed by melanocytes. Monitoring 

of potential off target effects on healthy tissues expressing these antigens were completed and no 

major adverse events were reported and of the events that occurred, negative effects were 

treatable100.  

Cancer cells can also develop defects in antigen presentation and down regulate or lose 

the expression of MHC-I to evade immune destruction101,102. This is a significant challenge for 

TIL therapy given that TILs must identify tumor antigens on these antigen presenting molecules 

to carry out anti-tumor effector functions103,104. Additionally, extraction of TILs from one section 

of tumor tissue may result in a lack of diversity amongst T-cell clones, which may be a 
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significant barrier for the treatment of heterogenous tumors103. Despite these challenges, there 

currently several TIL candidates in clinical trials for several solid malignancies105-107, with 

Iovanceôs Lifileucil awaiting consideration for approval by the FDA for the treatment of 

advanced melanoma refractory to ICB108.  

CAR-T therapy is another ACT which involves removing T-cells from a host patient and 

engineering them with a chimeric antigen receptor (CAR) as opposed to a TCR, expanding these 

CAR expressing T-cells, and reinfusing them into the patient109. By equipping T-cells with a 

CAR, this bypasses some of the challenges associated with classical activation of an effector 

anti-tumor T-cell. The CAR is comprised of the antigen binding domain of a mAb, a hinge 

segment, and T-cell signalling domains. Thus, CARs can be designed to target specific cell 

surface markers on a tumor cell, and when encountered, CAR-T cells engage tumor cell killing 

in the absence of classical antigen presentation109. The efficacy of these therapies has 

revolutionized treatment options for hematological malignancies, namely B-cell lymphoma109,110. 

Currently, there are 6 FDA CAR-T cell therapies approved for the treatment of hematological 

malignancies including B-cell lymphoma and multiple myeloma. CAR-T cell therapies are 

limited by several factors. Given that CARs specifically recognize cell surface antigens and not 

intracellular antigens, treatment efficacy is vulnerable to the loss of tumor antigen. Like other T-

cells, CAR-T cells can become exhausted in an immunosuppressive TME, limiting their anti-

tumor efficacy and infiltrative ability, specifically in the TME of solid tumors109,110. Although 

these challenges exist, combination therapies to complement CAR-T therapy and overcome these 

barriers may improve treatment efficacy. 
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1.3 The importance of nucleic acid sensing pattern recognition receptors and Type I 

interferon signaling in cancer immunity. 

 

1.3.1 Type I interferon signaling and cancer 

 

Type I interferons are potent inflammatory cytokines that were initially characterized for 

their antiviral properties by Alick Isaacs and Jean Lindemann in the 1950s111,112. Over the last 

several decades it has become increasingly apparent that type I interferons also play a critical 

role in cancer immune surveillance113-115. There are many genes that encode type I interferons, 

but interferons alpha (IFNŬ) and beta (IFNɓ) are currently best understood in the context of 

cancer immunity113-115. The classical interferon signaling cascade occurs upon the binding of 

interferons to the IFN-Ŭ/ɓ receptor 1 (IFNAR1) on the cell surface, inducing its dimerization 

with IFNAR2 to create a transmembrane protein complex. This process activates Janus kinase 1 

(JAK1) and tyrosine kinase 2 (TYK2) resulting in the recruitment and phosphorylation of 

STAT1 and STAT2. Next, STAT1/STAT2 and interferon regulatory factor 9 (IRF9) assemble to 

create the interferon stimulated gene factor 3 (ISGF3) complex116-118. Following assembly, 

ISGF3 is translocated to the nucleus where it will interact with interferon stimulated response 

elements (ISREs) to induce protein production from hundreds of interferon stimulated genes 

(ISGs). Alternative, non-classical pathways can induce the production of proteins from ISGs 

through the mitogen-activated protein kinase (MAPK) and phosphatidylinositol 3-kinase (PI3K) 

signaling. There are hundreds of proteins produced from ISGs with diverse biological functions 

which work together to protect against pathogenic or tumorigenic invasions116-118. Some notable 

ISGs are involved in antigen presentation (MHCI-I/MHC-II), RNA/DNA sensing (OAS, IFI16, 

STING, RIG-I, MDA-5), co-stimulatory molecules (CD40, CD80), inflammatory chemokines 



 25 

(CXCL9/10) and many others116-118. The transcription level of these genes can increase from 3 to 

100-fold, contingent on cell type and interferon dose to elicit potent anti-tumor activity117.  

 

1.3.2 Type I interferon and cancer immunotherapy 

 

In the 1960s, Gresser and colleagues demonstrated that prepared type I interferons 

administered to mice bearing virally induced Friend or Rausher leukemia delayed tumor 

progression119,120.  As these tumors were virally induced, it was suggested that perhaps tumor 

development was delayed because of impaired viral multiplication by the interferons. However, 

it was unknown if the interferons restricted proliferation of virally infected tumor cells. To 

address this, Gresser and colleagues completed additional studies in 1969 assessing the impacts 

of interferons on cell line engrafted tumors which were derived from virally induced tumors. 

Mice were inoculated with RC19 or EL4 tumors and received daily injections of prepared type I 

interferons121. There were no significant differences in survival between control and treated EL4 

tumor bearing mice, but a significant survival extension was observed in the RC19 tumor bearing 

interferon treated mice, with 98% surviving longer than 60 days121. These preclinical in vivo 

studies were complemented by in vitro work emphasizing that type I interferon administration to 

various human and murine cancer cell lines reduced the proliferation of malignant cells121,122. 

Taken together, these seminal studies provided strong evidence that type I interferons antagonize 

tumor growth and can facilitate clearance of virally or non-virally induced neoplasms.  

These preclinical studies garnered significant excitement and lead to the development of 

clinical trials for the treatment of cancer with type I interferons. In 1984, purified IFNŬ2 was 

tested in patients with hairy cell leukemia (HCL) resulting in full or partial remission in all seven 

of the treated patients123. In 1995 a long-term follow-up study of 55 HCL patients treated with 
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IFNŬ2, a tendency for relapse was observed 1-year following therapy, although 28% of treated 

patients remained in remission 6 years after therapy124. Following these initial clinical trials, the 

effectiveness of type I interferon therapy has been extended to other malignancies and was 

ultimately the first FDA approved immunotherapy for cancer in 1986117,125,126. Although 

encouraging results were obtained from these clinical trials, recent advances in cancer 

immunotherapy including the development of small molecule and antibody-based therapeutics 

have overshadowed the effectiveness of IFNŬ2 immunotherapy for most cancers117. Moreover, 

the administration of exogenous type I interferons has been associated with adverse systemic 

effects which have reduced the clinical use and interest in this therapy117. Therefore, further 

investigation into limiting toxicity and adverse events associated with this treatment strategy are 

required for type I interferon immunotherapies.  

  

1.3.3 Endogenous producers of type I interferons ï Pattern recognition receptors 

 

Pattern recognition receptors (PRRs) are sensors of cellular damage and pathogenic 

invasion that play an important role in proper functioning of the innate immune system30,118,127. 

Upon detection of microorganisms or damage, these sensors will elicit an inflammatory 

response, with each sensor signaling in response to a specific threat to the host30,118,127. PRRs can 

detect pathogen associated molecular patterns (PAMP) and endogenous damage associated 

molecular patterns (DAMP)30,118,127. It is well established that exogenous intracellular nucleic 

acids are considered PAMPs while endogenous intracellular nucleic acids are DAMPs, both of 

which induce potent type I interferon signaling upon detection by PRRs. These PRRs include 

toll-like receptors (TLR), retinoic acid inducible gene I like receptors (RLR), or DNA 

sensors30,118,127. These agents can all detect unique intracellular threats and subsequently induce 
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type I interferon signaling through different adaptor proteins. In recent years, TLR, RLR, and 

DNA sensors such as the cGAS-Stimulator of interferon genes (STING) pathway have been 

investigated preclinically for their abilities to stimulate anti-tumor immunity through endogenous 

type I interferon production.  

 

1.3.4. Toll-like receptors  

 

There are four primary TLRs that produce type I interferon in response to nucleic acids, 

and they are all located within the endosomes of the cell. These TLRs include TLR3, TLR7, 

TLR8, and TLR9128-130. TLRs can be found in a variety of cells including macrophages, DCs, 

NK cells, mast cells, stromal cells, lymphocytes, and tumor cells. However, specific TLRs can be 

preferentially expressed in certain cell types128-130. All  TLRs induce type I interferon production 

but elicit this signaling through the recruitment of different adaptor proteins. TLR3 detects 

double stranded RNA and recruits the adapter protein TIR domain-containing adaptor inducing 

interferon beta (TRIF) to propagate a signaling cascade through tumor necrosis factor receptor-

associated factor (TRAF) and the Iəə complex to activate IRF3/7 and NF-əɓ to induce the 

transcription of IFNŬ/ɓ and pro-inflammatory cytokines, respectively128-130. TLRs 7 and 8 detect 

single stranded RNA produced by viruses and bacteria, while TLR9 detects unmethylated CpG 

motifs found on viral and bacterial DNA. These TLRs all signal through the adaptor protein 

myeloid differentiation protein 88 (MyD88) and engage downstream signaling through TRAF3 

to induce translocation of IRF3/7 and NF-əɓ to the nucleus to induce transcription of type I 

interferons and inflammatory cytokines128-130.  

Agonists of nucleic acid sensing TLRs have been tested in preclinical and clinical 

settings for anti-tumor efficacy. Additionally, it has been reported that decreased expression of 
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TLRs can correlate with poorer prognosis and disease outcomes for cancer patients128-130. Given 

their ability to produce a robust type I interferon response, TLR agonists have been considered 

for applications as cancer vaccine adjuvants, and in combination with other therapies. Several 

TLR agonists have been investigated for cancer immunotherapy, including TLR3 activating 

polyI:C, polyI:C plus polylysine (poly(ICLC)), and polyA:U, TLR7 activating Imiquimod, TLR8 

Motolimod, and TLR9 activating CpG adjuvant128-130. At this time, the only agonist approved for 

clinical use by the FDA is Imiquimod, a TLR7 agonist administered as a topical cream for the 

treatment of cutaneous basal cell carcinoma131. Preclinical and clinical studies to understand the 

efficacy of TLR agonist therapy for cancer is ongoing, with varying levels of success as 

monotherapies or in combination with other cancer immunotherapies which has been reviewed 

elsewhere113,132-135. Other non-nucleic acid sensing TLRs are also under investigation for their 

ability to incite an anti-tumor response.  

Although TLRs exhibit anti-tumor properties, it has also been convincingly reported that 

TLRs can promote tumor cell invasion, proliferation, immune evasion, and resistance to 

apoptosis128-130. Thus, striking the balance between the anti-tumor and pro-tumor properties of 

type I interferon signaling mediated by TLRs and identifying which TLRs have a greater 

association with pro- or anti- tumor inflammation must be considered for clinical applications.  

 

1.3.5 Retinoic acid inducible gene-I like receptors  

 

 RLRs are cytosolic intracellular PRRs that play a key role in host defenses against viral 

RNA and can elicit an antiviral immune response upon detection of these pathogens. There are 

three known members of the RLR family, which includes RIG-I, MDA5, and laboratory of 

genetics and physiology (LGP2)136,137. Currently, RIG-I and MDA5 are best understood136. RIG-
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I is known to signal in response to short double stranded RNA and single stranded RNA, while 

MDA5 binds to long double stranded RNA and messenger RNA lacking 2ôO-methylation136,137.  

 When pathogenic RNA is detected by RIG-I or MDA5 in the cytosol of a cell, 

engagement with the adaptor protein mitochondrial antiviral signaling protein (MAVS) 

occurs136,137. As a result, MAVS will activate tank binding kinase 1 (TBK1) and the IKK 

complex to induce translocation of IRF3/7 and NF-əɓ to the nucleus to induce transcription of 

type I interferons and pro-inflammatory cytokines, respectively. Although less studied, LGP2 is 

an RLR that is known to inhibit RIG-I and support MDA5 signaling to bolster the type I 

interferon response136,137.  

 Similar to TLRs, there are multiple ongoing preclinical and clinical studies involving 

RLR agonists as monotherapies and in combination with other cancer therapies136,137. As part of 

their anti-tumor mechanism, RLRs can induce tumor cell apoptosis in both an interferon 

dependent and independent fashion/caspase-3 dependent fashion. RLRs can be activated for 

cancer immunotherapy applications in various ways, including direct agonism of RLRs, 

oncolytic viruses, agents that mimic viruses, and radio/chemotherapy136,137. RLR agonists 

currently under investigation include synthetic 5ôppp RNA, poly(I:C), bifunctional 5ô-pp siRNA, 

and synthetic dsDNA (poly(dAdT))136. At this time, there are no RLRs approved by the FDA for 

the treatment of cancer. The progress of RLR related immunotherapies in clinical trials have 

been discussed elsewhere136,137.  

 

1.3.6 DNA sensors  

 

 As the accumulation of cytosolic double stranded DNA is a characteristic of cancer cells, 

understanding the role of cytosolic DNA sensors in cancer immunity has gained attention. There 
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are several DNA sensors that exist in the cytosol of mammalian cells that elicit type I interferon 

production by signaling through the adaptor protein, STING138,139. These sensors include DNA 

dependent activator of interferons (DAI), dead-box helicase 41 (DDX41), interferon gamma 

inducible protein 16 (IFI16), double strand break repair nuclease (MRE11), DNA dependent 

protein kinase (DNA-PK), and cyclic GMP-AMP synthase (cGAS)138,139. Canonical signaling of 

type I interferons from the cGAS-STING axis is best understood. STING is an intra-cellular 

receptor which plays a key role in host immune defences140-142. It is a 379 amino acid protein 

located on the endoplasmic reticulum which is expressed on a wide variety of immune and non-

immune cell types including DCs, macrophages, T-cells, and endothelial cells141,143. STING 

plays a crucial role in detecting foreign aberrant DNA and cyclic dinucleotides in the cytosol and 

represents a mechanistic link between the innate and adaptive immune systems140,142,143. Upon 

recognition of these entities, STING activation elicits potent type I interferon and pro-

inflammatory responses. Under a normal basal state, the STING protein resides as a dimer with a 

C-terminus projecting towards the cytosol140,141.  

When energy sources including ATP and are available, cGAS will bind to DNA in the 

cytosol to produce the natural ligand of STING, 2ô3ô cyclic GMP-AMP (cGAMP). Upon 

detection of cGAMP, STING will becoming activated and oligomerize. Following activation, 

STING will travel to the perinuclear Golgi via coatomer protein complex II (COP-II ) vesicles in 

the ER-Golgi intermediate compartments where it will recruit TBK1, which will auto-

phosphorylate, phosphorylate STING, and recruit IRF3144. Upon recruitment, IRF3 will be 

phosphorylated by TBK1, enabling its dimerization, and stimulating its translocation to the 

nucleus for transcription of IFNɓ and other ISGs143,145,146. Simultaneously, STING will activate 

the IKK complex which induces the activation of NF-əɓ to the nucleus for transcription of pro-
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inflammatory cytokines including TNFŬ and formation of autophagosomes144-147. At the 

conclusion of this cascade, STING undergoes lysosomal degradation or upon interaction with 

SURF4 and minimal cGAMP stimulation STING can re-localize to the ER via COP-I vesicles144. 

Another outcome of STING activation is autophagy, a biological process in which cytosolic 

elements within the cell are sequestered in autophagosomes, degraded, and recycled. Thus, 

autophagy can negatively regulate STING signaling and functions as a defence mechanism in the 

context of anti-viral immunity by eliminating damaged organelles or invasive pathogens148,149,144.  

 

Figure 1.2 - Type I interferon signaling from STING pathway activation. Adapted from Decout 

2021 and Barber 2015141,144. 
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1.4 STING immunotherapy 
 

1.4.1 Preclinical advances in STING immunotherapy 

 

It has been shown that STING plays an important role in the CI cycle150. When a cancer 

cell dies, its cancer antigens become exposed. STING is involved in the progression of the CI 

cycle and contributes to the development of tumor immunologic memory150,151. STING 

signalling participates in the CI cycle by activating DCs to promote presentation of tumor 

antigens to T-cells in the TdLN to facilitate antitumor T-cell priming142,143. STING activation has 

also been shown to induce interferon independent stress response pathways that can result in 

regulated cell death in cancer cells specifically152. Interestingly, it has been shown that STING is 

a critical PRR for inducing anti-tumor T-cell responses. In an immunogenic B16.SIY melanoma 

model that is known to induce spontaneous T-cell mediated tumor clearance, transgenic mice 

lacking MAVS, MyD88, TRIF, TLR4, TLR3, or TLR9 maintained the T-cell mediated tumor 

clearance phenotype, but in STING deficient mice, anti-tumor T-cell responses were lost and 

tumor growth was observed153. Therefore, in the context of tumor clearance, it appears that 

STING is a critically important PRR in cancer immunity. 

One of the most well studied STING agonists is 5,6-dimethylxanthenone-4-acetic acid 

(DMXAA). DMXAA is both considered a vascular disrupting agent and a STING agonist154.  

DMXAA initially gained attention given its ability to uniquely dismantle tumor vasculature, 

which to this day remains poorly understood154. Shortly after i.p. administration of DMXAA, 

observable increases in endothelial cell apoptosis, decreased blood flow, increased permeability 

of tumor vasculature, and increased levels of TNFŬ have been reported155,156. Additionally, 

DMXAA potently stimulates type I interferon production by binding to STING in mice. In 

several mouse models of cancer, DMXAA has produced durable anti-tumor responses including 
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B16 melanoma, 4T1 breast cancer, TRAMPC2 adenocarcinoma, and Ag104L fibrosarcoma151. 

Exciting studies using the KP model of STS which is a lymphocyte poor, macrophage rich, and 

resistant to ICB157, showed that DMXAA could induce survival in 50-75% of KP sarcoma 

bearing mice, with 100% of surviving mice demonstrating protection against a re-inoculation of 

tumor cells158.  Although DMXAA remarkably induces potent anti-tumor activity in mouse 

cancers, it was not until after DMXAA reached phase III clinical trials that it was discovered that 

DMXAA is incapable binding and activating human STING which is believed to be due to 

interspecies differences in the binding pocked and lid region of STING159-161.  

Recently, alternative approaches to activate both human and mouse STING pathways 

using synthetic cyclic dinucleotide analogues have been investigated as an anti-cancer 

therapeutic151. In 2015, Aduro Biotech created a synthetic cyclic dinucleotide; ADU-S100, 

capable of activating all five known isoforms of STING with enhanced binding affinity. This 

study showed impressive tumor clearance in B16 melanoma, CT26 colon carcinoma, and 4T1 

mammary carcinoma when administered intratumorally151. Excitingly, surviving mice re-

challenged with an additional inoculation of tumor cells demonstrated 100% clearance of the re-

challenge. The survival phenotype appeared to be STING dependent, given that transgenic 

STING-/- mice bearing B16 melanoma tumors were unable to demonstrate tumor clearance 

following treatment151. Further studies by Sivick and colleagues using ADU-S100 showed that 

following treatment, mice developed specified tumor antigen T-cell immunity and the anti-tumor 

effects of this therapy were enhanced when combined with anti-PD-1 ICB151. Furthermore, 

higher doses, such as 3x500µg of ADU-S100 produced an ablative T-cell response162. Although 

these mice were cured of their initial disease, when re-challenged with the tumor cell line, they 

were unable to confer the same extent of protection as the lower and more immunogenic doses of 
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ADU-S100162. Additionally, in mice re-inoculated with tumor cells, it was shown that adaptive 

immunity was conferred, and appeared to be CD8+ T-cell mediated, as the majority of mice who 

received a CD8-depleting antibody were unable to reject the re-challenge162.  

Another recently developed human and murine non-nucleotide STING agonist has been 

investigated named MSA-2163. This molecule was identified via cell free assay screening of 

molecules which elicit INFɓ secretion and displays a binding affinity for both human and mouse 

STING143,163. Unlike cyclic dinucleotide STING agonists, non-nucleotide STING agonists like 

MSA-2 can be administered systemically without inducing inflammatory cytokine elevation in 

both normal and tumor tissues163,164. As STING is broadly expressed across various cell types, 

cyclic dinucleotides are restricted to exclusively i.t. administration to ensure a type I interferon 

response does not take place in normal tissues. However, MSA-2 is unique in that it displays 

high tumor specificity and greater cellular potency in acidic tumor environments, effectively 

excluding non-malignant tissues due to this mechanism of action163,164. In the Pan et al 

introductory study of MSA-2, it was reported that the drug can be successfully administered i.t., 

subcutaneously, and orally to produce an anti-tumor response in murine MC38 tumors. 

Additionally, Pan et al studied four different murine cancers with a combination of MSA-2 and 

anti-PD-1 immune checkpoint blockade therapy and discovered that the combination therapies 

increased survival and CD8+ T-cell infiltration in the TME. Finally, 95% of the mice treated 

with MSA-2 that completely eradicated their primary MC38 tumors were rechallenged with a 

second inoculation of tumor cells and demonstrated complete rejection163,164.  

In 2021 Eisai developed the novel macrocycle bridged STING agonist E7766165. This 

agonist demonstrated pan genotypic activity across all major human STING variants and induced 

anti-tumor immunity with a protective effect in a CT26 metastatic mouse liver tumor model, as 
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77% of re-challenged mice remained disease free following re-challenge165. Further preclinical 

studies have been extended to a mouse model of non-muscle invasive bladder cancer 

emphasizing the powerful anti-tumor properties of E7766, with 100% of treated mice eradicating 

their primary tumors166.  

Although there are several small molecule STING agonists under preclinical 

investigation, a recent study developed an mRNA vaccine encoding the constitutively active 

mutation V155M of STING as a promising immunotherapeutic adjuvant167. Gain of function 

mutations in STING are associated with the autoinflammatory disease STING associated 

vasculopathy with onset in infancy (SAVI). When these mutations occur, there is constitutive 

trafficking of STING to the Golgi, resulting in constant production of type I interferon in the 

absence of a STING activating ligand144. As a result, patients with the SAVI phenotype can 

present with ulcerative skin lesions, fevers, vasculitis, myositis, and pulmonary inflammation 

disease167,168. A number of these mutations have been identified, including N154S, V155M, 

V147L, G207E, R281Q, R284S. Tse and colleagues sought to enhance the efficacy of their 

existing mRNA cancer vaccine encoding oncoproteins E6 and E7 in their murine tumor model 

by inducing selective activation of type I interferon signalling to enhance anti-tumor CD8+ T-

cell responses167. To find the best adjuvant, B16F10 cell lines were transfected with various 

constitutively active STING mutants and STINGV155M emerged as the most potent inducer of 

type I interferon167. Excitingly, administration of mRNA encoded STINGV155M alongside the 

cancer vaccine increased CD8+ T-cell responses, reduced HPV+ TC-1 tumor growth, and 

increased survival in treated mice167.  
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1.4.2 STING signalling in the tumor microenvironment 

 

It is well understood that STING signaling in the TME can shift tumor phenotypes to 

become more immune inflamed in preclinical studies, namely through the induction of increased 

effector T-cell infiltration151,154,158,162,169. STING signaling can result in varying outcomes 

depending on the cell type. However, there is a lack of consensus in the literature concerning the 

role of STING signaling specifically in tumor cells.  

One Hallmark of cancer is genome instability and mutation40. Chromosomal instability is 

a type of genome instability which enables cancer cells to readily adapt. As a result of 

chromosomal instability, aberrant DNA from micronuclei and chromosomal bridges accumulate 

in the cytosol of malignant cells which can subsequently induce STING pathway signaling upon 

detection by cGAS170. To escape this vulnerability, it is plausible to believe that cancer cells may 

evolve to reduce STING expression. Indeed, studies have shown that some cancers harbor 

mutations in STING or cGAS, effectively suppressing type I interferon production to promote 

tumorigenesis171-173. However, it has also been reported that STING signaling in tumor cells can 

induce tumor cell senescence, engage apoptotic pathways, and increase tumor cell antigenicity in 

some cancer types, but this has not been consistently observed across malignancies171,172,174,175.  

A 2019 study examining human melanoma cell lines indicated that some of these cell lines were 

capable of engaging STING signaling which increased the antigenicity of malignant cells and 

sensitized them to lysis by lymphocytes as a result of MHC-I upregulation175. Moreover, 

melanoma cell lines modified to lack STING expression were less susceptible to lymphocyte 

mediated killing 175. Conversely, other evidence has emerged showing that chronic STING 

signaling in tumor cells from an accumulation of DNA can promote tumorigenesis, recruitment 

of immunosuppressive cell types and encourage tumor metastasis176-179. Further investigation of 



 37 

STING signaling in tumor cells is required to understand the implications of this signaling 

pathway in both pro- and anti-tumor contexts.  

 It has been shown that STING activation can lead to cell death in monocytes, T-, and B-

cells, specifically leading to dysfunction, and impaired memory responses in T- and B- cell 

types180-183. It has been shown that intrinsic STING expression and signaling in NK cells 

enhances the anti-tumor activity in addition to maintaining a population of memory-like TCF-1+ 

NK cells in the TME184,185. Additionally, STING activation in the TME can reprogram 

immunosuppressive cell types, including myeloid derived suppressor cells (MDSC) and pro-

tumor macrophages, to exhibit an anti-tumor phenotype169,186,187. Indeed, STING expression and 

activation in DCs promotes maturation, antigen processing, and presentation to CD8+ T-cells150. 

Further, studies have demonstrated that STING activation specifically in endothelial cells can 

induce normalization of tumor vasculature and improve T-cell infiltration in the TME in a type I 

interferon dependent fashion188-190.   

Given the diverse impacts of STING signaling across cell types, further studies of the 

consequences of STING signaling in various cellular compartments of the TME must be 

completed to contextualize the impacts of this immunotherapy in different cancers.  

 

1.4.3 Clinical trials for STING immunotherapy  

 

 At this time, published results are available for a phase I and Ib clinical trial for ADU-

S100 lead by Novartis. The phase I clinical trial assessed dose escalation of ADU-S100 in 

patients with advanced/metastatic solid malignancies or lymphomas191. Patients received weekly 

i.t. doses of ADU-S100 ranging from 50-6400µg. Pharmacokinetic studies indicated that ADU-

S100 is rapidly metabolized, with a plasma absorption half-life of 24 mins191. All doses were 
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well tolerated with only 1/47 patients experiencing treatment related adverse events191. One 

confirmed partial response was reported in a patient at the 100µg dose level, and two other 

unconfirmed partial responses were noted191. Additionally, it was indicated that following 

therapy there was an increase in PD-L1 expression by tumor cells in 11/39 of tumors that were 

assessed. Simultaneously the phase Ib study took place in 106 patients with advanced solid 

tumors and lymphomas treated with ADU-S100 in combination with the PD-1 inhibitor 

Spartalizumab. An overall response rate (ORR) of 10.4% was observed with minimal adverse 

events192. 

Merck has also produced a synthetic cyclic dinucleotide; MK-1454 which has 

demonstrated encouraging phase I clinical trial data. A total of 6 patients demonstrated partial 

response (24%) with targeted lesions reducing by a median proportion of 83%193. The agonist 

was relatively well tolerated with the most common adverse event being pruritis193. MK-1454 in 

combination with pembrolizumab progressed to a phase II trial as a first line therapy for 

metastatic squamous cell carcinomas of the head and neck, but results have yet to be reported 

(NCT04420866).  

 Phase I clinical trials are also ongoing for other CDN derivatives including E7766, BMS-

986301, and BI 1,387,446 have begun as monotherapies or in combination with ICB194. MSA-2 

has yet to enter the space of clinical trials. Currently, there are no clinical results for E7766. Eisai 

had started a trial for NMIBC, but it was terminated in 2020 due to challenges in patient 

recruitment. Another E7766 trial for advanced solid tumors or lymphomas has recently ended in 

2022 with results from the study pending (INSTAL-101)194.  
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1.5 Soft Tissue Sarcoma ï Aggressive Cancers with Limited Therapeutic Options 

 

1.5.1 Sarcoma  

 

 Sarcomas are a diverse group of solid malignancies of mesenchymal lineage195,196. These 

cancers arise from tissues such as bone, muscle, adipose, cartilage, and other connective tissues. 

Compared to other cancers sarcomas are rare, representing less than 1% all cancer diagnoses197. 

However, sarcomas account for approximately 15-20% of solid malignancies in children and 

young adults195-197. Broadly, sarcomas can be separated two histologic categories: soft tissue 

sarcomas (STS) and bone sarcomas198. Bone sarcomas originate in bone progenitor cells and are 

most common in children and young adults199,200. Bone sarcomas are chemotherapy sensitive and 

are typically treated with high-dose chemotherapy and surgical resection199,200. STS arise from 

muscle, fat, and cells of fibrous lineage. STS are more common than bone sarcomas, comprising 

76% of all sarcoma diagnoses and affect individuals of all ages. Unlike bone sarcomas, most 

STS are highly resistant to most systemic chemotherapies, with the exception of pediatric 

rhabdomyosarcoma and gastrointestinal stromal tumors (GIST)201.  

There are approximately 80 histological subtypes of STS202. Despite this diversity, STS 

frequently present as a rapidly progressing mass of soft tissue in the extremities, pelvis, or 

retroperitoneum196,203,204. High grade metastatic STS such as undifferentiated pleomorphic 

sarcoma (UPS) are challenging to treat as they grow rapidly and frequently metastasize196,203,205. 

The lung is the most common visceral organ affected by both bone and STS metastases. UPS is 

the one of the most frequent adult STS and is a highly aggressive disease. UPS is resistant to 

systemic chemotherapies, and has a strong propensity to metastasize, which becomes rapidly 

fatal in patients with advanced disease206,207. Upon diagnosis, approximately 10-15% of 
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individuals with high grade STS will present with lung metastases with an additional 25% of 

treated patients developing subsequent metastatic disease after or during treatment206,207. The 

percentage of patients who develop metastases can increase from 25% to 40-50% when the size 

of the initial primary STS tumor exceeds five centimeters208,209. Currently, there are no curative 

treatment options for individuals with metastatic UPS.  

 

1.5.2 Disease management of soft tissue sarcoma 

 

The current standard of care for UPS and other STS subtypes includes en bloc surgical 

resection of the tumor mass and high-dose external beam radiation therapy210. Depending on the 

location of the tumor, surgical interventions and radiotherapy strategies can vary211. As the 

majority STS subtypes are resistant to systemic therapies, sarcoma remains a surgical disease.  

Curative intent surgical management often requires large and morbid en bloc tumor resections 

resulting in significant loss of bone, muscle, articular structures, permanent musculoskeletal 

disability, and difficulties restoring limb function212. Furthermore, unresectable metastatic 

sarcoma is universally fatal, with a median survival of 12-16 months213. For these reasons, novel 

and innovative treatments for STS are desperately needed.  

 

1.5.3 Tumor microenvironment of soft tissue sarcoma 

 

 Understanding the TME is integral for identifying the success and failures across a range 

of immunotherapeutic strategies214. For sarcomas, the TME is believed to be a major contributor 

to immunotherapy insensitivity. Many structures exist in the microenvironment of the tumor 

including extracellular matrix, tumor cells, blood vessels, fibroblasts, chemokines, cytokines, and 

tumor infiltrating immune cells215. High proportions of myeloid cells, including tumor associated 
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macrophages (TAM) or MDSCs typically contribute to an immune suppressive TME and 

facilitate tumor proliferation215.  In contrast, tumors enriched in spontaneous lymphocytic 

infiltrates are often associated with a better prognosis and are much more sensitive to certain 

immune based therapies including ICB215. In a study completed by Petitprez et al, this group 

utilized transcriptomic profiling of human STS to characterize and define the STS TME and how 

these immune profiles influence responsiveness to ICB23. This classification strategy is referred 

to as the sarcoma immune class (SIC) system in which STS can be defined as immunologically 

cold (SIC A and SIC B), highly vascular (SIC C), and immune enriched (SIC D and E)23.  The 

majority of UPS were SIC- A and B, and numerous subtypes were identified in each category, 

reinforcing the heterogeneity that exists within STS. Tumors that are identified as SIC A or SIC 

B generally contain fewer than 30% of immune cells as a percentage of total cells within the 

mass, with the vast majority being macrophages23. These findings are consistent with reports in 

the literature highlighting the abundance of myeloid cells, namely macrophages, in the STS 

TME216-218. SIC A, B, and C STS were not responsive to ICB while the SIC D and E phenotypes 

were associated with some degree of responsiveness to ICB23. It is also worth noting that 

responsiveness to ICB was found to related to the presence of B cells and TLS in this cohort of 

STS patients23. The success of an immunotherapeutic strategy is largely determined by the 

proportion of T lymphocytes, particularly tumor infiltrating lymphocytes (TILs) found within the 

TME23. For example, tumors with higher numbers of T-cells are reported to respond well to 

ICB214. Relative to melanomas and renal cell carcinomas, STS generally have a decreased ratio 

of TIL per gram of tumor tissue219. Higher TIL counts are often correlated to progression/disease 

free survival219. In most cancers, an increase in proportions of CD3+ and CD8+ TILs are 

associated with improved disease prognosis219,220. Although this concept remains controversial in 
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the sarcoma literature as in a study of 249 STS completed by Sorbye et al, low CD3+ and CD4+ 

TILs detected via immunohistochemistry, were associated with improved survival220. Generally, 

STS are characterized by having very few TILs in their TME, which is considered one of the 

greatest hurdles to overcome for improving immunotherapeutic responses in this disease. Given 

that ~65% of STS tumors are considered non-inflamed or immunologically cold, 

immunotherapeutic strategies that can shift the TME of these tumors towards a more inflamed 

phenotype will be essential23.  

 

1.5.4 Clinical immunotherapy studies in soft tissue sarcoma 

 

Although the previously described immunotherapeutic strategies have improved clinical 

outcomes for various solid cancers, they remain largely ineffective against advanced 

sarcomas221. In a multicentre phase II clinical trial evaluating the Pembrolizumab in patients with 

sarcoma (SARC028), only 18% of treated patients had an ORR to the therapy (7/40)222.  In UPS 

and liposarcoma (LPS) expansion cohorts of SARC028, ORR of 23% and 10% were observed, 

respectively 223. Nivolumab has been studied in a variety of STS subtypes, showing that over 

50% of individuals treated did not experience a therapeutic benefit, and only 2/24 participants 

with STS partially responded to the treatment224. Encouraging responses to ICB therapy have 

been seen in patients with alveolar soft part sarcoma (ASPS), an ultra-rare sarcoma driven by the 

translocation derived fusion protein ASPL::TFE3. Over 150 patients with ASPS have undergone 

study in clinical trials targeting the PD-1/PD-L1 axis221. Most recently, a phase II clinical trial 

testing Atezolizumab (anti-PD-L1) showed impressive ORR in 16/37 ASPS patients, leading to 

the approval of this therapy for patients with unresectable or metastatic ASPS by the FDA on 
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December 9th, 2022221,225. Although very exciting, further work is required to understand which 

ASPS tumors will and will not respond to these therapies. 

Other combination therapy trials have been undertaken for STS, with some showing 

encouraging results for specific STS subtypes. One phase II clinical trial testing Nivolumab as a 

monotherapy and in combination with Ipilimumab in patients with metastatic STS showed that 

5% of patients receiving only Nivolumab and 16% of combination therapy treated patients had 

complete responses, ultimately supporting the combination regimen for further study226. Further 

analyses from expansion groups within the previous study were completed for UPS and de-

differentiated liposarcoma, showing 6-month response rates of 14%227. Interestingly, in a phase 

II clinical trial assessing the combination of a VEGF inhibitor (Axitinib) and Pembrolizumab in 

patients with advanced STS showed an ORR of 58% in patients with ASPS225. However, this 

was not consistent across all subtypes of STS in this cohort, as ORRs were 21% in the remaining 

patients in the study225. In 2020, results of a phase II  clinical trial for advanced STS with anti-

PD-1 (Nivolumab) in combination with the tyrosine inhibitor Sunitinib were reported, indicating 

a progression free survival of 48% at 6 months and an ORR of 21% which included five different 

subtypes of STS228. In May of 2022 exciting results came out PEMBROSARC, a multicentre 

phase II clinical trial in patients with advanced STS testing Pembrolizumab in combination with 

low dose cyclophosphamide chemotherapy229. In this cohort, 48 of the 240 patients recruited 

were positive for the presence of TLS. Of TLS patients that were eligible for evaluation, 30% 

showed an objective response, paired with a clinical benefit response of 63%. This finding was 

staggering as analyses of all patients showed an objective response of 2%, reinforcing the 

influence of TLS on STS and treatment outcomes229. Further clinical studies evaluating 
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Nivolumab and Relatlimab (NCT04095208), another ICB for the negative immune regulator, 

LAG3 is ongoing studying sarcoma patients enriched for TLS221. 

TIL therapy is also undergoing clinical trials for STS. Although STS typically have few 

TILs, it was demonstrated by Mullinax and colleagues that extraction of TILs from the STS 

TME is possible and that the TILs retain tumor-specific reactivity230. Phase I and phase II TIL 

therapy clinical trials for sarcoma are currently taking place221,231. 

Recently, clinical trials investigating two TCR therapies specific to CTAs MAGE and 

NY-ESO-1 have emerged for two subsets of STS, synovial sarcoma and myxoid liposarcoma. It 

has been shown that these CTA are homogenously expressed across these two subsets of STS. 

Afamicel and Letecel are engineered therapies consisting of autologous CD4+ and CD8+ T-cells 

designed to express a TCRs recognizing MAGE-4 and NY-ESO-1, respectively, bound to HLA-

A*02 to elicit killing of tumor cells expressing these antigens in synovial sarcoma and myxoid 

liposarcoma. Results from the phase I clinical trial of Afamicel revealed that 36.2% of MAGE-

A4+ patients demonstrated an objective response232. Further exciting preliminary results were 

reported from the phase I clinical trial of Letecel, excitingly showing ORR ranging between 20-

50%233,234. 

CAR-T therapy is also under investigation for STS. In a phase I clinical trial of 

autologous HER2+ CAR-T cells administered following lymphodepletion, it was shown that the 

therapy had a strong safety profile235. Excitingly one patient with rhabdomyosarcoma had a 

complete response for 12 months, with relapse occurring 6 months following the conclusion of 

therapy235. This patient was subsequently re-enrolled, re-treated, and maintained a complete 

response for 15 months235. Additionally, another patient with osteosarcoma had a complete 
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response for 32 months235. Further studies are ongoing for CAR-T therapy in STS, targeting 

various tumor cell surface molecules, including EGFR, GD2, and PDGFRŬ221.  

In recent years, great strides have been made in the space of cancer immunotherapy for 

specific STS subtypes, although they have yet to be extended to some of the most common 

subtypes of the disease, including UPS. The previously completed and ongoing clinical trials will 

provide valuable insight into applications for new immunotherapies across several subtypes of 

STS, although the discipline of cancer immunotherapy for sarcoma is lagging behind other 

cancer histologies236,237. Therefore, continued preclinical investigation of novel and innovative 

treatment strategies to overcome the immunosuppressive TME of STS are required.  

 

 1.6 Project rationale, hypothesis, and specific aims 

  

Currently, immunotherapies for STS are lacking and have yet to be reliably expanded to 

one of the most common subtypes of the disease, UPS. One of the greatest hurdles in the 

immunotherapeutic treatment of STS lies in the immunosuppressive TME of these tumors. 

STING immunotherapy has shown impressive anti-tumor responses preclinically but assessment 

of the efficacy of clinically relevant STING therapies in STS have not been completed. Further, 

evaluation of STING signalling has never been assessed in the various cellular compartments of 

the STS TME.   

This project aims to fill these literature gaps to deepen our understanding of the 

application of STING immunotherapy for STS. This is the first study to compare the 

immunogenic impacts of three classes of translational small molecule STING agonists (ADU-

S100 (CDN), MSA-2, and E7766) and an hSTINGN154S gene therapy in a murine model of 

STS. Additionally, this project contributes to the characterization of the STS TME in response to 
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STING therapy to provide insight into what cell types are critical contributors to STING 

signalling which has not previously been done.  

The central hypothesis for this project is that STING agonism via clinically relevant 

small molecule STING agonists, and expression of the mutant hSTINGN154S protein will 

promote immunogenic responses in a murine model of UPS.  

 

 

Figure 1.3 - Translational STING immunotherapies may induce immunogenic modulation in the 

tumor microenvironment of undifferentiated pleomorphic sarcoma. (Figure generated with 

BioRender). 
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AIM 1: To determine the therapeutic efficacy of multiple small molecule STING agonists in a 

murine model of UPS.  

Hypothesis 1: CDN, MSA-2, and E7766 will elicit similar immune mediated UPS tumor 

modulation and clearance to DMXAA due to STING activation.  

  

AIM 2: Characterizing the importance of STING signaling profiles in tumor and non-tumor 

compartments of the UPS TME.  

Hypothesis: STING signaling in non-malignant host cells is required for immunogenic tumor 

responses and not UPS cells.  

 

AIM 3: Exploring an alternative approach to STING therapy through the forced expression of 

the hSTINGN154S protein. 

Hypothesis 3: An hSTINGN154S-IRES-eGFP plasmid will be forcibly expressed by HEK293T 

and TAO1 UPS cells and will be capable of stimulating type I interferon production.  

 

 

For this thesis, the results from each aim will be described in a dedicated chapter. Aim 1 will be 

addressed in chapter 3, aim 2 will be addressed in chapter 4, and aim 3 will be addressed in 

chapter 5.  
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2. Chapter 2 ï Materials and Methods 

2.1 Materials  
 

2.1.1 Materials and reagents 

Table 2.1 - Materials and reagents 

Company Product Name Catalogue 

Number 

Experimental Use 

Gibco RPMI-1640 (1X) 22400-089 Cell Culture 

Gibco DMEM (1X) 11965-092 Cell Culture 

Gibco 0.25% Trypsin-EDTA (1X) 25200-072 Cell Culture 

Gibco Fetal Bovine Serum (FBS) 12483-020 Cell Culture 

Gibco Penicillin Streptomycin 15140-122 Cell Culture 

Gibco Hankôs Balanced Salt 

Solution (1X) 

14025-092 Cell Culture 

Sigma-Aldrich Dulbeccoôs Phosphate 

Buffered Saline (PBS) 

D8537-500ML Cell Culture 

Gibco Opti-MEM Reduced Serum 

Medium (1X) 

31985-070 Cell Culture 

Sigma-Aldrich KAPA hot start mouse 

genotyping kit 

KK7352 PCR 

Fisher Bioreagents Agarose BP160-500 PCR/Cloning 

DIFCO Luria-Bertani (LB) broth 266610 Cloning 

VWR Molecular Biology Water 02-0201-1000 PCR/Cloning 

New England 

Biolabs 

EcoRI  R0101L Cloning 

New England 

Biolabs 

Quick CIP M0525S Cloning 

New England 

Biolabs 

T4 DNA Ligase M0202S Cloning 

Sigma Aldrich Ampicillin sodium salt A9518-5G Cloning 

Sigma Aldrich Crystal violet C3886-25g Cloning 

Invitrogen MAX efficiency® Stbl2TM 10268-019 Transformation 

Promega Wizard® SV Gel and PCR 

Clean-up System 

A9281 DNA purification 

Invitrogen PureLinkTM HiPure plasmid 

filter midiprep kit 

K210014 Plasmid 

purification 

QIAGEN QIAprep® spin Miniprep kit 

(250) 

27106 Plasmid 

purification 

Invitrogen Lipofectamine LTX and 

PLUSTM Reagent  

2144135 Transfection 

Bio-Rad TransfectinTM Lipid Reagent 170-3351 Transfection 
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Lonza Amaxa® Cell Line 

Nucleofector® Kit V  

VCA-1003 Transfection 

Chemietek ADU-S100 1638750-95-4 Cell 

Culture/Animal 

Experiments 

Chemietek E7766 2242635-02-3 Cell 

Culture/Animal 

Experiments 

MedChemExpress MSA-2 129425-81-6 Cell 

Culture/Animal 

Experiments 

Sigma-Aldrich DMXAA  D5817-25MG Cell 

Culture/Animal 

Experiments 

Cedarlane InVivoMAb rat IgG2b 

isotype control 

BE0090 Animal 

Experiments 

Cedarlane InVivoMAb anti-mouse 

CD8Ŭ 

BE0061 Animal 

Experiments 

Cedarlane InVivo Mab anti-mouse PD-1 BE0146 Animal 

Experiments 

OMNICRON f/air cannister 80120 Animal 

Experiments 

Fresenius Kabi Isoflurane USP CP0406V2 Animal 

Experiments 

BD  Allergy Syringes 27G x ½ 

sterile, single use 

305535 Animal 

Experiments 

BD  BDTM Luer Slip Tip Syringe 

sterile, single use, 1mL 

309659  

 

Animal 

Experiments 

BD PrecisionGlideTM Needle 25G 

x 7/8 sterile, single use 

305124 Animal 

Experiments 

BD PrecisionGlideTM Needle 30G 

x 1/2 sterile, single use 

305106 Animal 

Experiments 

GoldBio D-Luciferin, Potassium Salt 

(1g)  

115144-35-9  Animal 

Experiments 

Biolegend Brilliant Violet 421 anti-

mouse NK-1.1 

108741 Flow cytometry 

Biolegend Zombie Aqua Fixable 

viability kit  

423102 Flow cytometry/ 

Single cell 

sequencing 

Biolegend Zombie NIRTM Fixable 

viability kit  

423105 Flow cytometry 

Biolegend FITC anti-mouse CD19 115506 Flow cytometry 

Biolegend PerCP/Cyanine 5.5 anti-

mouse CD8a 

100733 Flow cytometry 

Biolegend PE anti-mouse CD4 100512 Flow cytometry 
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Biolegend Alexa Fluor 647 anti-

mouse CD3Ů 

155609 Flow cytometry 

Biolegend Brilliant Violet 605 anti-

mouse I-A/I -E 

107639 Flow cytometry 

Biolegend PE anti-mouse/human CD11b 101207 Flow cytometry 

Biolegend Alexa Fluor 647 anti-

mouse CD11c 

117314 Flow cytometry 

Biolegend PE/Cy7 anti-mouse CD206 

(MMR) 

141719 Flow cytometry 

Biolegend Alexa Fluor 647 anti-

mouse F4/80 antibody 

123122 Flow cytometry 

Biolegend APC/Fire 750 anti-

mouse CD45 antibody Clone 

30F11 

103154 Flow cytometry 

Biolegend TruStain FcX PLUS/anti-

mouse CD16/32 

156604 Flow cytometry 

Biolegend RBC Lysis Buffer (10X) 420302 Flow cytometry/ 

Single cell 

sequencing 

Cytiva PercollTM 17089101 Flow cytometry/ 

Single cell 

sequencing 

VWR Cell Strainer, individually 

packaged, 70ɛm 

76237-100 Flow cytometry/ 

Single cell 

sequencing 

Miltenyi Cell Strainer, individually 

packaged, 30ɛm 

130-041-407 Single cell 

sequencing 

Miltenyi genlteMACS C-tubes 130-096-334 Flow cytometry/ 

Single cell 

sequencing 

Gibco Collagenase Type II prepared 

from CI histolyticum 

17101-015 Flow cytometry 

Roche DNase I from bovine 

pancreas grade II 

1014159001 Flow cytometry 

Roche Phospho-STOP EASYpack 04906837001 Western Blot 

Roche cOmplete Tablets, Mini 

EDTA-free, EASYpack 

04693159001 Western Blot 

Cell signaling 

technology 

pIRF3 antibody 4947 Western Blot 

Cell signaling 

technology 

STING antibody 13647 Western Blot 

Cell signaling 

technology 

pSTING antibody 72971 Western Blot 

Cell signaling 

technology 

pTBK1 antibody 5483 Western Blot 
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Biolegend Direct-Blot HRP anti-beta-

actin antibody 

664804 Western Blot 

Mesoscale 

Discovery 

S-PLEX Human IFN-ɓ Kit, 

SECTOR (1 PL)  

K151ADRS-1  Cytokine array 

 

2.1.2 Cell lines  

Table 2.2 - Cell lines 

Cell line Cell type Source Culture media 

TAO1 (-) Murine KP UPS cell line Monument 

Laboratory 

RPMI-1640 + 10% 

FBS + 1% 

Penicillin and 

streptomycin 

TAO1 (+) Murine KP UPS cell line 

expressing MCherry and 

Luciferase 

Monument 

Laboratory 

RPMI-1640 + 10% 

FBS + 1% 

Penicillin and 

streptomycin 

TAO1 STING k/o Murine KP UPS cell line 

created from TAO1 (+) 

which has been 

manipulated using 

CRISPR/Cas9 to lack 

Sting1 expression 

Monument 

Laboratory ï 

created with the 

assistance of 

Yaping Yu 

RPMI-1640 + 10% 

FBS + 1% 

Penicillin and 

streptomycin 

RAW 264.7  Murine macrophage like 

cell line 

Dr. Frank Visser DMEM + 10% FBS 

+ 1% Penicillin and 

streptomycin 

HEK 293FT  Human embryonic kidney 

cell line 

Dr. Artee 

Luchman 

DMEM + 10% FBS 

+ 1% Penicillin and 

streptomycin 

 

 

 

 

 

2.1.3 Mouse strains  

 

Table 2.3 - Mouse strains 

Mouse Name Strain Source 

Wild -type C57Bl/6  C57Bl/6 CCCMG ï University of 

Calgary 

Goldenticket  C57BL/6J-Sting1gt/J (stock 

#017537) 

 

CCCMG ï University of 

Calgary* 
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SAVI mouse168 VAV -hSTING-N154S CCCMG ï University of 

Calgary* 

 

*obtained from Dr. Frank Jirik (Calgary, AB,CAN) 

 

2.1.4 - Plasmids  

 

Table 2.4 - Plasmid constructs 

Construct Source 

CMV -hSTING-N154S GenScript 

CBA-hSTING-N154S Monument laboratory 

TurboCre Monument laboratory 

pcDNA3.1 Invivogen 

 

 

2.2 Methods  
 

2.2.1 Animal monitoring 

 

All mice in this thesis were monitored three times weekly for tumor progression status 

and overall well-being. This included tumor volume measurements and bioluminescence 

imaging which are detailed in the sections below. All mice were housed in a biocontainment 2 

facility where all animal monitoring took place (Biohazard, room B55) under protocol numbers 

AC-19-0072 and AC-23-0048. Mice were humanely euthanized via cervical dislocation 

according to experimental endpoints, once tumors were found to be 15mm in size in the length, 

depth, or width dimensions, or if any outward signs of deterioration were observed.  

 

2.2.2 The murine KP model of UPS, cell lines, and cell culture   

All experiments completed in this thesis were undertaken using the murine KP model of 

UPS. Only syngeneic cell line derived tumors were assessed. TAO1 (- and +) UPS cell lines 

were generated by the Monument laboratory from spontaneously developed KP UPS tumors157 
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(Calgary, AB, Canada). Female transgenic mice on the C57Bl/6 background with the genotype 

Trp53fl/fl x KrasG12D/+ were administered a lentivirus bearing cre-recombinase subperiosteally to 

induce deletion of p53 and activation oncogenic KRAS. Six to eight weeks later, once palpable 

tumors were generated, the TAO1 WT UPS cell line was created by dissociating the tumor mass 

and developing a single cell solution which was plated and maintained in RPMI medium 

supplemented with 10% heat-inactivated fetal bovine serum (FBS, Gibco) and 1% Penicillin and 

streptomycin (Penstrep, Gibco). The resultant cell lines were passaged and tested negative for 

mycoplasma. To generate an mCherry and luciferase expressing version of this cell line, TAO1 

WT was transduced with a lentivirus encoding these genes (Figure 2.1) Following transduction, 

mCherry expressing cells were sorted and expanded to generate the stably transduced cell line 

TAO1 +. TAO1+ was used for the majority of the experiments in this thesis and experiments in 

which the wildtype version of this cell line; TAO1 WT, was used it is indicated in the figure 

caption.  

 



 54 

 

Figure 2.1 - Lentiviral vector containing firefly luciferase and mCherry 

 

The TAO1 STING k/o cell line was created by Yaping Yu using CRISPR/Cas9 

technology from TAO1 (+) cells provided by the Monument laboratory (Calgary, AB, Canada). 

All TAO1 cell lines were propagated in RPMI 1640 media supplemented with 10% heat-

inactivated FBS (Gibco) and 1% PenStrep (Gibco). RAW 264.7 cells and HEK 293T cells were 

obtained from Dr. Frank Visser (Calgary, AB, Canada). Both cell lines were maintained in 

DMEM (Gibco) supplemented with 10% heat inactivated FBS and 1% Penstrep. All cell lines 

tested negative for mycoplasma and were maintained in an incubator set to 37°C at 5% CO2. 

 

2.2.2 STING treatment of cell lines 

 

RAW264.7, TAO1(+), and TAO1 STING k/o cells were seeded at a density of 2 million 

cells per well in a 6-well plate in 3mL of culture medium. One day after seeding, cells were 

washed with PBS and subsequently were treated with 1.8x10-7 moles of DMXAA, CDN, MSA-2, 
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E7766, or 2ô3ôcGAMP in culture medium without any supplements. HBSS was used as a vehicle 

control. Cell supernatants and protein lysates were collected at various timepoints following 

treatment for further analyses.  

 

2.2.3 TAO1 UPS Tumor Engraftment 

 

All TAO1 (+ or -) and TAO1 STING k/o cell line tumors were intramuscularly engrafted 

in C57Bl/6, Goldenticket, or SAVI mice. Tumors were engrafted in male and female mice aged 

6-12 weeks, unless otherwise indicated. UPS cells were resuspended in sterile, serum free media 

and kept on ice. Mice were anaesthetized using isofluorane (induced at a flow rate of 5% and 

maintained at 2.5%), shaved to expose the injection site, and injected with 100,000 cells 

intramuscularly in the lateral gastrocnemius of the right hindlimb. All tumors were detected 

within 7 days of implantation.  

 

2.2.4 Survival and treatment regimens  

 

All UPS tumors were engrafted through intramuscular injection of 100,000 TAO1 cells in 

the right hindlimb of 6-12-week-old mice. STING treatment regimens in UPS tumors began on 

day 7 following cell line engraftment. For STING monotherapy and combination therapy 

experiments, mice were followed for 90 days, or until tumors reached a size of 15mm in the 

length, depth, or width dimensions or other outward indications of mouse deterioration were 

observed (weight loss, lack of grooming, dehydration). 

 DMXAA ï given previous studies with this agonist have been extensively completed by 

the Monument lab, a standardized dose of 18mg/kg of DMXAA was administered i.t. DMXAA 

was reconstituted in sodium bicarbonate (Gibco) into a stock concentration of 5ɛg/ɛl. 
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 ADU-S100 (CDN) ï As previously described in the literature, doses ranging from 25-

500µg were assessed and administered as a single injection i.t. Further, a triple dosing strategy 

was attempted in which 3 doses of 50µg CDN were administered i.t. on days 7, 11, and 14 

following tumor engraftments. CDN was reconstituted in HBSS to a stock concentration of 

1ɛg/ɛl. 

 MSA-2 ï Seminal studies described the administration of MSA-2 i.t., subcutaneously, and 

orally. As such, we evaluated an 18mg/kg MSA-2 i.t. dosing regimen and a 50mg/kg 

subcutaneous regimen. MSA-2 was reconstituted in PBS titrated with NaOH and HCl to reach a 

pH of 7.4 to keep MSA-2 in solution at a concentration of 5ɛg/ɛl. 

 E7766 ï Pilot studies investigated similar treatment strategies to CDN, given that the 

drugs are chemically similar (50-150µg) i.t. and further weight dependent dosing strategies were 

assessed ranging from 3-10mg/kg of E7766 i.t. E7766 was reconstituted in PBS to a 

concentration of 1ɛg/ɛl. 

Following the completion of dose titration studies, ideal doses for each agonist were 

selected and paired with anti-PD1 immune checkpoint blockade therapy. Combination therapy 

studies began with STING therapy on day 7 (DMXAA ï 18mg/kg, CDN ï 100µg, MSA-2 ï 

18mg/kg, E7766 ï 4mg/kg). Subsequently, 250µg of monoclonal anti-PD1 (bioXcell) were 

administered i.p. in a volume of 100µl on days 9,11,15, 18, 22, 25, 29, and 32. 

 

2.2.5 Survivor re-challenge experiments  

 

Any mice who reached 90 days following initial tumor engraftment without any evidence 

of UPS based on volume or bioluminescence measurements will henceforth be known as 
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survivors. Survivors were re-challenged in the contralateral limb (left hindlimb) with an 

additional inoculation of 100,000 UPS cells and followed for 60 days for tumor clearance.  

 

2.2.6 Bioluminescence imaging 

 

Bioluminescence imaging was completed using an IVIS Lumina machine (Perkin Elmer, 

Waltham, MA). Imaging took place on a weekly basis for all mice undergoing survival studies 

beginning on day 7 following cell line engraftment. In re-challenge experiments, mice were 

imaged on days 1, 3, and 7 following cell line re-challenge and subsequently imaged on a weekly 

basis. Mice were anaesthetized using isofluorane and shaved to expose the tumor bearing limb. 

Next, mice received an i.p. injection of D-luciferin (reconstituted in PBS to a concentration of 

15mg/mL, 10µl/g of bodyweight). Ten mins following injection, mice were placed onto the 

heated surface in IVIS Lumina with their noses placed into the nose cone for continued 

anaesthesia administration and tumor bearing limbs facing upward. Images were captured by a 

charge-coupled device camera on the auto-exposure setting each time a mouse was imaged (1-60 

s of exposure time depending on presence of luciferase expressing cells). Data analyses were 

performed using the Xenogen Living Image software. Regions of interest (ROI) were drawn, 

placed over the tumor bearing limb, and average radiance of the ROI was quantified 

(photons/s/cm2/sr). 

 

2.2.7 Tumor volume measurements 

 

UPS tumors were measured 2-3x weekly starting when tumors became palpable (day 7 

following engraftment). Tumors were measured in the in the length, depth, and width dimensions 

using the SP Bel-Art Digi-MaxTM Slide Caliper (VWR). Volume was calculated using the 
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following formula; Tumor volume = (L+X)*L*X*(0.2618), as used in previous murine sarcoma 

studies157,158,238. 

 

2.2.8 Luminex Cytokine Array MD-44 Plex and Mouse Interferon Panel ï Eve Technologies 

Cell lines & Serum 

 

UPS tumor bearing mice were treated with standardized doses of DMXAA, CDN, MSA-

2, E7766, or control and subsequently sacrificed 6h later. At sacrifice, blood was collected via 

cardiac bleed (1mL syringe, 25G x 7/8 needle) and centrifugated for 10 mins at 4°C at 

13,000rpm. Aliquots containing 100µl of serum were submitted to Eve Technologies (Calgary, 

AB, Canada). Cell supernatants from STING treated RAW264.7, TAO1 (+), and TAO1 STING 

k/o were collected and 100µl aliquots were submitted to Eve Technologies (Calgary, AB, 

Canada) for the completion of an MD-44 plex assay. All studies used Luminex xMAP 

technology to complete multiplexed quantification of 44 Mouse cytokines. Analyses were 

completed with the LuminexÊ 200 system (Luminex, Austin, TX, USA) by Eve Technologies 

Corp. (Calgary, Alberta).  Eve Technologiesô Mouse Cytokine 44-Plex Discovery Assay includes 

two kits.  The 32-plex includes Eotaxin, G-CSF, GM-CSF, IFNɔ, IL-1Ŭ, IL-1ɓ, IL-2, IL-3, IL-4, 

IL-5, IL-6, IL-7, IL-9, IL-10, IL-12(p40), IL-12(p70), IL-13, IL-15, IL-17, IP-10, KC, LIF, LIX, 

MCP-1, M-CSF, MIG, MIP-1Ŭ, MIP-1ɓ, MIP-2, RANTES, TNFŬ, and VEGF (MilliporeSigma, 

Burlington, Massachusetts, USA).  The assay was completed in accordance with the protocol 

provided by the manufacturer. Assay sensitivities of each listed marker ranges from 0.3 ï 30.6 

pg/mL. Results were reported as observed concentration estimated by a standard curve.  
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2.2.9 ï Human interferon beta cytokine array  

To quantify human IFN-ɓ production from hSTINGN154S transfected HEK293T cells, a 

S-PLEX Human IFN-ɓ Kit, SECTOR (1 PL) (K151ADRS-1) meso-scale discovery assay was 

performed using a MESO Quickplex SQ 120MM, Model 1300 instrument was used. First, all 

wells of the plate were washed three times with 150µl of PBS-T. After washing the plate, each 

well was coated with 50µl of the coating solution (2677.2µl of diluent 100 supplemented with 

69µl of biotin human IFN-ɓ antibody and 13.8µl of S-PLEX reagent C1), sealed, and placed on a 

700rpm shaker for 1hr at room temperature. Following this incubation, the coating solution was 

removed, and the samples were washed three times with 150µl of PBS-T. Next, 25µl of a 

blocking solution (1594µl of diluent 58 and 100x blocker S1) was added to each well, followed 

by 25µl of each sample (including calibrators). Then, the plate was sealed, and incubated for 

1.5h on a 700rpm shaker at room temperature. Next, the blocking solution was discarded from 

the plate, and three PBS-T washes were performed (150µl/wash). After washing, 50µl of 

prepared Turbo-Boost antibody solution was added to each well (2746µl of diluent 59 and 14µl 

of Turbo-Boost IFN-ɓ antibody), sealed, and incubated for 1hr on a 700rpm shaker at room 

temperature. Following incubation, the Turbo-Boost antibody solution was discarded, and 

samples were washed three times with 150µl of PBS-T. Then, 50µl of the enhance solution 

(1366µl of molecular grade water, 690µl of 4 S-PLEX enhancer E1, 690µl of 4 S-PLEX 

enhancer E2, and 14µl 200X S-PLEX enhancer E3) was to each sample, the plate was sealed 

again, and placed on a shaker at 700rpm for 30min at room temperature. Following this 

incubation, the enhance solution was removed and the samples were washed three times with 

150µl of PBS-T. Next, 50µl of the Turbo-Tag detection solution was added to each sample 

(2056µl of molecular grade water, 690µl of 4X S-PLEX Detect D1, and 14µl of 200X S-PLEX 
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Detect D2), sealed, and placed on a shaker at 700rpm for 1hr at room temperature. After 

incubating, the detection solution was discarded, and the plate was washed three times with 

150µl of PBS-T. Finally, 150µl of MSD GOLD read buffer B was added to each well. The plate 

was then inserted and read using a MESO QuickPlex SQ 120MM, Model 1300 instrument. 

Cytokine concentration was quantified using the Discovery Workbench desktop software.  

2.2.10 Western Blot  

 

Pelleted STING treated RAW 264.7, TAO1 (+), TAO1 STING k/o, and HEK293T cells 

were lysed using RIPA lysis buffer (50mM Tris, 150mM NaCl, 0.1% SDS, 0.5% sodium 

deoxycholate, 1%Triton-X 100, distilled water) which was supplemented with 1 tablet of 

Phospho-STOP (Roche) and 1 tablet of EDTA-Complete (Roche) for 30 mins on ice. Following 

lysis, samples were centrifugated at 13,000 rpm for 15 mins. Supernatants were harvested and a 

bovine serum albumin (BSA)-curve was performed to quantify protein. The extracted proteins 

(20µg) were then loaded into a 12% SDS-polyacrylamide gel and separated by mass (100V for 

90min) (BIO-RAD PowerPac 200). Proteins were then transferred to polyvinylidene difluoride 

(PVDF) and nitrocellulose membranes (Immobilon-P Transfer Membranes; Protran BA85 

membranes) with a BIO-RAD Trans-Blot SD Cell set to 20V for 60min (BIO-RAD PowerPac 

200). Membranes were subsequently blocked in 5% milk in TBST buffer (1x TBS + 5% Tween 

20) and incubated with rabbit monoclonal antibodies (1:1000 dilution) in 5% BSA in TBST 

buffer (anti-pIRF3 (4947), anti-p-STING (72971), anti-STING (13647), pTBK1 (5483), Cell 

signaling Technology), for 18h on a shaker at 4°C. The following day, membranes were washed 

and incubated with a secondary HRP-conjugated anti-rabbit IgG antibody (1:2500 dilution) in 

5% skim milk in TBST buffer (7074, Cell SignalingTechnology) for 1.5 hours at room 

temperature. An equal part solution of HRP substrate peroxide solution and substrate luminal 
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reagent and (Immobilon Western Kit: Chemiluminescent HRP substrate) was used to image the 

membrane using the Bio-Rad ChemiDocTM MP Imager. Membranes were stripped (RestoreTM 

Western Blot Stripping Buffer, Thermo Scientific) for 15 mins and washed with TBST, blocked 

with 5% milk in TBST wash buffer for 1.5 hours, and finally probed with anti-b-actin antibody 

(1:10,000 dilution) in 5% milk in TBST buffer (664804, BioLegend) for one hour at room 

temperature. Following three washes, the membranes were imaged. 

 

2.2.11 CD8+ T-cell depletion experiments 

 

Naive mouse CD8+ T-cell depletion  

 

Neutralizing anti-CD8Ŭ (BE0061, Cedarlane) or IgG2b (BE0090, Cedarlane) isotype 

control antibodies were administered i.p. to naive mice on days 7, 10, and 14 (250µg/day) 

following TAO1 (+) tumor engraftment. Mice received an additional i.p. dose of 125µg antibody 

weekly until an endpoint was reached. At humane endpoint, tumors, blood, and spleens were 

collected to assess CD8+ T-cell depletion.  

Survivor CD8+ depletion  

 

Neutralizing anti-CD8Ŭ (BE0061, Cedarlane) or IgG2b (BE0090, Cedarlane) isotype 

control antibodies were administered i.p. to survivor mice on days -7, -4, and -1 (250µg/day). On 

day 0, 100,000 TAO1 (+) cells were injected into the hindlimbs of survivors. An additional dose 

of 250µg/day of anti-CD8Ŭ (BE0061, Cedarlane) or IgG2b (BE0090, Cedarlane) was 

administered on days 7,14, and 21. Mice were sacrificed on day 25 and both blood and spleens 

were collected to complete flow cytometry to confirm depletion.  
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2.2.12 Flow cytometry 

 

Table 2.5 - Flow cytometry cell type profiling 

Cell type Flow cytometry gating definition 

Live cells Zombie aqua - 

Hematopoietic cells Zombie aqua - / CD45+  

T lymphocytes Zombie aqua - / CD45+ / CD3Ů + 

CD8+ T lymphocytes Zombie aqua - / CD45+ / CD3Ů +/CD4-/CD8+ 

CD4+ T lymphocytes Zombie aqua - / CD45+ / CD3Ů CD8-/CD4+ 

Macrophages Zombie aqua - / CD45+ / CD11b+ / F/480+ 

CD80+ macrophages Zombie aqua - / CD45+ / CD11b+ / F/480+ / CD80+ 

CD206+ macrophages Zombie aqua - / CD45+ / CD11b+ / F/480+ / CD206+ 

Antigen presenting cells Zombie aqua - / CD45+ / MHC-II+ 

Dendritic cells Zombie aqua - / CD45+ / MHC-II+/CD11c+ 

 

Cell lines  

Flow cytometry was completed on HEK293T and TAO1 (+) adherent cell lines. Cells 

were first washed with PBS and subsequently lifted by incubating cells with 0.05% Trypsin-

EDTA for 5 mins. Trypsin was neutralized using RPMI and pelleted at 300g at 4°C for 5 mins. 

Cells were subsequently resuspended in FACS buffer (PBS, 1% FBS) at a concentration of 

approximately 1,000,000 cells/mL. An aliquot of 100ɛL of the cell suspension was placed in a 

FACS cuvette and washed twice with FACS buffer. Cells were reconstituted in 300ɛL of FACS 

buffer for acquisition on an Attune NxT (Life Technologies) flow cytometer.  

Tumor  

 

Tumors were excised from mice and placed in a gentleMACS C tube (Miltenyi Biotech) 

containing digestion buffer (5mL RPMI with 2mg/mL Collagenase II and 0.05mg/mL DNAse I). 

Samples were subsequently homogenized using a gentleMACS dissociator on the program 

m.imp.tumor.01 and placed on a shaker at 37°C for 30 mins. Following this incubation step, 
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samples were homogenized for a second time on program m.imp.tumor.02. Next, cell 

suspensions were strained using a 70ɛm filter to remove debris, rinsed with 10mL of RPMI, and 

pelleted at 300g for 7 mins at 4°C. Red blood cells were then lysed using 5mL of a 1 x RBC lysis 

buffer solution for 4 mins at room temperature, neutralized by adding 10mL of RPMI, and 

pelleted at 300g for 7 mins at 4°C. Cells were resuspended in isotonic a 40% Percoll solution to 

remove debris and fat from the sample via centrifugation (400g for 20 mins at room 

temperature). The cell supernatants were then removed and pellets were resuspended in PBS and 

washed at 300g for 7 mins at 4°C. Single cells were then reconstituted in 1.5mL of PBS and 

200ɛl of this suspension was placed in a FACS cuvette as an unstained control for analyses. The 

remaining cell suspension was stained with zombie aqua or near infrared viability dye (diluted at 

1:10000) according to the manufacturerôs protocol for 30 mins at room temperature in the dark 

(Biolegend). Samples were then washed with FACS buffer to bind to the remaining dye and 

pelleted at 300g for 7 mins at 4°C and resuspended in 1mL of FACS buffer containing TrueStain 

fcX block to reduce non-specific antibody binding (diluted 1.5:100) for 15 mins. Next, samples 

were stained with various antibodies for 1 hour in the dark at 4°C. Lastly, samples were washed 

with FACS buffer and resuspended in 300ɛl of FACS buffer prior to acquisition on an Attune 

NxT flow cytometer (Life Technologies).  

 

Blood & spleen 

 

Following euthanasia via CO2 inhalation, blood was collected via cardiac bleed from 

mice using a 25G needle and 1mL syringe. 300ɛl of blood was placed into an Eppendorf tube 

containing 10ɛl of heparin to prevent coagulation. Blood was transferred into a FACS cuvette 

and resuspended in 3mL of dH2O to lyse red blood cells for 10-20 s. Then, the lysis was stopped 
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by adding 300ɛl of PBS. Samples were pelleted at 300g for 5 mins at room temperature. This 

process was repeated twice, and samples were finally resuspended in 300ɛl of PBS. Spleens 

were removed and placed in a 6-well plate with 2mL of cold PBS. Each spleen was then placed 

on a 70µm filters in 50mL falcon tube. A plunger from a 1mL syringe was used to gently 

macerated through a 70µm filter. Once spleen cells were dissociated, the filter was washed with 

10mL of cold PBS. Then, this solution was pelleted at 300g for 7 mins at 4°C. Next, red blood 

cells were lysed by resuspending the cells in 5mL of a 1 x RBC lysis buffer solution for 4 mins at 

room temperature. Following RBC lysis, samples were resuspended in 3mL of cold PBS. From 

3mL, 300µl of this resuspended RBC free splenocyte solution used for subsequent staining. 

Blood and spleen samples were then stained with zombie aqua or near infrared viability dye 

(diluted at 1:10000) according to the manufacturerôs protocol for 30 mins at room temperature in 

the dark (Biolegend). Next, samples were washed with FACS buffer and pelleted at 300g for 7 

mins at 4°C and resuspended in 1mL of FACS buffer containing TrueStain fcX block to reduce 

non-specific antibody binding (diluted 1.5:100) for 15 mins. Finally, samples were stained with 

various antibodies for 1 hour in the dark at 4°C. Prior to acquisition on the Attune NxT flow 

cytometer (Life Technologies), samples were washed with FACS buffer and resuspended in 

300ɛl of FACS buffer. 

 

2.2.13 Nanostring transcriptomics  

 

Tumor samples were extracted from mice 24h, 72h, and 1-week following STING 

therapy and snap frozen in liquid nitrogen for 15 mins prior to transfer to a -80°C freezer for long 

term storage. Tumors were subsequently provided to Dr. JB McIntyreôs group at the Precision 

Oncology Hub (POH, University of Calgary) Laboratory for RNA extraction and sample 

preparation for the NanoString ImmunOncology 360 panel according to the manufacturerôs 
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instructions. nCounter data was generated and analyzed using NanoStringôs nSolver software 

which is a tool designed by the company to enable scientists to perform quality control testing, 

normalization, and to generate figures using basic statistical outputs. Following quality control 

and normalization of nCounter data, heatmaps were generated on normalized transcriptomic 

samples using the group analysis function. Within the nSolver program, z-score transformations 

were completed to centre and scale the data for each heatmap. Specifically, z-scores were 

calculated by identifying the mean expression for each gene in each heatmap across all samples 

included in the analysis, calculating the difference from the mean for a specific gene in each 

sample, and dividing this difference by the standard deviation for a specific gene across all of the 

samples included in the heatmap. Z-scores associated with lower expression are represented by 

the color ñtinò while z-scores associated with higher relative expression are represented by the 

color ñplumò in each heatmap included in this thesis.  

 

2.2.14 Single cell RNA sequencing (scRNAseq) 

Mice were euthanized via CO2 inhalation and tumors were excised. To control each 

mouseôs contribution to the pooled sample, tumor weights were standardized across each group. 

Single cell suspensions were collected as previously described in section 2.2.12 (flow cytometry, 

tumor) and filtered using 30ɛm filter (Miltenyi Biotechnologies). Following filtration, cells were 

stained with viability dye as previously described and 100,000 double negative (mCherry-

/zombie aqua-) cells were sorted for scRNAseq by Drs. Ranjan Maity & Yiping Liu using a 

FACSAria cell sorting machine. Samples were reconstituted in 100ɛL of FACS buffer. Viability 

and cell counts were assessed using a CountessTM 3 FL automated cell counter (Thermo Fischer 
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Scientific) and further processed by the CHGI according to the 10x genomics protocols for 

scRNAseq. Cell viability ranged from 83-100% per sample.  

 

Data analysis  

All analyses of the scRNAseq dataset were generously completed by Dr. Kiran Narta. 

The 10X Next GEM single Cell 3ô v3.1 scRNAseq libraries were run on NovaSeq S1 (the read 

length included 28 bases for read1, 90 bases for read2 and 10bases for dual index). The fastq 

files were generated using the Cell Ranger239 (version: v7.0.1) mkfastq. These files were then 

aligned to the optimized mm10 (GRCm38) reference genome. The genome was customized to 

include the mCherry and Luciferase (oF-Luc) genes, which were the markers for TAO1 UPS 

cells. The alignment was carried out using the Cell Ranger mkref package. The aligned reads 

were analyzed using Seurat (5.0.1)240. Features detected in at least 3 cells and cells with at least 

200 features were included and a Seurat object was created for all 8 samples (CDN:6h, 

CDN:1wk, DMXAA:6h, DMXAA:1wk, E7766:6h, E7766:1wk, Control:6h, Control:1wk). The 

QC metrices were explored and cells with >10% mitochondrial counts were filtered out. The 

cells with unique feature counts over 6000 for CDN 1wk, 7000 for CDN 1wk/DMXAA 

6h/E7766 1wk/Control 6h and 7500 for DMXAA 1wk/ E7766 6h/Control 1wk were also 

excluded. This resulted in 19390, 4363, 3828, 5062, 8027, 3158, 9577 and 4261 filtered cells in 

CDN:1wk, CDN:6h, DMXAA:1wk, DMXAA:6 h, E7766:1wk, E7766:6h, Control:1wk and 

Control:6h respectively. The filtered features ranged from 19,487 to 21,641 in these samples.  

The reads were normalized using SCTransform package in Seurat and the data was 

integrated. The dimensionality reduction was performed using Seurat which was also used for 
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UMAP and clustering analysis. The cell types were annotated with SingleR (version 2.0.0)241 

using mouse immgen data (immunological genome project dataset)242 as a reference.  

The interferon stimulatory genes scores were generated using the AddModuleScore 

function in Seurat. The ISGs were identified using gene sets in mouse MSigDB243 collection 

with keyword ñInterferonò and 266 genes in selected GOBP, HALLMARK and REACTOME 

pathways were compiled for the analysis.  

 

2.2.15 Cloning  

 

EcoRI digestion & quick calf-intestinal alkaline phosphatase (CIP) 

 

 To isolate specific fragments of plasmid DNA, digestions with the restriction enzyme 

EcoRI (New England Biolabs, R0101L) were used for both the vector and insert plasmids 

according to table 2.6. CIP was added to the vector plasmid solution (New England Biolabs, 

M0525S). 

 

 

Table 2.6 - Digestion mastermix composition for the TurboCre vector plasmid and the SOE-IRS-

eGFP insert. 

Enzyme digest mastermix 

ingredients 

TurboCre  SOE-IRES-GFP  

Water 73.4µl 67µl 

Plasmid DNA 14.6µl (plasmid concentration 

= 753ng/µl) 

21µl (plasmid concentration 

= 525ng/µl) 

EcoRI buffer 11µl 11µl 

EcoRI enzyme 11µl 11µl 

 

Following solution assembly, samples were incubated in a 37°C water bath overnight. 

The following morning, 10µl of quick CIP was added to the solution and incubated for another 

hour in a 37°C water bath. Then, the vector solution underwent CIP heat inactivation first at 
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85°C for 5 mins. Next, the EcoRI enzyme was heat inactivated in both the vector and insert 

solutions via incubation in a 65°C water bath for 20 mins. A 1% agarose gel (130mL of 1X Tris-

Acetate-EDTA (TAE), 1.3g Agarose) was created to separate the digested DNA fragments using 

electrophoresis alongside a 1kb ladder. 15µl of l0x loading dye was added to each of the 

digestion master mixes, prior to loading the samples into the 1% gel. After loading, samples were 

run at 150V for 40 mins. Following electrophoresis, the gel was stained with crystal violet dye 

(50µl/100mL, Sigma) for 60 mins on a shaker. Once the gel was stained, the DNA bands 

containing the desired vector and insert components of TurboCre and SOE-IRES-eGFP, 

respectively, were cut from the gel using a razor blade for DNA purification.   

DNA purification 

 DNA purification was completed using the Promega Wizard® SV Gel and PCR clean-up 

kit (Promega, A9281). Once agarose gel slices containing the vector and insert DNA were 

isolated, they were weighed in 3mL FACs tubes. For every 10mg of agarose gel, 10µl of binding 

buffer from the kit was added. Once the adequate amount of buffer was added to each gel slice, 

samples were incubated in a 55°C and occasionally vortexed until the gel had dissolved. At this 

point, 700µl of the dissolved solution was loaded into a spin column and subsequently 

centrifugated at 15,000 rpm for 1 min. This step was repeated until the entirety of the dissolved 

solution had passed through the spin column. Once the entire mixture had been centrifugated, an 

additional 500µl of binding buffer was added to the column and centrifugated at 15,000 rpm for 

1 min to dissolve any remaining pieces of gel undetectable by the naked eye. Next 750µl of wash 

buffer was added, followed by a 1-min spin at 15,000 rpm. Then, 500µl of wash buffer was 

loaded into the column and spun again at 15,000 rpm for 1-min. After washing the samples, the 

columns were spun for an additional 3 mins at 15,000 rpm and subsequently dried on the 
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benchtop for 5 mins. Next, 50µl of q-water was added to the membrane of each column and 

incubated at room temperature for 1-min. The purified DNA was eluted by spinning the column 

for 1-min at 15,000 rpm and harvesting the resulting eluant in the collection tube.  

 

Precipitating plasmid DNA 

To purify plasmid DNA in preparation for cloning or transfections precipitations in the 

following ratios: volume of DNA, 1:10 is 3M sodium acetate (pH 5.2), volume of DNA + 

sodium acetate x 2.2 = volume of 100% ethanol. For example, for 300µl of DNA, 30µl of 

sodium acetate and 726µl of 100% ethanol would be added for precipitation. Samples are then 

incubated overnight at -20°C. The next day, the DNA precipitate solution was centrifugated at 

15,000 rpm at room temperature for 30 mins. Supernatants were discarded, the DNA pellet was 

washed in 1mL of 70% ethanol and centrifugated again at 15,000 rpm at room temperature for an 

additional 30 mins. Supernatants were discarded, and all remaining solution on the DNA pellet 

was removed with a pipette. DNA pellets were left to dry ambiently for 10 mins and finally 

rehydrated in 22µl of PCR water. Following rehydration, DNA concentrations were quantified 

using a NanoDrop Onec (Thermo scientific). 

 

Ligation 

 Following DNA purification, the vector isolated from the TurboCre plasmid, and the 

insert isolated from the SOE-IRES-eGFP plasmid were ligated using the T4 DNA ligase (New 

England Biolabs, M0202S). To do so, 1.5µl of the vector plasmid (105ng/µl), 10µl of the insert 

plasmid (99.5ng/µl), 2µl of T4 buffer, and 5.5µl of PCR water were combined in a 1.5mL 

Eppendorf tube. This mixture was incubated in a 37°C water bath for 30 mins. Following 
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incubation, 1µl of the ligase enzyme was added and the mixture was incubated at room 

temperature for 30 mins, followed by an overnight incubation in 4°C refrigerator. The next 

morning, the ligated samples were transformed into competent cells.  

 

Transforming plasmid DNA into competent cells  

 To identify correctly ligated products, the ligated plasmid DNA was transformed into 

competent Stbl2 cells (Invitrogen, 10269-019). Competent cells were thawed for 30 mins on ice. 

Two conditions were created, one in which 2µl of ligated plasmid DNA was combined with 50µl 

of competent cells, and a second in which 5µl of ligated plasmid DNA was combined with 50µl 

of competent cells. Following assembly, samples were incubated on ice for 60 mins. Next, 

samples were heat shocked in a 43°C water bath for 45 s. Then, a recovery step was completed 

by adding 750µl of SOC to each sample, which were then placed on a 37°C shaker for 60 mins. 

Following recovery, samples were placed back on ice for 2 mins. Samples were then 

centrifugated at 15,000rpm for 2 mins to pellet the cells, and the majority of the supernatants 

were removed, leaving behind 50-100µl of solution in each tube. At this time, the transformed 

DNA from both the 2µl condition and the 5µl condition were reconstituted in the remaining 

media in each individual sample and plated onto LB-Agar plates supplemented with ampicillin 

(100µg/mL, Sigma Aldrich, A9518-5G). Twelve colonies were developed per condition (24 in 

total). Plates were then incubated overnight at 37°C and individual colonies were extracted for 

polymerase chain reactions the following morning.  
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Polymerase chain reaction (PCR) 

 To confirm that the insert was correctly ligated into the vector plasmid, colonies that 

were grown on LB-Agar plates following transformation were isolated and assessed using PCR 

to confirm the correct sequence at one of the two connection sites. To identify this 547bp of 

DNA comprising the connection site, primers CMV5 (TTTGTCCCAAATCTGTGCGG) and 

SOE-Seq5R (CCGTTTAACAGCAGTCCCAG) were used. The sections of plasmid DNA that 

these primers amplify are indicated in Figure 2.2  

 

 

Figure 2.2 - Plasmid map of the cloned CBA-hSTINGN154S-IRES-eGFP plasmid showing 

primer locations for CMV5 and SOEseq5R 

 

 Cotton plugged pipette tips were used to collect colonies 1-24 for PCR and placed into 

10µl of PCR water. Following collection, the extracted samples were placed in a solution prior to 

PCR as indicated in table 2.7. Once samples were prepared, they were placed into a BIORAD 
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T100-Thermal Cycler, set to a 54°C annealing temperature, with a 1 min and 30-second extension 

time. Once thermal cycling was complete, samples were loaded into a 1.2% agarose gel (250mL 

1x TAE, 12µl SYBR SAFE, 3g Agarose) and electrophoresis was completed. The gel was placed 

in a BIORAD Sub-cell® GT device and the connected BIORAD PowerPAC 300 was set to 150V 

for 45 mins. Following gel electrophoresis, the gel was imaged using the Bio-Rad ChemiDocTM 

MP Imager.  

 

Table 2.7 - PCR solution used to identify colonies containing the correct cloning sequence. 

Reagent  Volume 

Template (extracted colony) 1µl 

CMV5 primer 0.125µl 

SOEseq5R primer 0.125µl 

Kapa 2G Fast mix 12.5µl 

PCR water 11.25µl 

 

 

After identifying samples with the correctly sized connection site (547bp), four colonies 

were selected for expansion. Extracted colonies bearing the correct sequence were individually 

placed into 50mL tubes containing 7mL of LB broth supplemented with 100µg/mL of ampicillin. 

These 4 samples were then placed on a shaker set to 37°C overnight. The following morning, 

glycerol stocks were made and then the samples were centrifugated at room temperature at 

3000g for 10 mins. Once samples were pelleted, plasmid DNA purification was completed using 

the QIAprep® Spin Miniprep kit (QIAGEN, 27106). First, samples were resuspended in 200µl 

of P1 resuspension buffer. Then, samples were lysed for 5-10 mins using 250µl of the P2 buffer 

until the samples were clear in appearance. Next, samples were neutralized using 350µl of the 

N3 buffer and samples were mixed by hand until flocculent. Samples were subsequently pipetted 

into in spin columns and centrifugated at 15,000rpm for 20 mins at room temperature. The 



 73 

supernatant was added to a purification column, centrifugated at 15,000rpm for 1 min, and the 

liquid that passed through the column was discarded. Then, 500µl of PB was added to each 

column and centrifugated at 15,000rpm for 1 min. Next, 750µl of PE was added to wash each 

column and centrifugated a second time at 15,000rpm for 1 min. After discarding the flow 

through, the columns were centrifugated a final time at 15,000rpm for 2 mins. Columns were 

placed on a kim-wipe to ambiently dry for 5 mins. Finally, the columns were placed on top of 

collection tubes, 40µl of elution buffer was placed on the column which incubated for 2 mins 

prior to the final centrifugation at 15,000rpm for 1 min. The eluted DNA was subsequently 

quantified using the NanoDrop Onec (Thermo scientific). Following each plasmid prep with 

these developed constructs, DNA plasmids were submitted to the CHGI to ensure the connection 

points were correct. Plasmid DNA was submitted to the CHGI at the University of Calgary for 

Sanger sequencing of the first (CMV5, TTTGTCCCAAATCTGTGCGG) and second (IRESF2, 

AAGGGCATCGACTTCAAGGA) connection sites.  

 

2.2.16 Transfection 

 

Lipofectamine LTX  

 Adherent TAO1 (+) or HEK293T ells were trypsinized, counted, and seeded at a density 

of 100,000 cells per well in 500ɛL of media in a 24-well plate 24h prior to commencing 

transfection. 500-2000ng of CBA-hSTING-GFP, CMV-hSTING-GFP, pcDNA3.1-GFP, or 

GFPmax plasmid DNA was diluted in 100ɛL of Opti-MEM® I reduced serum medium and 

thoroughly mixed (Gibco). PLUSTM reagent was gently mixed prior to use, 1.5ɛL was added to 

the diluted DNA mixture, gently mixed, and incubated at ambient room temperature for 5 mins. 

Then, 2ɛL of Lipofectamine® LTX was added directly to the diluted DNA and thoroughly 

mixed and incubated for 30 mins at room temperature to assemble DNA-lipid complexes. Media 
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was removed from each well containing cells and washed with 500ɛL of PBS. Then, 100ɛL, of 

the DNA-lipid complex solution was added to each well. Plates were then placed in an incubator 

set to 37°C at 5% CO2 for 24-28h. After incubation, cells were processed for flow cytometry or 

western blot.  

TransfectinTM lipid reagent  

 Adherent TAO1 (+) or HEK293T ells were trypsinized, counted, and seeded at a density 

of 100,000 cells per well in 500ɛL of media in a 24-well plate 24h prior to commencing 

transfection. 500-2000ng of CBA-hSTING-GFP, CMV-hSTING-GFP, pcDNA3.1-GFP, or 

GFPmax plasmid DNA was diluted in 50ɛL Opti-MEM® I reduced serum medium (Gibco). 2ɛL 

of TransfectinTM was also diluted in a separate tube with 50ɛL Opti-MEM® I reduced serum 

medium(Gibco). Diluted TransfectinTM and plasmid solutions were combined and incubated at 

room temperature for 20 mins. The 100ɛL solution was then placed on washed cells which were 

subsequently placed in an incubator set to 37°C at 5% CO2 for 24-28h prior to preparation for 

flow cytometry or western blot.  

Nucleofection  

Nucleofection was completed using the Amaxa® Cell Line Nucleofector® Kit V. 

Adherent TAO1 (+) or HEK293T ells were maintained until they were 80-90% confluent. Once 

desired confluence was reached, cells were washed with PBS, trypsinized and counted. One 

million cells were isolated in separate tubes and centrifuged at 1200rpm for 5 mins at 4°C. 

Supernatant was completely removed and cells were resuspended in 100ɛL of room temperature 

Nucleofector® solution containing 5µg of plasmid DNA. The solution was quickly loaded into a 

certified nucleofection cuvette, loaded into the Nucleofector® Device, and nucleofected on 
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program Q-001. Nucleofected cells were then placed into 500ɛL of culture media in a 6-well 

plate. Cells were then placed in an incubator set to 37°C at 5% CO2 for 24-28h prior to 

preparation for flow cytometry or western blot. 

2.2.17 Statistical analyses 

All statistical assessments were completed with the guidance of a biostatistician, Dr. Golpira 

Elmi Assadzadeh. Most analyses were completed in Graphpad Prism (v10.1.1). Non-parametric 

tests were used for all analyses apart from the scRNAseq dataset. For tests comparing multiple 

groups, a Kruskal-Wallis test with Dunnôs test for multiple comparisons was selected. For tests 

comparing two groups, a Mann-Whitney U test was completed. Log rank Mantel-Cox tests were 

performed for survival analyses. T-tests comparing mean ISG scores between treatments or to 

mean ISG expression across all cell types were completed for the scRNAseq dataset in R using 

the ggpubr package (v 0.1.3).  
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3. Chapter 3: Intratumoral  STING immunotherapy elicits immunogenic 

modulation in the KP model of UPS. 

 

3.1 ï Introduction  
 

 Following exciting progress with STING immunotherapy with the agonist; DMXAA , in 

multiple preclinical cancer models, clinical trial pursuits were a natural progression. 

Unfortunately, it was not until after DMXAA had reached a phase III clinical trial that 

researchers discovered DMXAA is unable to bind and activate human STING due to differences 

in the cGAMP binding portion of the STING protein that does not allow DMXAA to enable the 

active conformation of the human STING protein to propagate activation of the pathway159-161. 

After this discovery, many pharmaceutical companies devoted efforts to generating STING 

agonists that can bind and activate both human and murine STING and a wide variety of such 

compounds have been developed. Excitingly, pre-clinical work in multiple subcutaneous murine 

models of cancer have shown promising results for some of these translational 

agonists162,163,165,244-246. Unfortunately, once some of these existing compounds were studied in 

clinical trials the results were modest, showing limited therapeutic benefit in patients with solid 

malignancies191,192. A detailed summary of all STING agonists currently in clinical trials can be 

found in a recent review by Kong et al247. 

Previous work published by the Monument laboratory has shown that DMXAA can 

induce durable tumor eradication in 50-75% of treated mice using the murine model of KP 

UPS158. However, no studies completed to date have evaluated clinically translational STING 

agonists in murine STS, specifically in the KP UPS model.  Additionally, no previous studies 

have compared multiple classes of STING agonists across one preclinical model. Therefore, in 
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this aim, I evaluated the immunogenic UPS tumor remodelling and tumor clearance properties of 

three clinically relevant STING agonists belonging to the following three classes: cyclic di-

nucleotide ADU-S100 (CDN), non-nucleotide natural inducers of a type I interferon response 

(MSA-2), and a novel macrocycle bridged STING agonist (E7766).   

3.2 ï Hypothesis  
 

CDN, MSA-2, and E7766 will induce immunogenic tumor remodeling in the murine KP 

model of UPS which will result in similar frequencies of tumor eradication to DMXAA.  

3.3 ï Results  
 

3.3.1 CDN, MSA-2, and E7766 can activate the murine STING pathway and elicit varying 

survival benefits in vivo.  

 To undertake this line of investigation I began by confirming that CDN, MSA-2, and 

E7766 can activate the STING pathway by treating murine RAW 264.7 cells with equimolar 

amounts of each STING agonist (Figure 3.1A). STING signaling was defined in these 

experiments as the presence of phosphorylated IRF3 and STING, in addition to elevations of 

type I interferon relative to HBSS controls. Protein lysates and cell supernatants were collected 

to assess markers of STING activation and downstream cytokine production 6h following 

treatment. Indeed, all agonists induced variable statistically significant increases in cytokines 

associated with STING pathway signaling (IFNɓ, TNFŬ, CCL5, CXCL9, IL-6, and CCL2), but 

drastic observable increases are seen across all cytokines in each STING treatment group, 

importantly in IFNɓ (Figure 3.1B-F). No significant differences in cytokine production were 

seen when comparing the agonists to one another. Protein lysates extracted from all STING 

treated RAW 264.7 cells showed a positive signal for the phosphorylation of STING and IRF3, 
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indicating the presence of STING pathway signaling following stimulation with DMXAA, CDN, 

MSA-2, and E7766 (Figure 3.1G). A lack of STING signaling was observed in the HBSS 

control samples, given the strong band detected on the unphosphorylated STING blot (Figure 

3.1 G). From these data, we can deduce that CDN, MSA-2, and E7766 can all stimulate STING 

pathway signaling in murine RAW 264.7 cells.  

 

Figure 3.1 - DMXAA, CDN, MSA-2, and E7766 can stimulate STING signaling in murine 

macrophage-like RAW 264.7. 

A. Schematic of RAW 264.7 STING treatment for collection of protein and cell supernatants. 

One day prior to the experiment, 2,000,000 RAW 264.7 cells were plated in supplemented 

DMEM. Cells were subsequently washed with PBS and treated with 1.8 x10-7 moles of 

DMXAA, CDN, MSA-2, E7766, 2ô3ô cGAMP, or HBSS. Six hours after treatment, protein 

lysates and cell supernatants were collected. B. Western blot showing expression of STING (33-

35kDa), phosphorylated STING (pSTING) (41kDa), and phosphorylated IRF3 (pIRF3) (45kDa) 

from the protein lysates of STING treated RAW 264.7 cells. C-H Supernatant cytokine 

concentrations of STING treated RAW 264.7 cells (IFNɓ, IL-6, TNFŬ, CCL5, CXCL10, 



 79 

CXCL9, and CCL2, respectively (Kruskal-Wallis test with Dunnôs test for multiple comparisons, 

n=5 per condition)).  

 

 Following confirmation that all agonists can stimulate STING pathway signalling in 

murine cells, I sought to investigate the therapeutic efficacy of these agonists in vivo. To assess 

the immunotherapeutic potential of each clinically relevant STING agonist, dose titration studies 

were completed for CDN, MSA-2, and E7766. All doses assessed were selected based on the 

seminal studies for each agonist. All agonists were assessed using the TAO1 UPS cell line in 6ï

12-week-old C57Bl/6 mice seven days following intramuscular tumor engraftment in the right 

hindlimb with 100,000 UPS cells (Figure 3.2A). In the absence of treatment, mice bearing 

TAO1 UPS tumors reach experimental endpoint based on tumor size within 13-15 days 

following tumor cell engraftment. Tumor volume measurements and bioluminescence imaging 

were completed throughout the course of the 90-day experiment.  

The dose titrations utilized for CDN included 25µg, 50µg, 100µg, 200µg, 400µg, and 

500µg. For ease of interpretation, CDN doses of 50µg, 100µg, and 500µg were included in 

Figure 3.2B. None of the doses assessed induced durable tumor clearance. However, a 

significant extension in overall survival time across all doses relative to controls was observed. 

Interestingly, we found that any dose exceeding 100µg resulted in some frequency of death, most 

dramatically so in the 500µg cohort, with 100% of treated mice dying within 24h of 

treatment248,249. Interestingly, no death related to drug toxicity was reported in the seminal paper 

characterizing this CDN, despite a maximal dose of 3 x 500µg was used162. Therefore, the 

operational dose I selected from these CDN dose titration studies for further studies was 100µg 
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given none of the mice treated with this dose died and a significant survival benefit was observed 

(p<0.0001) relative to control mice.  

 To assess the anti-tumor effectiveness of the non-nucleotide STING agonist MSA-2, 

subcutaneous and i.t. dosing strategies were tested. Both doses were well tolerated and did not 

induce death. Although none of the mice eradicated their primary tumors, a significant increase 

in survival time was observed relative to control TAO1 UPS tumor bearing mice, specifically in 

the i.t. 18mg/kg MSA-2 treated group (p=0.0024) (Figure 3.2E). From these studies, an 

operational dose of i.t. 18mg/kg of MSA-2 was selected248,249.   

 Finally, the translational macrocycle bridged STING agonist, E7766, was assessed i.t. at 

various doses, similar to the CDN, I first started by assessing doses including 50-150µg. 

Following encouraging preliminary studies with these three doses, I chose to expand 

optimization efforts for the dosing strategy of E7766 ranging from 3-10mg/kg. From the 

weighted dose titration studies, I found that any dose exceeding 4mg/kg induced death in a 

percentage of treated mice. Excitingly, durable tumor eradication was observed in doses 

including 4-9mg/kg, while all doses induced an extension in survival time248. An operational 

dose of 4mg/kg of E7766 was selected as no mice died following administration of this dose, 

38% of treated mice eradicated their primary UPS tumors following treatment, and a statistically 

significant increase in survival time was conferred (p<0.0001) relative to TAO1 UPS bearing 

control mice (Figure 3.2H). 

To ensure that DMXAA continued to be an effective STING agonist to use as a positive 

control for survival and immunogenic tumor clearance in my hands, I performed a survival study 

with 6 mice using an i.t. dose of 18mg/kg. In alignment with previously completed experiments 
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using DMXAA in the KP model of UPS in the Monument lab (specifically TAO1 UPS), 83% of 

the DMXAA  treated mice eradicated their primary tumors, with one mouse reaching 

experimental endpoint on day 58248,249. A statistically significant extension in survival time was 

achieved (p<0.0001) relative to control TAO1 UPS bearing mice (Figure 3.2K). Therefore, we 

confirmed that indeed, DMXAA mediated STING immunotherapy continues to induce survival 

in my hands in our model of murine UPS. 

In summary, from the survival studies I completed, I determined that all clinically 

relevant STING agonists can induce an extension in overall survival time before reaching 

endpoint relative to controls. Excitingly, the novel STING agonist E7766 can reliably elicit 

tumor clearance in our KP model of TAO1 UPS in 38% of treated mice. Based on these survival 

studies, operational doses for further characterizing STING therapy in our model were selected: 

18mg/kg of DMXAA, 100µg of CDN, 18mg/kg i.t. of MSA-2, and 4mg/kg of E7766. 
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Figure 3.2 - I.t. treatment of murine TAO1 UPS with STING immunotherapy induces varying 

levels of survival benefits and tumor clearance. 

A. Schematic of TAO1 UPS cell line engraftment on day 0, i.t. STING treatment on day 7, and 

subsequent monitoring of mice over time via bioluminescence imaging and tumor volume 

measurements. B. Overall survival of UPS bearing mice treated i.t. with 50µg (n=6), 100µg 
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(n=10), or 500µg of CDN (n=10) and control (n=7) (log-rank Mantel-Cox test of 100µg CDN 

compared to control). C & D.  Tumor volume (C) and bioluminescence (D) of CDN treated mice 

over time. E. Overall survival of UPS bearing mice treated with 18mg/kg of MSA-2 i.t. (n=9) or 

50mg/kg of MSA-2 subcutaneously (n=11) and control (n=7) (log rank Mantel-Cox test of 

18mg/kg i.t. MSA-2 compared to control). F & G Tumor volume (F) and bioluminescence (G) 

of MSA-2 treated mice over time. H. Overall survival of UPS bearing mice treated i.t. with 

3mg/kg (n=8), 4mg/kg (n=16), or 9mg/kg (n=7) of E7766 and control (n=10) (log rank Mantel-

Cox test of 4mg/kg E7766 treated tumors compared to control). I & J Tumor volume (I ) and 

bioluminescence (J) measurements of E7766 treated mice over time. K. Overall survival of UPS 

bearing mice treated with 18mg/kg of DMXAA i.t. (n=6) and control (n=7) (log rank Mantel-

Cox text of DMXAA treated tumors compared to control. L & M Tumor volume (L)  and 

bioluminescence (M ) of DMXAA treated mice over time. 

 

3.3.2 Clinically relevant STING agonists induce differing levels of systemic cytokine activity 

and immunologic TME modulation over time. 

Given the differences in survival outcomes between each of the clinically relevant 

STING agonists in the previously outlined survival studies, I decided to characterize the systemic 

cytokine profiles that result from each STING agonist and to phenotype the tumor immune 

profiles of UPS tumors treated with DMXAA,  CDN, MSA-2, or E7766 over time. To assess 

systemic cytokine activity, serum was extracted from TAO1 UPS bearing mice 6h following i.t. 

STING therapy. To phenotype tumor immune profiles, flow cytometry and transcriptomic 

profiling using the NanoString ImmunOncology 360 panel experiments were completed to 

phenotype the immunobiology of UPS tumors at 24h, 72h, and 1-week following STING 

therapy.  

The 6hr post STING timepoint was selected for serum cytokine analyses, as it was 

revealed in a pilot experiment of harvested serum for all drugs at 6h, 24h, 72h, and 1-week, that 

the majority of STING related cytokines were reduced beyond 6h (Supplemental Figure 1). Six 

hours after STING therapy, there were distinct differences in the detectable serum cytokines 
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associated with a STING response (Figure 3.3A). All agonists appeared to induce greater 

systemic detection of IL-6 relative to the control condition (Figure 3.3C). Both E7766 and CDN 

induced significant increases in the concentrations of circulating IFNɓ, TNFŬ, CCL5, CXCL9, 

and CCL2 relative to controls. These results effectively convey that E7766 and CDN induce a 

potent systemic STING response and that CDN shows a similar systemic cytokine profile to 

E7766.  
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Figure 3.3 - Systemic cytokine profiles of STING treated TAO1 UPS bearing mice shows that 

E7766 induces the most potent systemic STING response. 

 

A. Schematic of mouse UPS tumor engraftment, STING treatment, and subsequent serum 

collection for assessment via Eve Technologies MD-44 plex assay. Mice were engrafted with 

100,000 TAO1 UPS cells and one week later were treated with either 18mg/kg DMXAA, 100µg 

CDN, 18mg/kg MSA-2, 4mg/kg E7766, or control. Six hours follow treatment, serum was 

collected from treated mice for processing. B-G. Serum concentrations of IFNɓ, IL-6, TNFŬ, 

CCL5, CXCL9, CCL2, respectively (Kruskal-Wallis test with Dunnôs test for multiple 

comparisons, n= 8 ï 10 per condition).  
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Using the gating strategy outlined in Figure 3.4A, lymphocyte populations were 

evaluated over time following STING therapy. Interestingly, within the first 24h of STING 

therapy, all agonists induced a significant amount of death in the TME relative to control mice, 

although this phenotype no longer existed at the 1-week time point (Figure 3.4B). Interestingly, 

DMXAA and E7766 were the only agonists that induced significant increases in CD3Ů +T 

lymphocytes, which was observed 1-week following therapy (Figure 3.4C). DMXAA  induced a 

significant increase in CD4+ T-lymphocytes at 1-week following STING therapy relative to 

control tumors, while both E7766 and DMXAA induced a significant increase in CD8+ T-

lymphocyte infiltration at the same timepoint. Neither MSA-2 or CDN demonstrated a 

significant difference in CD8+ or CD4+ T-lymphocyte infiltration in the UPS TME (Figure 

3.4C-E). Similar to the findings from the flow cytometry data, transcriptomic profiling 

demonstrated an enrichment of genes associated with lymphocyte activation, most pronounced in 

the E7766 treated tumors 1-week following STING therapy (Figure 3.4F).  
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Figure 3.4 - E7766 and DMXAA increase the proportion of tumor infiltrating lymphocytes in the 

UPS TME. 

A. TAO1(-) UPS lymphocyte gating strategy for tumors processed at 24h, 72h, and 1-week 

following i.t. STING therapy. All gates were drawn using a fluorescence minus one control. B. 

Zombie aqua live cells as a percentage of single cells 24h and 1-week following STING therapy. 

C. Proportion of CD3Ů+ T-cells cells as a percentage of live cells 1-week after STING therapy. 

D. Proportion of CD4+ T-cells as a percentage of live cells 1-week after STING therapy. E. 

Proportion of CD8+ T-cells as a percentage of live cells 1-week after STING therapy. F. 

Heatmap of transcriptomic gene signatures associated with markers of lymphocyte activation 1-

week following STING therapy. Kruskal-Wallis tests with Dunnôs multiple comparisons test, n= 

5 ï 8 mice per condition. 

Similarly, the phenotypes of myeloid cells in the UPS TME were profiled according to 

the outlined gating strategy in Figure 3.5A. Twenty-four hours after STING therapy, the 

proportion of live macrophages is significantly reduced in DMXAA and E7766 treated UPS 

tumors relative to controls (Figure 3.5B). At 72h following STING therapy there are 

significantly fewer macrophages in the TME of E7766 treated tumors relative to CDN, MSA-2, 
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and control conditions (Figure 3.5C). Interestingly, this observation is reversed at the 1-week 

timepoint, with E7766 treated tumors containing significantly greater proportions of 

macrophages in the UPS TME relative to all other conditions apart from CDN (Figure 3.5D). At 

the 1-week timepoint, all STING agonists contained significantly greater proportions of CD80+ 

macrophages relative to control (Figure 3.5E). Moreover, at the 72hr timepoint a significant 

reduction in the proportion of pro-tumor CD206+ macrophages was observed in DMXAA, CDN, 

and E7766 treated tumors relative to the control condition (Figure 3.5F). Additionally, at the 1-

week time point, both DMXAA and E7766 treated tumors contained significantly greater 

proportions of MHC-II+ cells (Figure 3.5G). Interestingly, E7766 treated tumors displayed an 

elevation in several genes associated with an anti-tumor macrophage phenotype (Cd80, Cd86, 

Cd68, Nos2). Parallels between the transcriptomic and flow cytometry data were also seen in 

control tumors as evidenced by an enrichment in genes associated with pro-tumor macrophages 

including Cd163, Cd206, and Arg1.  

Taken together, the immune phenotyping of UPS tumors following STING treatment 

across the 24hr,72hr, and 1-week timepoints has suggests that E7766 appears to induce a shift in 

the UPS TME towards a more immunologically inflamed phenotype relative to control tumors. 

This is supported by the significant elevation in T-lymphocytes and elevation in transcriptomic 

signatures associated with lymphocyte activation, an increase in anti-tumor macrophages, and 

reduction in pro-tumor macrophages relative to control UPS tumors.  
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Figure 3.5 - STING immunotherapy elicits changes in myeloid phenotypes that are agonist 

dependent. 

A. Schematic of myeloid gating strategy for flow cytometry data for STING treated TAO1 (-) 

UPS tumors. All gates were drawn using a fluorescence minus one control. B. Proportion of 

macrophages 72h following STING therapy as a percentage of live cells. C. Proportion of 

macrophages 1-week following STING therapy as a percentage of live cells. D. Proportion of 

CD80+ macrophages as a percentage of live cells 72h following STING therapy. E. Proportion 

of CD80+ macrophages as a percentage of live cells 1-week following STING therapy. F. 

Proportion of CD206+ macrophages as a percentage of live cells 72h following STING therapy. 

G. Proportion of MHC-II+ cells as a percentage of live cells 1-week following STING therapy.  

H. Heatmap of transcriptomic expression of genes associated with markers of myeloid lineage 

cells. (Kruskal-Wallis test with Dunnôs test for multiple comparisons, n= 5 ï 8 per condition). 
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3.3.3 CD8+ T-lymphocytes are required for eliciting tumor clearance mediated by STING 

therapy but are not necessary for protective immunity against UPS. 

 It is well known that CD8+ T-cells play a critical role in immune mediated tumor 

clearance in preclinical and clinical studies. As previously shown, CD8+ T-cells were 

significantly elevated in DMXAA and E7766 treated tumors relative to controls, suggesting their 

presence may be associated with the tumor clearance we observe following STING therapy with 

E7766 in survival studies. Thus, I wanted to characterize the contributions of CD8+ T-cells in 

eliciting anti-tumor clearance following i.t. E7766 administration. I hypothesized that in a CD8+ 

T-cell depleted state, mice would not be able mount an anti-UPS immune response to E7766 

mediated STING immunotherapy. To test this hypothesis, C57Bl/6 mice were engrafted with 

TAO1 UPS, depleted of CD8+ T-cells using an anti-CD8Ŭ depleting antibody, and treated with 

E7766 according to the schematic in Figure 3.6A. Once mice reached endpoint, tumor, blood, 

and spleen were collected and assessed for CD8+ T-cell status via flow cytometry. In a CD8+ T-

cell depleted state, E7766 treated mice were unable to eradicate their primary UPS tumors 

(Figure 3.6B). In contrast, 16% percent of the isotype control treated mice eradicated their 

primary tumors. A significant extension in survival time was seen in CD8+ T-cell depleted mice 

and isotype controls treated with E7766 relative to immune competent controls. Although there 

was not a statistically significant difference in the survival of CD8+ T-cell depleted mice relative 

to isotype controls following E7766 therapy, when I compared the survival of CD8+ T-cell mice 

to a larger cohort of immune competent E7766 treated mice that did not receive an isotype 

control antibody injection (n=16), survival percentages are statistically significantly reduced. 

Significant reductions in CD8+T-cells were observed in the blood, spleens, and tumors of mice 

who received the CD8+ depleting antibody relative to isotype controls (Figure 3.6E-I) .  Taken 
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together, these data demonstrate that CD8+ T-cells can be depleted using this treatment regimen 

both systemically and, in the UPS TME, and that in this CD8+ T-cell depleted state E7766 

treated mice cannot eradicate primary tumors UPS tumors. Further flow cytometry data from the 

24h, 72h, and 1-week post-STING therapy can be found in Supplemental Figure 2.  
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Figure 3.6 - Depleting mice of CD8 T-cells in mice bearing UPS abrogates survival following 

E7766 mediated STING therapy. 
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A. Schematic of CD8Ŭ T-cell depletion experiment in naive mice engrafted with TAO1 UPS 

tumors treated with E7766. B. Survival CD8Ŭ T-cell depleted mice relative to IgG2b isotype 

control mice treated with E7766 (log-rank Mantel-Cox test comparing E7766 treated mice to 

CD8Ŭ T-cell depleted E7766 treated mice (p=0.006), CD8Ŭ T-cell depleted E7766 treated mice 

to untreated control UPS bearing mice (p<0.0001), and isotype control mice treated with E7766 

to untreated control UPS bearing mice (p<0.0001), n= 6 ï 16 mice per group). C & D. UPS 

tumor bioluminescence (C) and tumor volume (D) of CD8Ŭ depleted E7766 treated mice, 

isotype control E7766 treated mice, and untreated control UPS bearing mice. E-G. Proportion of 

CD8+ T-cells as a percentage of CD3Ů + T-cells in the blood (E), spleen (F), or tumor (G) 

(Mann-Whitney U test, n= 4 ï 5 per condition). H & I Flow cytometry plots comparing CD4 (x-

axis) and CD8 (y-axis) populations in CD8Ŭ T-cell depleted E7766 treated mice (H) and isotype 

control mice treated with E7766 (I ).  

Following the confirmation that CD8+ T-cells are important contributors to the survivor 

phenotype that results from E7766 STING therapy, I investigated if mice who survive E7766 

therapy develop protective immunity against TAO1 UPS, and if protective immunity could be 

dependent on CD8+ T-cells. First, mice who had survived over 90 days following their initial 

tumor engraftment and subsequent treatment with E7766 were re-challenged in the contralateral 

hindlimb with an additional inoculation of TAO1 UPS. DMXA A survivors were used as a 

positive control, given that it was robustly demonstrated by Marritt et al158 that all TAO1 UPS 

bearing mice cured of their disease with DMXAA developed protective immunity. To test this 

hypothesis, survivors from all doses of E7766 (4-9 mg/kg) were re-inoculated with 100,000 

TAO1 UPS cells and imaged over time (Figure 3.7A). Survivor DMXAA treated mice were re-

challenged alongside E7766 survivors as a positive control for the protective immunity 

phenotype.  

In accordance with previous re-challenge studies with DMXAA in this model, 100% of 

re-challenged mice demonstrated protective immunity, showing a steady decrease in 

bioluminescence immediately following re-challenge (Figure 3.7B&C) . Of the 24 E7766 re-

challenged survivors, 87.5% eradicated their primary tumors, while 3 mice succumbed to the 
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TAO1 UPS re-challenge on days 24, 37, and 43 (Figure 3.7B). In mice who successfully 

rejected the re-challenge in both DMXAA and E7766 survivor groups, UPS clearance as 

evidenced by bioluminescence imaging can be observed as early as 14 days following re-

challenge (Figure 3.7D). From these results, it is evident that following curative STING 

immunotherapy with E7766, the majority of surviving mice develop a protective phenotype 

against a model of disease recurrence via TAO1 UPS re-challenge248.  

 

Figure 3.7- The majority of survivor mice that eradicate their primary UPS tumors following 

STING immunotherapy develop protection against UPS cell re-challenge. 

A. Schematic of UPS re-challenge in STING survivor mice. B. Kaplan-Meier survival plots of 

survivor mice re-challenged with UPS (n= 3 ï 24 mice per condition). C. STING survivor re-
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challenge bioluminescence (photons/s) of injected area. D. Photos from the bioluminescence 

imaging of survivor mice from days 7 ï 60 following UPS re-challenge.  

Next, I explored which cell types are critical contributors to the protective phenotype 

conferred by STING survivors who can reject TAO1 UPS re-challenge. Given that my previous 

results showed that in a CD8+ T-cell depleted state, naive mice engrafted with TAO1 UPS 

tumors and subsequently treated with E7766 are unable to eradicate their primary tumors, I 

hypothesized that in a CD8+ T-cell depleted state, E7766 survivors would be unable to reject a 

re-challenge. To test this question, I depleted a cohort of E7766 survivors of CD8+ T-cells using 

an anti-CD8Ŭ depleting antibody according to the regime outlined in Figure 3.8A. Much to my 

surprise, survivors in the anti-CD8Ŭ treatment group completely rejected the re-challenge of 

TAO1 UPS cells (Figure 3.8B&C ). Within the first week, a rapid loss of bioluminescence was 

observed, which was maintained for an additional two weeks. Given the lack of tumor 

development and significantly increased survival time of anti-CD8Ŭ treated survivors relative to 

naive control tumor bearing mice, the experiment was terminated on day 25 to assess if depletion 

had occurred. There were no significant differences in the proportion of CD3Ů+ T-cells or CD4+ 

T-cells in the blood and spleens when comparing isotype control treated mice to anti-CD8Ŭ 

treated survivors (Figure 3.8 D-E & G-H). However, a significant reduction in the proportion of 

CD8+T-cells was confirmed by flow cytometry in the blood and spleen, leading to the 

conclusion that CD8+ T-cells do not appear to be required for conferring protective immunity 

against TAO1 UPS in this model (Figure 3.8 F & I). Taken together, these findings suggest that 

CD8+ T-cells are important to mount an initial anti-tumor response to TAO1 UPS following 

STING therapy via E7766 but are seemingly inconsequential for maintaining the protective 

phenotype against TAO1 UPS observed in E7766 survivor mice.  
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Figure 3.8 - CD8+T-cells are not required for STING survivors to reject UPS re-challenge. 

A. Schematic of CD8Ŭ depletion in survivor mice and subsequent UPS re-challenge. B. 

Bioluminescence image of survivor mice who received IgG2b or anti-CD8Ŭ on days 1-21 

following re-challenge. C. Bioluminescence of injected hindlimb following UPS cell re-
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challenge (photons/s). D. Proportion of CD3Ů + cells as a percentage of live cells in the blood. E. 

Proportion of CD4+ T-cells as a percentage of CD3Ů + cells in the blood. F. Proportion of CD8+ 

T-cells as a percentage of CD3Ů + cells in the blood (Mann-Whitney U test comparing CD8+ T-

cells in isotype control and anti-CD8Ŭ treated mice, n=4 - 6 mice per condition). G. Proportion 

of CD3Ů + cells as a percentage of live cells in the spleen. H. Proportion of CD4+ T-cells as a 

percentage of CD3Ů + cells in the spleen. I . Proportion of CD8+ T-cells as a percentage of 

CD3Ů+ cells in the spleen (Mann-Whitney U test comparing CD8+ T-cells in isotype control and 

anti-CD8Ŭ treated mice, n=4 - 6 mice per condition). 

 

3.3.4 Combination of STING with anti-PD-1 immune checkpoint blockade can enhance 

therapeutic effects in some agonists. 

 Despite the excitement of identifying a STING agonist capable of inducing durable 

clearance of TAO1 UPS tumors, I sought to determine if survival outcomes could be enhanced 

through the investigation of combination therapies. I investigated the expression profiles of 

genes associated with negative regulation of the immune response in the IO360 transcriptomic 

data of STING treated tumors one week following therapy. Each agonist demonstrated a distinct 

transcriptomic profile with regards to the selected genes, but both CDN and E7766 showed an 

enrichment for Pd-1, Pd-L1, and Pd-L2 (Figure 3.9A). Therefore, I hypothesized that combining 

STING therapy with anti-PD-1 immune checkpoint blockade therapy may increase survival 

benefits by relieving an axis of T-cell exhaustion in the UPS TME. To test this, I combined 

STING immunotherapy with each agonist in combination with anti-PD-1 immune checkpoint 

blockade therapy248,249 (Figure 3.9B). When comparing DMXAA monotherapy to the 

combination therapy group, there were no significant differences in survival (Figure 3.9C). 

Excitingly, 28% of mice in the CDN + anti-PD-1 combination therapy group durably eradicated 

their primary tumors, which was significantly greater than the CDN monotherapy group, as none 

of the mice exhibited tumor clearance (Figure 3.9D). Across all combination therapies, a 

significant extension in survival time was observed in the combination therapy group relative to 
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the anti-PD-1 monotherapy group (Figure 3.9C-F). Although not statistically significant, 57% of 

mice in the E7766+anti-PD-1 combination therapy group eradicated their primary TAO1 UPS 

tumors relative to the 38% of mice that eradicate their primary tumors in the E7766 monotherapy 

group. Therefore, these data suggest that combining STING immunotherapy with anti-PD-1 

immune checkpoint blockade therapy can synergistically improve survival outcomes, specifically 

in the context of CDN.  
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Figure 3.9 - STING combined with anti-PD-1 immune checkpoint blockade therapy can generate 

survival in the CDN+anti-PD-1 combination condition. 

A. Transcriptomic profiling of genes associated with negative regulation of the immune 

response. B. Schematic of anti-PD-1 immune checkpoint blockade + STING combination 

therapy dosing schedule. C. Overall survival of mice treated with DMXAA, anti-PD-1, or in 

combination. D. Overall survival of mice treated with CDN, anti-PD-1, or CDN + anti-PD-. E. 

Overall survival of mice treated with MSA-2, MSA-2 + anti-PD-1, or anti-PD-1. F. Overall 

survival of mice treated with E7766, E7766 + anti-PD-1, or anti-PD-1. (log-rank Mantel-Cox 

tests n= 5 ï 16 mice per group).  

3.4 ï Conclusion 
 

 To understand the anti-tumor applications of the translational STING agonists; CDN, 

MSA-2, and E7766, I systematically evaluated the in vitro STING inducing capacity of these 

agonists and their tumor clearance activity in vivo. Following confirmation that all agonists could 
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successfully induce STING pathway activation, I found differing frequencies of tumor clearance 

in vivo when testing various doses of each agonist. Most encouragingly however, I identified one 

translational STING agonist; E7766, capable of inducing durable tumor clearance of TAO1 UPS 

in vivo.  

 After observing variable frequencies of tumor clearance among the three translational 

agonists, I characterized differences in systemic cytokine production and UPS immunobiology 

through serum cytokine array, transcriptomic, and flow cytometry assays at various time points 

following UPS tumor treatment with each agonist. Interestingly, I found that E7766 induced the 

greatest systemic STING response of all agonists. I also showed that E7766 therapy induced a 

shift towards a more immunologically inflamed tumor phenotype compared to control tumors at 

1-week following therapy. E7766 treated tumors contained the greatest proportion of 

lymphocytes, specifically CD8+ T-cells in the UPS TME following therapy relative to controls. 

Additionally, phenotyping of the myeloid populations within the UPS TME revealed that E7766 

treated tumors contained a greater proportion of anti-tumor CD80+ macrophages and MHC-II+ 

APCs at 1-week following therapy compared to controls. 

 Given the significant increase in tumor infiltrating CD8+ T-cells, I assessed the anti-

tumor efficacy of E7766 treatment in a CD8+ T-cell depleted context. Through these 

experiments, I showed that mice in a CD8+ T-cell depleted state were unable to eradicate their 

TAO1 UPS tumors, reinforcing the importance of this cell type in mounting anti-tumor responses 

in the context of this model and STING therapy.  

 Next, I showed that the majority of mice who survive E7766 STING therapy develop a 

protective phenotype against a model of disease recurrence. Upon re-challenge, 87.5% of E7766 
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survivor mice demonstrated complete rejection. However, when survivors were depleted of CD8 

T-cells and re-challenged, this protective phenotype was maintained. Finally, I showed that 

combining STING therapy with anti-PD-1 ICB could significantly improve therapeutic efficacy, 

specifically in the context of CDN combination therapy, as 28% of mice in this condition 

eradicated their primary tumors, while none of those in either the anti-PD-1 or CDN 

monotherapies displayed this phenotype.  

 Taken together, these data show that translational STING immunotherapy with E7766 

can elicit tumor clearance, induce a relatively more immune inflamed TME compared to 

controls, and can confer a protective anti-tumor phenotype in surviving mice that appears to be 

CD8+ T-cell independent. Moreover, these findings support the combination of STING with ICB 

therapy, specifically in the context of CDN and anti-PD-1, promoting further investigation of 

other combinatorial therapies for STS.  
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4. Chapter 4: Characterizing the importance of STING signaling profiles 

in tumor and non-tumor compartments of the UPS TME. 

4.1 ï Introduction  

 As a mechanism of evading the immune systemôs ability to identify and kill  cancer, 

cancer cells can evolve to downregulate STING expression or have dysfunctional STING 

pathway signaling174. However, STING expression or lack thereof, can exist on a spectrum in 

both murine and human cancers and is dependent on disease progression status250. Interesting 

studies completed by Xia et al in 2016, showed that the majority of both human melanoma and 

colorectal adenocarcinomas produced lower levels of type I interferon upon stimulation with 

dsDNA compared to controls in vitro, indicating reduced STING pathway signaling in these 

specific cancer types171.  

Although STING immunotherapy can induce immunogenic tumor clearance in the KP 

model of UPS (specifically, the TAO1 UPS), it is unclear which cell types are critical 

contributors to this outcome, and if STING activation within tumor cells is conducive to this 

anti-tumor phenotype. Previous literature has shed light on the consequences of STING signaling 

in some cellular compartments; revealing that STING signaling can lead to cell death in 

lymphocytes and monocytes, while STING signaling in endothelial cells, NK cells, 

macrophages, MDSCs, and DCs can increase immunogenic TME remodulation and improve 

anti-tumor responses180-183,188-190. To delineate which cell types do engage in STING signaling in 

the UPS TME and whether tumor STING signaling contributes to STING-mediated tumor 

clearance, STING therapy must be in assessed in STING deficient and competent systems in 

vitro and in vivo in the context of UPS.  
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4.2 ï Hypothesis 
 

 STING signaling in non-malignant host cells is required for immunogenic tumor 

responses and not UPS cells.  

 

4.3 ï Results  
 

4.3.1 STING signaling in TAO1 UPS cells is not sufficient to induce tumor clearance 

following intratumoral STING therapy.  

 To begin understanding cellular contributions to STING signaling in the TME of STING 

treated UPS tumors, I first sought to determine whether TAO1 UPS cells could mount a STING 

response when stimulated with DMXAA, CDN, MSA-2, or E7766. Six hours after treating 

TAO1 UPS cells with equimolar amounts of each STING agonist, supernatants and protein 

lysates were collected as outlined in Figure 4.1A. Supernatant concentrations of IFNɓ were only 

significantly elevated in the E7766 condition relative to controls (Figure 4.1B). Interestingly, 

there were significantly elevated levels of IL-6 in the supernatants of MSA-2 treated cells 

compared to controls (Figure 4.1C). Moreover, the protein lysates collected from HBSS treated 

TAO1 UPS cells indicated that in a resting state, TAO1 UPS cells do express unphosphorylated 

STING and upon stimulation with DMXAA, CDN, MSA-2, or E7766, phosphorylation of 

STING and IRF3 are detected, further indicating that TAO1 UPS can engage in type I interferon 

signaling through STING (Figure 4.1E). Perhaps with greater sample sizes, statistically 

significant increases in IFNɓ and other STING related cytokines would be observed across all 

agonists, in accordance with the phosphorylation status seen in the western blots. Although I 

have shown that TAO1 UPS cells can engage in STING signaling upon stimulation with 
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translational STING agonists, it is important to note that the magnitude of IFNɓ production is 

significantly reduced when compared that of macrophage like RAW264.7 cells (Figure 4.1F).  

 

Figure 4.1 - TAO1 UPS cells can engage in STING signaling to produce type I interferon 

following treatment with clinically relevant STING agonists. 
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A. Schematic of TAO1 UPS STING treatment and subsequent collection of protein and cell 

supernatants. One day prior to the experiment, 2,000,000 TAO1 UPS cells were plated in 

supplemented RPMI. Cells were subsequently washed with PBS and treated with 1.8 x10-7 moles 

of DMXAA, CDN, MSA-2, E7766, or HBSS. Six hours after treatment, protein lysates and cell 

supernatants were collected. B-D. Supernatant cytokine concentrations of IL-6, IFNɓ, and 

CXCL9, respectively (Kruskal-Wallis test with Dunnôs test for multiple comparisons, n = 3 

samples per condition). E.Western blot showing expression of STING (33-35kDa), 

phosphorylated STING (pSTING) (41kDa), and phosphorylated IRF3 (pIRF3) (45kDa) from the 

protein lysates of STING treated RAW 264.7 cells. F. Supernatant cytokine concentrations of 

TAO1 UPS and RAW 264.7 for IFNɓ (multiple Mann-Whitney U tests comparing IFNɓ 

expression of DMXAA, E7766, and HBSS control treated TAO1 and RAW 264.7 cells, n=3 per 

condition). 

 

To determine if the magnitude of STING signaling by TAO1 UPS cells can support the 

induction of tumor clearance, I engrafted TAO1 UPS cells into STING deficient Goldenticket 

mice, subsequently treated them with DMXAA or E7766, and followed them for survival 

(Figure 4.2A). These mice lack detectable STING protein expression because of a single 

nucleotide variant (I199N) of the Tmem173 gene that functions as a null allele, rendering all 

endogenous cells in this host unable to produce type I interferons through STING signaling 

pathways251. Through these experiments, I found there were no significant differences in survival 

between STING treated tumors and controls, and all animals reached experimental endpoint on 

the same timeline (Figure 4.2B&C). Thus, from these experiments, I have shown that although 

STING signaling and subsequent type I interferon production in TAO1 UPS cells is possible, it is 

not robust enough to induce a therapeutic response independently.   
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Figure 4.2 - In the absence of host STING expression, TAO1 UPS STING signaling is not 

sufficient to induce an anti-tumor response. 

A. Schematic of TAO1 UPS cell line engraftment on day 0, i.t. STING treatment on day 7, and 

subsequent monitoring of Goldenticket mice over time via bioluminescence imaging and tumor 

volume measurements. B. Overall survival of UPS bearing mice treated i.t. with 4mg/kg E7766, 

18mg/kg DMXAA, or control (n=6-16 per group). C. Tumor volume measurements of STING 

treated Goldenticket mice over time.   

 

4.3.2 A lack of STING signaling in UPS cells does not impact therapeutic outcomes to STING 

therapy.  

After I determined that UPS STING signaling could not compensate for a lack of host 

STING expression to induce survival outcomes following STING therapy, I sought to investigate 

the consequences of impaired UPS STING signaling on the therapeutic outcomes of STING 

therapy. To do so, Yaping Yu genetically engineered our TAO1 UPS cell line to lack STING 

expression using CrisprCas9 (TAO1 STING k/o). Several clones of this cell line were developed, 
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but only clone 1-2 was evaluated in this thesis. To confirm a lack of functional STING signaling, 

TAO1 STING k/o UPS cells were seeded and treated in an identical fashion to the outline in 

Figure 4.1A. Functional outputs of STING activation were assessed across all drugs in this cell 

line and a significant reduction in IFNɓ production was observed in TAO1 STING k/o cells 

relative to DMXAA and E7766 treated TAO1 UPS wildtype cells (Figure 4.3A).  There were no 

significant differences across treatments relative to control when comparing STING related 

cytokines IL-6, CXCL9, CCL2, and CCL5 (Figure 4.3C-E). Indeed, it was also confirmed via 

western blot that even in the presence of STING agonists, there is no baseline STING protein, 

phosphorylated-STING, or phosphorylated-IRF3 detection. Therefore, TAO1 STING k/o cells 

are unable to engage measurable STING signaling in vitro.  
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Figure 4.3 - TAO1 STING k/o cannot engage functional STING signaling when stimulated with 

DMXAA, CDN, MSA-2, or E7766. 

A. Supernatant cytokine concentrations of TAO1 UPS and RAW 264.7 for IFNɓ (multiple 

Mann-Whitney U tests comparing IFNɓ expression of DMXAA, E7766, and HBSS control 

treated TAO1 and TAO1 STING k/o cells, n=3 per condition). B-E. TAO1 STING k/o 

supernatant cytokine concentrations of IL-6, CXCL9, CCL5, and CCL2 respectively. E. Western 

blot showing expression of STING, phosphorylated STING (pSTING), and phosphorylated IRF3 

(pIRF3) from the protein lysates of STING treated TAO1cells.  

Next, I assessed the consequences of a lack of tumor cell STING signaling in vivo by 

engrafting immune competent C57Bl/6 mice with TAO1 STING k/o UPS tumors and treated 

them with DMXAA or E7766. No significant differences in survival, tumor volume or tumor 
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bioluminescence were observed between TAO1 wildtype and TAO1 STING k/o UPS tumors 

treated with DMXAA, E7766, or in the control groups (Figure 4.4). Additionally, there were no 

statistically significant differences in survival outcomes following when comparing STING 

treatment between cell lines for DMXAA or E7766 (Figure 4.4). Eighty-seven percent of 

DMXAA (83% in TAO1 wildtype) and 53.3% of E7766 (38% in TAO1 wildtype) treated mice 

bearing TAO1 STING k/o tumors durably eradicated their primary tumors (Figure 4.4). 

Therefore, from these data, I have determined that STING signaling in UPS cells is not required 

to observe the survival benefits of STING immunotherapy in the TAO1 model of UPS. 

 

Figure 4.4 - STING expression in TAO1 UPS cells is not required to observe anti-tumor 

outcomes following STING therapy. 

A. Schematic of TAO1 STING k/o UPS cell line engraftment in C57Bl/6 mice on day 0, i.t. 

STING treatment on day 7 (4mg/kg E7766 or 18mg/kg DMXAA), and subsequent monitoring 
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over time via bioluminescence imaging and tumor volume measurements. B & C. Tumor 

volume (B) and bioluminescence (C) measurements over time (n= 6-16 mice per group). D. 

Overall survival of TAO1 STING k/o UPS bearing mice and TAO1 wildtype UPS bearing mice 

following STING treatment.  

 

4.3.3 STING signaling is most abundant 6h following STING therapy in myeloid cells of the 

UPS TME and both DMXAA and E7766 maintain significantly higher ISG scores than CDN 

at 1-week following therapy in multiple cell types.  

  Once I established that STING signaling is critical in non-malignant host cellular 

compartments but not tumor cells for inducing TAO1 UPS clearance, I asked the questions, 1) 

what host cell types in the UPS TME engage in STING signaling following i.t. STING therapy? 

and 2) Do differences exist in STING signaling across cellular compartments when comparing 

DMXAA, E7766, and CDN STING agonists? To begin answering this question, I sought the 

expertise of bioinformatics experts Drs. Kiran Narta and Ted Verhey to assist me in achieving 

my experimental goal to identify specific cellular populations in the UPS TME that engage in 

type I interferon responses.  

 To accomplish this, 32 female mice were given TAO1 UPS tumors and treated with 

DMXAA, CDN, E7766, or control 7 days later (Figure 4.5A). These mice were then separated 

into 1) a 6hr post-treatment or 2) a 1-week post treatment cohort. With this design, there were 4 

biological replicates in each treatment group at each timepoint (Figure 4.5A). At both 

timepoints, single cells were isolated from the tumor of each mouse and pooled into each 

respective group (Figure 4.5A). Tumor weights were recorded for each mouse and the lowest 

tumor weight per cohort was used to standardize tumor contribution from each mouse to the 

pooled sample for each timepoint. There were no significant differences in tumor size amongst 
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all mice sacrificed at the 6hr timepoint, however, control tumors were significantly larger in size 

than both DMXAA and E7766 treated tumors at the 1-week time point (Figure 4.5B).  

 In an effort to exclude dead cells (zombie aqua positive cells) and tumor cells (mCherry 

positive cells), cell sorting was performed to enrich for immune and non-immune cells in the 

TME that are of non-UPS origin given our understanding that STING signaling in UPS cells is 

not necessary for tumor eradication. A total of 57,666 cells were sequenced, and unsupervised 

clustering completed in Seurat was used to develop a UMAP depicting 22 distinct single cell 

clusters (Figure 4.5C). The top four most significantly upregulated genes (p<0.05) for each 

cluster are depicted in Figure 4.5D.  
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Figure 4.5 - Single cell RNA sequencing of non-tumor cells in the UPS microenvironment. 

A. Experiment workflow for isolating single cells from TAO1 UPS tumors. 100,000 TAO1 UPS 

cells were engrafted into the right hindlimbs of 32 female C57Bl/6 mice. One week following 

engraftment, mice were treated with an i.t. dose of DMXAA, CDN, E7766, or control. One 

cohort of mice was sacrificed 6h after STING therapy (n=4 per treatment group) and the second 

cohort of mice was sacrificed 1-week after STING therapy (n=4 per group). Following sacrifice, 

tumors were isolated, and weighed. After each tumor was weighed, a standardized weight for 

each treatment was determined based on the size of the smallest tumor, and equal weights of 

each tumor were added to the pooled sample for that specific group. Once samples were pooled, 
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single cell suspensions were developed and stained with zombie aqua. Then, samples mCherry-

/zombie aqua- cells were sorted to exclude mCherry expressing tumor cells and dead cells prior 

to further processing at the CHGI institute. B. Tumor weights at 6h and 1-week following 

STING therapy (Kruskal Wallis test with Dunnôs test for multiple comparisons). C. Uniform 

manifold approximation and projection (UMAP) of 22 distinct cellular clusters identified via 

single cell RNA sequencing of all single cells isolated from the 8 pooled samples. D. Dot plot of 

significantly upregulated and highly expressed in each of the 22 distinct single cell clusters.  

 

Next, SingleR was used to annotate specific single cell types based on their 

transcriptional signatures. Using this tool, 19 cellular clusters were identified. Interestingly, a 

large cluster of cells was labelled as fibroblasts by the SingleR tool (Figure 4.6B). Given that 

cell sorting completed prior to sequencing resulted in 55-80% sample purity (of the mCherry-

/zombie aqua- population) depending on each sample, I suspected that this population may be 

partially composed of tumor cells. Knowing that our TAO1 UPS cells have been engineered to 

express both mCherry and firefly luciferase, we decided to integrate these genes into the analyses 

to determine in which cellular populations they appeared to be most abundant. Indeed, upon 

assessing gene expression the population labelled by SingleR as fibroblasts contained consistent 

expression of both genes associated with TAO1 UPS cells which was distinct to that cluster of 

single cells (Figure 4.6C&D). Therefore, for the remainder of the results presented regarding the 

scRNAseq data, I believe the populations labelled fibroblasts to be TAO1 UPS cells.  
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Figure 4.6 - Using SingleR to identify 19 single cell populations TAO1 UPS and identification of 

firefly luciferase and mCherry expressing cells. 

A. UMAP depicting the unsupervised clustering of all 22 cell types identified in TAO1 UPS 

tumors. B. Specific cell type annotations for 20 cellular clusters identified based on 

transcriptomic signatures using SingleR. C & D. Firefly luciferase (C) and mCherry (D) 

normalized gene expression level feature plots.   
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 Following the annotation of cells composing the single cell suspensions isolated from 

TAO1 UPS tumors, we sought to compare immune cell profiles following STING 

immunotherapy at 6h and 1-week. Notably, there were more non-immune cells identified at the 

1-week timepoint across all treatments when compared to the 6hr samples, but this varied 

amongst conditions (Figure 4.7 A&B). Therefore, to normalize comparisons of immune cell 

compositions within tumors between timepoints and conditions, non-immune cells were 

excluded, and specific subsets of immune cells were quantified as a frequency of total immune 

cells (Figure 4.7C). Given that there is only one sample per time point in each group, statistical 

analyses were not completed to identify statistically significant differences.  

Interestingly, NKT cells were the most abundant immune cells in the UPS TME among 

all treatments (Figure 4.7C). Indeed, neutrophil abundance appeared to have a distinct pattern in 

the E7766 and DMXAA treated tumor groups at both the 6hr and 1-week time points, as this 

immune cell type appeared to be in higher abundance in these groups relative to control and 

CDN cohorts at both time points (Figure 4.7C). Conversely, a higher frequency of B-cells was 

observed in control and CDN conditions at both timepoints relative to DMXAA and E7766 

treated tumors (Figure 4.7C). Additionally, eosinophils, NK cells, ILCs, and basophils appeared 

in higher frequencies across all therapies at 6h and to a much lesser extent at 1-week following 

therapy (Figure 4.7C). Moreover, macrophages appeared to be most abundant in all treatment 

groups at the 1-week time point, with more variable monocyte proportions observed over time 

(Figure 4.7C). Surprisingly, T-cell, NKT, and gamma delta T-cell abundance was highest in the 

1-week control condition. T-cell phenotypes were further delineated (Figure 4.7C). It is 

important to note, that ñCD4ò and ñCD8ò cells are T-cells belonging to those categories that 

were not effector, memory, or naive cells but express CD4 or CD8. Control samples at 1-week 
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contained the highest amount of CD4, CD8, CD4 memory, CD8 memory, and Treg T-cells 

(Figure 4.7D). The 1-week CDN condition contained more Tregs than the DMXAA and E7766 

conditions at this timepoint. Additionally, DMXAA, CDN, and E7766 appeared to contain 

greater proportions of effector CD8 and CD4 T-cells at both timepoints when compared to 

controls, with the exception of CD4 effector cells in DMXAA at the 1-week timepoint being 

undetected(Figure 4.7D).  
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Figure 4.7 - Proportions of immune cells in the UPS TME following STING immunotherapy. 
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A. Non-immune, lymphoid, and myeloid composition of TAO1 UPS tumors. B. Proportions of 

non-immune and immune cells in the TAO1 UPS TME. C. Composition of all immune cell types 

in the TME of TAO1 UPS. D. Proportion of T-cells at 6h and 1-week following STING therapy.  

 

Next, I characterized type I interferon signaling signatures within each cell type as an 

indicator for STING activation in the UPS TME. To do so, the AddModuleScore function for 

ISGs was used in Seurat and scores were given to each cell type (Figure 4.8A). Interestingly, 

when comparing all cells contributed from all samples at both timepoints, lymphoid and myeloid 

cells had significantly higher ISG scores when compared to non-immune cells (Figure 4.8B). 

Additionally, myeloid cells had significantly higher ISG scores when compared to lymphoid 

cells, suggesting that they are a more prominent reservoir in the UPS TME for type I interferon 

signaling (Figure 4.8B). Moreover, when stratified into specific cellular groups, it is apparent 

that several myeloid, lymphoid, and non-immune cells have significantly elevated ISG scores 

when compared to the average ISG score of all cells (Figure 4.8C). Indeed, at the 6hr time point, 

ISG scores appear to be higher when compared to the 1-week time point for all cell types 

(Figure 4.8C). Given that STING is ubiquitously expressed, and various cell types can engage in 

type I interferon signaling, it is unsurprising that the majority of immune and non-immune cells 

evaluated through this assay have an elevation in ISG scores, specifically at the 6hr time point.  
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Figure 4.8 - ISG scores for all single cells isolated from TAO1 UPS tumors at 6h and 1-week 

following STING therapy. 

A. Overlay of the ISG score on UMAP of all single cells. B. Comparison of ISG scores of all 

lymphoid, myeloid, and non-immune cells (pairwise T-tests comparing the mean ISG scores of 

each group). C. ISG scores of all cell types at 6h and 1-weel time points with a central line 

depicting the average ISG score of all cells (Multiple pairwise T-tests comparing the mean ISG 

score of each cell type/time point to the base mean). For all figures: *(p<0.05), ** (p<0.01), *** 

(p<0.001), **** (p<0.0001)). 
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Once I established that many cell types in the UPS TME are engaging in ISG signaling and 

that myeloid cells had significantly higher ISG scores compared to both lymphoid and non-

immune cells, I investigated if there were differences between each agonist and corresponding 

ISG scores within the various myeloid cell types. At 6h post-therapy, DMXAA, CDN, and 

E7766 appear to have the greatest ISG scores namely in the myeloid compartment on the UMAP 

visualizations (Figure 4.9A). Interestingly, this signature is also maintained at the 1-week 

timepoint, only in DMXAA and E7766 treated tumors (Figure 4.9A). When ISG scores were 

quantified and compared among groups, tumors treated with CDN, E7766, or DMXAA had 

significantly higher ISG scores in myeloid cells in the UPS TME relative to controls when 

compared at the 6hr timepoint (with the exception of E7766 in macrophages), while at the 1-

week time point E7766 and DMXAA have significantly greater ISG scores relative to both CDN 

and control treatments which is depicted in Figure 4.9B. This may be indicative that interferon 

signaling in myeloid cell types during the 6h-1week time period is important for shaping the 

UPS TME towards an anti-tumor phenotype, reinforcing the importance of this signaling 

pathway in myeloid lineage cells.  
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Figure 4.9 - ISG scores of myeloid cell types at 6h and 1-week following STING therapy. 

 

A. ISG overlay on UMAPs for DMXAA, CDN, E7766, or control tumors at 6h and 1-week 

following STING immunotherapy. B. ISG scores for myeloid cell types in the UPS TME at 6h 

and 1-week for each therapy. (independent T-tests comparing the mean ISG scores of each 

group); *(p<0.05), ** (p<0.01),*** (p<0.001), **** (p<0.0001)). 
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 Similar to myeloid cells, ISG scores were highest in cytotoxic and lymphocytic cell types 

in the UPS TME following STING therapy with DMXAA, CDN, or E7766 at 6h when compared 

to the 1-week timepoint (Figure 4.10). Interestingly, at the 1-week timepoint the CDN condition 

consistently demonstrated the lowest ISG scores, often being significantly lower than controls 

(Figure 4.10). This may be related to the pharmacokinetics of CDN, given that the half-life of 

this STING agonist is 24 mins while the half-life of DMXAA is 8.1h. Another possibility may be 

associated with drug toxicity in lymphocytes. As previously mentioned, it is possible that 

toxicities specific to CDN exist, and it is known that STING activation can lead to variable 

outcomes, including apoptosis, depending on the cell type in which STING signaling occurs. 

Taken together, in both myeloid and lymphoid cellular compartments, the ISG scores of the 

CDN 1-week samples are significantly lower relative to DMXAA and E7766, the two STING 

agonists capable of stimulating tumor clearance in the TAO1 UPS model.  
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Figure 4.10 - ISG signatures in cytotoxic and lymphocytic cell types of the UPS TME at 6h and 

1-week following treatment with DMXAA, CDN, or E7766. 

ISG overlay on UMAPs for DMXAA, CDN, E7766, or control tumors at 6h and 1-week 

following STING immunotherapy. B. ISG scores for myeloid cell types in the UPS TME at 6h 

and 1-week for each therapy. (Independent T-tests comparing the mean ISG scores of each 

group); *(p<0.05), ** (p<0.01),*** (p<0.001), **** (p<0.0001)). 

 

 

 

 

 

4.4 ï Conclusion 

 To understand the importance of STING signaling in various compartments of the UPS 

TME, I sought to characterize the consequences of STING deficiency in non-malignant and 

malignant host cells in the context of the TAO1 UPS model. In doing so, I demonstrated that 
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STING expression in non-malignant host cells is required for stimulating anti-tumor responses 

following STING therapy with DMXAA or E7766.  

After demonstrating that STING expression in non-malignant host cells is required for 

engaging anti-tumor responses to STING immunotherapy, I identified which cell types in the 

UPS TME engage in type I interferon signaling at 6h and 1-week following STING therapy with 

DMXAA, CDN, or E7766. To do so, I isolated single cells from STING treated tumors, enriched 

for live non-tumor cells, and characterized immune and non-immune cell frequencies within 

each sample using scRNAseq. I found that NKT cells were the most abundant immune cells 

present in the single cell suspensions of DMXAA, CDN, E7766, and control samples while 

neutrophil frequency was most elevated in DMXAA and E7766 samples. 

 After identifying cellular populations within these samples, I compared ISG scores 

among cell types, treatments, and timepoints. Unsurprisingly, nearly all cell types had 

significantly elevated ISG scores in the STING treatment conditions at the 6hr time point relative 

to controls. Interestingly, in both myeloid and lymphoid cell types, the agonists that stimulate 

therapeutic responsiveness and tumor clearance; DMXAA and E7766, exhibited significantly 

higher ISG scores at the 1-week timepoint when compared to CDN and control. It is possible that 

this maintained ISG signaling following DMXAA and E7766 is important for shaping the UPS 

TME for immunogenic tumor clearance following STING therapy and is lacking in the CDN 

treatment condition. Taken together, these data reinforce the need for further study in this area to 

understand the importance of STING signaling in specific cell types for promoting anti-tumor 

responses to STING immunotherapy and the outcome of STING signaling in various cellular 

compartments.  
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5. Chapter 5 - Exploring an alternative approach to STING therapy 

through the forced expression of the hSTINGN154S protein. 

5.1 Introduction 
 

As previously discussed in chapter 1, the autoimmune condition SAVI is characterized by 

gain of function mutations in STING which can induce constitutive STING signaling168,252. 

Researchers have leveraged these point mutations to develop transgenic mouse models of the 

disease which exhibit elevated type I interferon signaling phenotypes168,252,253. Given the potent 

type I interferon signaling that occurs in vivo as a result of these point mutations, it is plausible to 

consider that these pathogenic mutations may be exploited for alternative uses, perhaps even as a 

gene therapy for cancer immunotherapy. The studies completed by Tse et al revealed a 

remarkable increase in adaptive anti-tumor CD8+ T-cell responses in an E6/E7 antigen 

expressing preclinical cancer model by encoding the mRNA cancer vaccine with 

STINGV155M167. Thus, an alternative approach to STING therapy using a novel, transient gene 

therapy strategy which triggers STING activation through the forced expression of a 

constitutively active mutant hSTING protein within tumors is an intriguing alternative to small 

molecule STING agonists. 

In collaboration with Dr. Frank Jirikôs team who has developed several transgenic mouse 

models expressing the hSTINGN154S SAVI associated transgene, we have developed a plasmid 

construct as a preliminary tool to evaluate the feasibility and consequences of forced 

hSTINGN154S expression in the context of our TAO1 UPS system.  

5.2 ï Hypothesis  
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An hSTINGN154S-IRES-eGFP plasmid will be forcibly expressed by HEK293T and TAO1 

UPS cells and will be capable of stimulating type I interferon production.  

 

5.3 ï Results  
 

5.3.1 ï Plasmid development for in vitro evaluation of forced hSTINGN154S expression  

 

 Under the supervision and guidance of Teresa Scheidl-Yee, a technician with specialized 

expertise in the molecular biology methods involved in engineering the transgenic SAVI mouse 

model developed by Dr. Jirikôs laboratory, we designed two plasmids harbouring the 

hSTINGN154S transgene. Given that our TAO1 UPS cells are of undifferentiated lineage, we did 

not select cell type specific promoters for our plasmid designs, rather we decided to generate 

plasmids under relatively ubiquitous and reliable promoters for various mammalian cell 

types254,255. We designed and purchased our first plasmid from GenScript, which contains 

hSTINGN154S under a cytomegalovirus (CMV) promoter (Figure 5.1A) known as ñCMV-

hSTING.ò Upon receiving the construct, I sequenced the plasmid to confirm that the plasmid 

synthesis completed by GenScript was correct. Following confirmation, I generated a second 

plasmid under a chicken beta actin (CBA) promoter to increase the likelihood of successful gene 

expression in our UPS cells, in the event that the construct under the CMV promoter was 

insufficient for forcing transgene expression or if  transgene expression levels were low.  

To accomplish this, I isolated the hSTINGN154S-IRES-eGFP portion of the CMV-

hSTING construct through an EcoRI digestion, given that we designed this plasmid to contain 

EcoRI restriction enzymes flanking the hSTINGN154S-IRES-eGFP portion of the plasmid. 

Following digestion, the plasmid DNA was run using gel electrophoresis to identify two bands 

(backbone and hSTINGN154S-IRES-eGFP), which were clearly separated given their different 
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sizes. An EcoRI digestion was also completed on the receiving vector. After identifying the 

insert from the CMV-hSTING digestion and the receiving vector backbone containing the CBA 

promoter, these elements were ligated. Following ligation, plasmid DNA was transformed in 

competent cells and 24 colonies were grown on an LB-agarose plate treated with ampicillin and 

incubated overnight at 37̄C. To confirm that the connection site of the ligated and transformed 

construct was correct, all 24 colonies underwent PCR specifically amplifying the plasmid DNA 

sequence at one of the two connection sites. Sequence verification of this connection site was 

then performed. Although plenty of these colonies were correctly ligated in this first site, four 

colonies were expanded and submitted for additional Sanger sequencing to confirm the second 

connection site was correctly configured. After receipt of the sequencing results and one final 

EcoRI digestion followed by gel electrophoresis to confirm correct band sizes were obtained, the 

CBA-hSTING plasmid was successfully produced.  

 

Figure 5.1 -  Plasmid maps of the custom ordered CMV-hSTINGN154S-IRES-eGFP plasmid 

from GenScript (A) and the cloned CBA-hSTINGN154S-IRES-eGFP (B) plasmids. 
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5.3.2 ï CMV-hSTING and CBA-hSTING can be transfected into HEK293T and TAO1 UPS 

cells. 

 Once both plasmid constructs were developed, I began assessing transfection efficiency, 

using three transfection methods: 1) Lipofectamine LTX, 2) Transfectin, and 3) Nucleofection. 

First, I assessed transgene transfection efficiency using HEK293T cells which are widely 

accepted as cells with high transfectivity256. After troubleshooting different concentrations of 

transfection reagents and plasmid DNA, a standard ratio of 1000ng of DNA per 100,000 cells 

was used to transfect HEK293T cells with CMV-hSTING, CBA-hSTING, or the pcDNA3.1GFP 

plasmids positive control. Nucleofection differed slightly, as 3000ng of plasmid DNA was used 

to transfect 1,000,000 cells using this method as recommended by the manufacturers protocol.  

For lipid-based transfection reagents, cells were seeded 24h prior to transfection. Cells 

were incubated with plasmid-transfection medium constructs for 24h prior to assessment for GFP 

positivity using fluorescent microscopy and flow cytometry. This strategy was modified for the 

nucleofection approach, as cells were immediately nucleofected following a cell count. Once 

nucleofection was complete, transfected cells were placed in 6-well plates and assessed for GFP 

positivity 24h later. 

 Twenty-four hours following transfection, all transfected samples were visualized using 

an ECHO revolve microscope, assessing GFP positivity through the FITC channel. Once images 

were captured, cells were trypsinized, isolated into single cell suspensions, and stained with 

zombie aqua viability die. Flow cytometry was then completed on stained cells to determine the 

proportion of live cells expressing GFP (Figure 5.2). Positive GFP signals were observed across 

all transfection reagents, with nucleofection consistently producing significantly greater 
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proportions of GFP positivity across all three plasmids. Most notably, the highest transfection 

efficiency observed was 32.66% in the CBA-hSTING plasmid.  
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Figure 5.2 - Nucleofection induces the highest expression of CBA-hSTINGN154S and CMV-

hSTINGN154S in HEK293T cells as measured by GFP positivity. 
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A. Schematic of HEK293T cell seeding, transfection, and analysis. The day prior to transfection, 

cells were seeded at a density of 100,000 cells per well in a 24-well plate (Transfectin and 

Lipofectamine LTX). Cells were transfected with 1500ng of CBA-hSTING, CMV-hSTING, or 

pcDNA3.1GFP plasmid DNA via Transfectin, Lipofectamine LTX, or Nucleofection. Twenty-

four hours after transfection, cells were visualized using the ECHO revolve microscope and 

analyzed via flow cytometry to detect live, GFP expressing cells. B-D. GFP overlay with 

brightfield of HEK293T transfected CBA-hSTING, CMV-hSTING, and pcDNA3.1GFP taken 

on at 10x magnification using the FITC filter on the ECHO revolve microscope. E-G. Percentage 

of live GFP+ cells 24h following transfection (Kruskal-Wallis test with Dunnôs test for multiple 

comparisons, n=3 per condition). 

 

 

Once I determined that my CMV- and CBA- constructs could be successfully transfected 

in HEK293T cells, I sought to evaluate transfection efficiency in TAO1 UPS cells. Given that 

UPS cells are generally the most numerous in the TME, targeting this cellular reservoir for 

forced hSTINGN154S expression may be a valuable strategy to increase anti-tumor immune cell 

recruitment into the TME. To test this, I followed the same transfection, microscopy, and flow 

cytometry preparation regimens as detailed above, using lipofectamine LTX, transfectin, and 

nucleofection. Given that TAO1 UPS cells are positive for mCherry expression, I used the 

expression of this endogenous fluorophore to aid in identifying live UPS cells expressing GFP 

(Figure 5.3A&B). Transgene expression in TAO1 UPS cells was modest when compared to 

transfected HEK293T cells, as the highest transfection efficiency obtained was 5.58% in CMV-

hSTING transfected cells using nucleofection as the transfection medium (Figure 5.3C&D). In 

contrast to HEK293T, CMV-hSTING appeared to induce greater transgene expression in the 

UPS cells and not CBA-hSTING.   
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Figure 5.3 ï CBA-hSTING and CMV-hSTING can be transfected in TAO1 UPS cells. 

A. Schematic of HEK293T cell seeding, transfection, and analysis. The day prior to transfection, 

cells were seeded at a density of 100,000 cells per well in a 24-well plate (Transfectin and 

Lipofectamine LTX). Cells were transfected with 1500ng of CBA-hSTING, CMV-hSTING, or 

pcDNA3.1GFP plasmid DNA via Transfectin, Lipofectamine LTX, or Nucleofection. Twenty-

four hours after transfection, cells were visualized using the ECHO revolve microscope and 

analyzed via flow cytometry to detect live, GFP expressing cells. B. Flow cytometry gating 

strategy for identifying live, mCherry+/GFP+ cells. C. GFP overlay with brightfield of 
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HEK293T transfected CBA-hSTING, CMV-hSTING, and pcDNA3.1GFP taken on at 10x 

magnification using the FITC filter on the ECHO revolve microscope. D-F. Flow cytometry 

quantifying GFP+/mCherry+ cells in following transfection (Kruskal-Wallis test with Dunnôs 

test for multiple comparisons, n=3 per condition). 

 

5.3.3 Both CBA-hSTING and CMV-hSTING can induce detectable STING signaling in vitro 

following transfection in HEK293T cells.  

Although GFP was detected in both HEK293T and TAO1 UPS cells, I was uncertain of 

the transgeneôs functionality from a standpoint of the production of a type I interferon response. 

To assess functionality of the transgene, I used nucleofection to transfect HEK293T cells with 

CMV-hSTING, CBA-hSTING, or pcDNA3.1GFP. Twenty-four hours following transfection, I 

harvested cell supernatants and protein lysates to assess IFNɓ production and phosphorylation 

status of TBK1 and IRF3 as a measure of STING signaling transgene functionality (Figure 

5.4A). Excitingly, IFNɓ was detected in the supernatants of both CBA- and CMV-hSTING 

transfected cells, with CBA-hSTING producing significantly greater concentrations of IFNɓ 

compared to controls (Figure 5.4B). Further, phosphorylated TBK1 and IRF3 were identified via 

western blot in both CMV- and CBA-hSTING transfected conditions (Figure 5.4C&D). Taken 
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together, these results indicate that both plasmids are capable of inducing STING signaling in 

HEK293T cells.  

 

Figure 5.4 CMV-hSTING and CBA-hSTING induce type I interferon signaling signatures in 

HEK293T cells.  

A. Schematic of HEK293T nucleofection and sample collection. B. IFNɓ concentration levels in 

HEK293T cells transfected with CMV-hSTING, CBA-hSTING, or pcDNA3.1GFP (Kruskal-

Wallis test with Dunnôs multiple comparisons test). C & D. Western blots of pTBK1 (C) and 

pIRF3 (D) in HEK293T cells transfected with CMV-hSTING, CBA-hSTING, or 

pcDNA3.1GFP. Protein lysates from THP-1 cells stimulated with 2ô3ôcGAMP were used as a 

positive control.  
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5.3.4 The expression of hSTINGN154S under the VAV promoter in SAVI mice induces a 

significant reduction in lymphocytes in the UPS TME  

 

Lastly, I assessed the impacts of expression of the hSTINGN154S in vivo on TAO1 UPS 

tumor biology. To do so, I engrafted TAO1 UPS tumors in SAVI mice, which are transgenic 

mice that have been engineered to express the constitutively active hSTINGN154S protein under 

the VAV promoter, meaning that all hematopoietic lineage cells within the mouse would express 

the transgene. Following tumor engraftment, mice were monitored until tumors reached a size of 

15mm in any direction, and flow cytometry was performed to characterize the immune 

phenotypes of these tumors relative to C57Bl/6 controls (Figure 5.5A). Interestingly, the 

phenotypes of TAO1 UPS tumors in SAVI mice were mostly similar to those engrafted in 

C57Bl/6 mice, as tumor weights were similar between groups as were proportions of live, 

CD45+, myeloid, and tumor cells were observed between the two groups (Figure 5.5B-F). 

However, there were significantly fewer CD3Ů+, CD4+, and CD8+ T-cells within the TME of 

SAVI mice. It has been previously demonstrated that the magnitude of STING signaling can 

induce T-cell death, therefore it is unsurprising that there is a reduction in this immune 

population within the TME of SAVI mice as this may be an artifact of the model given that the 

hSTINGN154S mutant is constitutively active162,181,183.  
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Figure 5.5 - hSTINGN154S expression in hematopoietic cells reduces the number of T-cells of 

CD3Ů+, CD4+, and CD8+ phenotypes in the UPS TME. 

A. UPS tumor engraftment and harvesting strategy in SAVI mice. C57Bl/6 and SAVI mice were 

engrafted with 100,000 TAO1 UPS cells and monitored until tumors reached 15mm in size at 

which time flow cytometry was performed. B. Tumor weights upon collection. C. Proportion of 

live cells. D. Proportion of CD45+ cells. E. Proportion of CD3Ů+ cells. F. Proportion of CD8+ 

cells. G. Proportion of CD4+ cells. H. Proportion of PD-1 expressing CD3Ů+ T-cells. I . 

Proportion for F4/80+/CD11b+ myeloid cells. J. Proportion of mCherry+ cells. Mann Whitney-

U tests comparing SAVI to C57Bl/6 B-J with an n=4 for each group.  
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5.4 Conclusion  
 

 Through this aim, I have shown that both CMV-hSTING and CBA-hSTING can be 

forcibly expressed by HEK293T and TAO1 UPS cells. Transfection efficiency varied between 

these two cell lines, with HEK293T cells have higher rates of transgene expression compared to 

TAO1 UPS cells. Further, the functional output from plasmid transfection was assessed 

confirming that indeed both the CMV- and CBA-hSTING plasmids could induce detectable type 

I interferon production and phosphorylation of two critical STING pathway constituents: TKB1 

and IRF3 in HEK293T cells. Unfortunately, transfection efficiency was quite low in the TAO1 

UPS cell line. Therefore, the assessment of functional output from these hSTING constructs 

could not be reliably assessed. However, it was noted through these experiments that 

nucleofection appeared to be the best transfection method compared to lipofectamine LTX and 

Transfectin reagents. Additionally, in vivo studies with SAVI mice demonstrated that 

hSTINGN154S expression in hematopoietic cells resulted in significant reduction of TILs in the 

UPS TME when compared to C57Bl/6 controls. Taken together, these findings show that forced 

expression of hSTINGN154S can be accomplished using plasmid DNA. Further studies should 

be completed to optimize plasmid composition and exploring other transfection media to 

enhance transfection efficiency and resultant protein expression in TAO1 UPS cells.  
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6. Chapter 6 ï Discussion  

 

6.1 ï Small molecule STING agonists as an immunotherapy for STS: Discussion and 

future directions 

To the best of my knowledge, this is the first study to compare the anti-tumor effects of 

multiple translational STING agonists in a single preclinical model of malignancy. To embark on 

this study, I first confirmed that equimolar amounts of CDN, MSA-2, and E7766 could stimulate 

STING signaling in vitro in macrophage-like RAW 264.7 cells. Once I had confirmed that each 

agonist can in fact activate STING, I decided to evaluate the anti-tumor properties of these 

agonists in vivo. 

Doses that I evaluated for each agonist were selected based on previously published 

literature from seminal work characterizing each STING agonist162,163,166,245. Despite the 

impressive anti-tumor results seen from CDN in previous studies at various doses as a 

monotherapy, my findings were much less compelling248,249. In fact, any dose that exceeded 

100µg of CDN resulted in animal death within the first 24h-1-week following treatment which 

ranged between 20-100% depending on the dose. Although no tumor eradication was achieved, 

there was a significant increase in overall survival time relative to controls, indicating that a 

therapeutic effect was observed with CDN in this model. Similarly, MSA-2 both at i.t. and 

subcutaneous doses did not induce any durable survival but did stimulate significant extensions 

in survival time. Excitingly, E7766 therapy reliably resulted in durable tumor clearance at 

several doses. Similar to CDN however, any dose exceeding 4mg/kg did result in a percentage of 

death within the first 24h-1-week following therapy (17-71%).  

 From these in vivo dose titration studies, I selected operational treatment doses that 

maximized therapeutic benefit and avoided doses that induced death; CDN 100µg, MSA-2 
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18mg/kg i.t., and 4mg/kg E7766. From this point, I sought to understand why each STING 

agonist induced differing levels of survival. To do so, I began by quantifying differences in the 

systemic production of STING related cytokines 6h following therapy by isolating serum from 

treated mice and submitting these samples for a 44-plex murine cytokine array at Eve 

technologies. Interestingly, similar systemic STING related cytokine levels were observed 

between CDN and E7766.  

Although I am not completely certain why some mice treated with over 100µg of CDN or 

4mg/kg of E7766 die soon after therapy, I gained insight from these serum cytokine array 

analyses and speculate it to be attributed to hypercytokinemia or ñcytokine storm.ò A recent 

study was published characterizing a transgenic mouse model of cytokine storm in which the 

constitutively active human STING mutant hSTINGN154S protein was expressed in a tamoxifen 

inducible ubiquitin C-CreERT2 system253. This allowed for rapid production of proinflammatory 

cytokines. Following tamoxifen injection, mice were euthanized within 3-4 days, demonstrating 

significant increases in serum cytokine levels, measured using a 44-plex Milliplex murine 

cytokine/chemokine array on a Luminex 200 system including CXCL10, TNFŬ, CCL2, IL-6. 

Upon comparison of these data to the serum cytokine profiles from the 100µg CDN and 4mg/kg 

E7766 treated mice I assessed using the same cytokine array, I noticed that similar, if not greater 

amounts of these cytokines were detected 6h following therapy. Therefore, it is possible that 

mice given higher doses of these STING agonists experienced more elevated cytokine 

production, perhaps even for a longer period of time, potentially leading to hypercytokinemia 

related death.  

Next, I characterized the immune landscapes of STING treated UPS tumors using flow 

cytometry, and through these studies it is evident that E7766 can stimulate significant 
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immunogenic changes in both lymphocyte and myeloid compartments of the UPS TME. 

Notably, there is a significant increase in CD3Ů+ and CD8+ T-cells infiltrating the TME, in 

addition to significant increases of anti-tumor CD80+ macrophages and MHC-II+ APCs. 

Together this data suggests that STING immunotherapy with E7766 can shift the immune 

landscape of murine UPS tumors towards a more inflamed phenotype, perhaps lending to the 

effective tumor clearance observed from this therapy.  

To stimulate proper functioning of the CI cycle, it is understood that tumor antigen 

specific CD8+ T-cells must be engaged to elicit an anti-tumor response39. To determine if  the 

influx of CD8+ T-cells in the UPS TME following E7766 treatment contributes to anti-tumor 

responses, I undertook experiments to deplete this critical cell type. Unsurprisingly, in a CD8+ 

T-cell depleted state, UPS bearing mice treated with E7766 were unable to mount an anti-tumor 

response, further reinforcing the critical importance of CD8+ T-cell influx in the tumor 

microenvironment for engaging successful tumor eradication. These findings are in alignment 

with previous work assessing DMXAA mediated TAO1 UPS tumor clearance in RAG2-/- mice 

which showed that in a lymphocyte deficient state, tumor clearance was abrogated158.  

A brilliant protective function of the immune system is the development of memory 

lymphocytes against previously encountered antigens. Memory T-cells, upon re-exposure to 

antigens are incredible sources of protection, given their rapid ability to expand in response to a 

familiar threat, enabling quick neutralization of a familiar pathogen30. Contextualizing this 

phenomenon to my thesis work, I was curious to determine if mice cured of UPS via STING 

activation develop an immunologic memory response against UPS. To test this, I re-challenged 

STING survivors in their contralateral limbs with an additional inoculation of UPS cells. 

Interestingly, 87.5% of E7766 survivors exhibited a protective anti-tumor phenotype and rejected 
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the re-challenge, while 100% of the DMXAA survivors demonstrated tumor rejection. 

Importantly, these data show that not only can STING immunotherapy be used to eradicate 

primary tumors, a degree of protection against UPS is also developed. To understand if this 

protective phenotype is dependent on CD8+ T-cells, I performed a CD8+ depletion using anti-

CD8Ŭ mAb in a group of survivors prior to re-challenge with UPS cells. Much to my surprise, 

CD8+ depleted survivors exhibited tumor clearance, with a complete attenuation of BLI signal 

within 21 days of the re-challenge.  

Future studies should further delineate the contributions of other lymphocyte populations 

for ensuring an immune protective phenotype against UPS. Certainly, data collected from a pilot 

experiment I conducted with an anti-CD3Ů mAb (Supplemental Figure 3) indicate that in a CD3Ů 

T-cell depleted state, survivors are unable to reject UPS re-challenge. This evidence bolsters the 

importance of T-cells for ensuring immune protection against UPS re-challenge, indeed 

supporting further experiments assessing the contributions of CD4+ T-cells and other 

lymphocytes to this protective phenotype.  

Given that anti-PD-1 has been FDA approved for ASPS and both Pd-1 and Pd-L1 are 

upregulated in the TME of the murine STING UPS tumors studied in this thesis, I explored the 

therapeutic synergy of combining STING immunotherapy with anti-PD-1 ICB. Previous work 

completed by our laboratory has shown that anti-PD-1 ICB monotherapy is ineffective in our 

model of UPS, which was similarly observed in my experimental control group of anti-PD-1 

monotherapy157. Although significant differences in survival were not observed between E7766 

and DMXAA monotherapies compared to the combination therapy, durable tumor eradication 

was observed in mice who received CDN+anti-PD-1 which is a significant improvement when 

compared to CDN monotherapy. Additionally, transcriptomic data provided insight into the idea 
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that each STING agonist may engage different negative regulators of the immune response, 

possibly providing opportunities to explore other ICB combination therapies geared towards 

those markers. Certainly, in addition to Pd-1, E7766 also upregulated Lag3, Tim3, and Ctla-4. 

These may be exciting future targets to leverage for combinatorial treatment regimens. 

I envisage the future of STING therapy for STS to involve combinatorial treatment 

strategies. Given that STS is largely treated surgically, I believe that future preclinical work 

should involve surgical models. For example, UPS bearing mice should be treated with STING 

therapy and undergo subsequent tumor resection to determine if STING therapy can reduce rates 

of local recurrence or systemic metastases. Additionally, radiotherapy is commonly used as a 

therapeutic adjuvant for patients with STS. It is known that radiotherapy can lead to increased 

tumor mutational burden and neo-antigenicity257,258. Excitingly, in 2021, Lussier and colleagues 

demonstrated that in vitro irradiated KP UPS cell lines engrafted in vivo resulted in increased 

neo-antigenicity and sensitivity to ICB in vivo that was CD8+ T-cell dependent258.  Additionally, 

recent work from David Kirschôs group using an autochthonous MCA derived model of STS 

showed that combining 20Gy of radiotherapy with two intralesional doses of the TLR9 agonist 

cytosine-phosphate-guanine oligodeoxynucleotide (CpG), significantly prolonged survival in a 

CD8+ T-cell dependent manner and resulted in transcriptomic signatures most similar to SIC-D 

and SIC-E within treated tumors259. Therefore, it is natural to believe that combining 

radiotherapy with STING may also enhance anti-tumor responses by engaging anti-tumor T-cell 

responses against tumor cells.  

Although the results from my thesis have been encouraging for translational STING 

immunotherapy, they are limited in the sense that only one model of UPS was assessed. Over the 

last few years, we have been developing new murine models of STS in the Monument lab, and I 
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believe STING therapy should be assessed in these models. In pilot studies I completed, STING 

treatment of spontaneous KP UPS tumors with either DMXAA or E7766 was ineffective 

(Supplemental Figure 4). Although I cannot concretely identify why spontaneous KP UPS 

tumors are unresponsive to STING therapy, I present three possibilities for why this may be the 

case; 1) spontaneously induced KP tumors develop much slower (6-8 weeks following lenti-Cre 

injection) compared to TAO1 UPS cell line derived tumors (7 days), allowing longer periods of 

time for immunoediting, immune escape, and immune exhaustion to occur. 2) TAO1 UPS 

tumors are relatively homogenous in terms of tumor composition given that they are cell line 

derived. It is likely that spontaneous tumors contain more heterogenous tumor cell populations 

allowing this tumor model to possess stronger immune evasion capabilities. 3) TAO1 UPS 

tumors contain artificial tumor antigens (mCherry/Luciferase) and it is possible that the presence 

of these antigens increase the immune systemôs ability to target tumor cells following STING 

therapy when compared to spontaneous KP tumors which lack these antigens. However, when 

TAO1 + UPS E7766 survivors were re-challenged with TAO1 wild type, which is void of these 

artificial antigens, 50% of these mice rejected the re-challenge suggesting the presence of shared 

antigens between the TAO1 + and WT (Supplemental Figure 5). Using the unresponsive 

spontaneous KP UPS model will be valuable to deepen our understanding of overcoming STING 

resistance and investigating combinatorial treatment strategies.  

Further, we have recently received a mouse model of a fusion positive synovial sarcoma 

from collaborators. STING therapy should be assessed in this model, in hopes of eliciting a T-

cell response against the pathognomonic fusion protein responsible for driving oncogenesis in 

this tumor type or in combination with CAR-T therapy engineered against the SS18-SSX1 fusion 

driven cell membrane proteins. Ultimately, I believe future studies should focus on investigating 
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strategies to overcome STING therapy resistance in our unresponsive murine models previously 

discussed in this section. Such strategies would include combining STING therapy with 

radiotherapy, surgical tumor removal following STING therapy, and pairing STING agonist 

therapy with immune checkpoint blockade agents. Exploring these strategies will be pivotal for 

the advancement of STING immunotherapy to clinical trials for STS.  

 

6.2 ï STING signaling in various cellular compartments of the UPS TME: 

Discussion and future directions 

 To understand the role of STING signaling in various cell types of the UPS TME, I first 

sought to investigate the STING signaling status of the TAO1 UPS cell line. Although the 

literature is not conclusive on the consequences of STING signaling in tumor cells specifically, 

researchers have shown that some cancer cell types harbor mutations in STING or STING 

pathway constituents, while others have shown that STING signaling in tumor cells can promote 

tumor growth and invasiveness in an interferon independent fashion171,174,176,178,190,250. 

Interestingly, through the in vitro assays I performed, I determined that TAO1 UPS cells could 

indeed engage STING signaling when stimulated with STING agonists, as measured by 

phosphorylation of various STING pathway constituents, and detectable production of type I 

interferon. Although some cancers harbor mutations in STING or STING pathway constituents, 

it appears that the STING pathway is functional in TAO1 UPS cells but is dampened relative to 

RAW 264.7 macrophages, despite control conditions for both cell lines producing similar 

baseline levels of type I interferon. One explanation for this dampened interferon production 

phenotype may be attributed to the p53 status of this cell line given that TAO1 UPS contain 

Trp53-/- and KrasG12D/+ mutations. Recently, it has been shown that in several murine and human 
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cancer cell lines, p53 knockdown leads to suppressed function of TBK1, thereby reducing the 

phosphorylation of STING and IRF3, and pIRF3ôs subsequent translocation to the nucleus to 

engage type I interferon production260. Further, it has been shown that wildtype p53 engages 

anti-tumor functionality through STING pathway activation261. Therefore, in alignment with this 

existing literature, it is possible that the reduced type I interferon production observed in TAO1 

UPS can be attributed to p53-/- state of this cell line.  

 Given that our TAO1 UPS cells could engage a STING response when stimulated with 

the translational STING agonists I assessed throughout this thesis, I explored if  STING signaling 

only in malignant TAO1 UPS cells was sufficient for engaging tumor clearance. In alignment 

with existing literature characterizing the efficacy of STING agonists, in the absence of STING 

signaling in non-malignant host cells, STING immunotherapy is ineffective in inducing tumor 

clearance151 in the TAO1 UPS model. To further understand the role of STING signaling in 

TAO1 UPS cells in our murine model in vivo, I assessed the consequences of ablating STING 

expression in TAO1 UPS cells on survival outcomes and tumor kinetics following engraftment 

and STING treatment of these tumors. Interestingly, no significant differences in tumor growth 

kinetics or rates of UPS eradication were detected in DMXAA and E7766 treated UPS in TAO1 

WT or STING k/o conditions. These findings contribute to the deepened understanding of the 

importance of STING signaling in different cell types of the TME, specifically highlighting that 

STING signaling in UPS cells is not required for stimulating tumor clearance following the 

administration of i.t. STING immunotherapy.  

 To my understanding, this is the first study to compare the transcriptional immune 

landscapes and ISG scores of single cells in the context of comparing multiple STING 

immunotherapies, specifically in UPS using scRNAseq. Prior to assessing these scores, cell 
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annotations were performed to characterize immune cells in the UPS TME of DMXAA, CDN, 

E7766, or control tumors at 6h and 1-week following therapy using SingleR. Similar cell 

annotations were generated when using a second machine learning tool (SCimilarity) to ensure 

annotations were consistent (Supplemental Figure 6). The most abundant immune cells in all 

samples were NKT cells and neutrophils were observably more abundant in DMXAA and E7766 

conditions. I was surprised by the abundance of NKT cells seen in all conditions, namely 

because I have never investigated this immune population in the context of our TAO1 UPS 

model previously. Although NKT cells share similarities with conventional T cells, they have 

highly specific TCRs which uniquely respond to glycolipid antigens on CD1d262,263. Studies have 

shown that NKT cells are involved in destruction of CD1d+ tumor cells and that NKT cells can 

protect against spontaneous metastases in a murine model of breast cancer262,264-266. Upon 

identification of malignant cells expressing glycolipids on CD1d, NKT cells can inflict direct 

tumor cell killing via granzyme B, perforin, or FasL interactions262,266. Alternatively, NKT cells 

can be activated by TAMs, MDSCs, DCs and other immune cells expressing CD1d and can shift 

some of these tumors infiltrating immune cells towards more activated and less 

immunosuppressive phenotypes267,268. Given the abundance of NKT cells in the TAO1 UPS 

TME at all treatments and timepoints, future studies should investigate the CD1d expression 

status of TAO1 UPS and human STS to determine if this lymphoid population may be leveraged 

for STS immunotherapy.  

Indeed, macrophages are understood to be the most abundant immune cell in the 

microenvironment of human STS23,157,216-218. Given the potent ability of macrophages to induce a 

type I interferon response, it is possible that myeloid lineage cells are key STING signalling cell 

types in the TME for engaging anti-tumor responses. As seen in the scRNAseq data, ISG scores 
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were elevated at both 6h and 1-week following STING therapy with DMXAA and E7766 in 

neutrophils, macrophages, and monocytes. To evaluate the importance of STING signaling in 

these myeloid cell types, I recently designed transgenic mice on a C57Bl/6 background in which 

STING can be selectively depleted in myeloid lineage cells using a tamoxifen inducible Cre-Lox 

system; LysM-CreERT x STINGfl/fl . Unfortunately, I was unable to assess the impact of STING 

therapy in mice depleted of STING specifically in myeloid cells in this thesis. Future 

experiments should investigate the consequences of STING deficiency in the myeloid 

compartment of TAO1 UPS tumors on the anti-tumor impacts of STING immunotherapy. Given 

that neutrophils appear to be an abundant and potent reservoir of ISG signaling, depleting this 

population using an anti-Ly6G antibody in UPS bearing mice prior to E7766/DMXAA therapy 

will be informative to determine if STING signaling in this abundant TME population is required 

for observing tumor eradication.  

Although in this thesis the scRNAseq data showed the elevation of ISG signaling in 

various cell types, this dataset should be further evaluated for other applications. First of all, 

SingleR was used as the cell annotation tool to provide categorization of various immune cells in 

the UPS TME. However, further investigation into annotation methods should be completed to 

investigate more specific immune cell populations, including pro- and anti- tumor macrophages, 

neutrophil subsets, myeloid derived suppressor cells, and many others. Recently, new machine 

learning tools have emerged allowing for integration of many datasets for comparison when 

building cell annotations (SCimilarity,scGPT)269,270. In future, we plan to continue exploring 

other methods of cell annotation to provide the best and most accurate cell annotating with the 

expertise of Dr. Kiran Narta. 
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 Additionally, given that TAO1 UPS cells were unintentionally captured through the 

scRNAseq experiments, further characterization of the transcriptomic signatures of these tumor 

cells in the control condition would be exceptionally insightful to provide a deeper understanding 

of this murine model. Another exciting avenue of analysis that should be undertaken with this 

dataset would be characterization of the SIC class for each STING treated tumor. It would be 

extremely valuable to determine if STING immunotherapy can contribute to shifting the immune 

landscape of TAO1 UPS treated tumors towards a more immunogenic phenotype 

transcriptionally on a scale that is clinically relevant. 

Taken together, when interpreting the ISG it is clear that differences exist between 

DMXAA and E7766, STING agonists capable of stimulating durable tumor clearance and CDN 

which does not. These differences may be informative for understanding the variable therapeutic 

outcomes that exist between these therapies. Although all agonists at 6h stimulate significant 

elevations in ISG scores relative to controls, DMXAA and E7766 appear to maintain higher ISG 

scores at the 1-week timepoint relative to CDN and control in lymphoid and myeloid 

compartments. It is possible this prolonged ISG signaling observed at 1-week for DMXAA and 

E7766 is important for stimulating anti-tumor responses. It is possible that a combination of 

factors influence the inability of CDN to stimulate tumor clearance. Indeed, the half-life of CDN 

is 24 mins which is much shorter than DMXAA (8.1h). Currently, no pharmacokinetic data 

regarding the half-life of E7766 exists. The shorter half-life may contribute to the reduced ISG 

scores at the 1-week timepoint of CDN treatment relative to DMXAA and E7766.  

Given that STING activation can lead to cell death in various cell types, further 

investigation into different methods of cell death will be informative for understanding the 

consequences of STING therapy. These lines of investigation should be further expanded in this 
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data set, in addition to in vitro assays assessing cell viability and metabolism of myeloid, 

lymphoid, and tumor cell types following exposure to CDN, E7766, or DMXAA. Further 

experimentation with this data set evaluating autophagy, apoptosis, pyroptosis, and necrosis will 

be insightful for further characterising the impact of STING signaling in various UPS TME cell 

types.   

 

6.3 ï An alternative gene therapy approach to STING therapy ï hSTINGN154S: 

Discussion and future directions 

 Through this exploratory final aim of my PhD thesis, I have demonstrated that two DNA 

plasmids can be used to forcibly express the constitutively active hSTINGN154S transgene in 

both HEK293T cells and TAO1 UPS. Unfortunately, transfection efficiency was low in TAO1 

UPS cells, which perhaps highlights a need to investigate alternative transfection media or 

plasmid designs to enhance expression of this construct. I believe the goal of this targeted gene 

therapy should be to induce potent and transient expression of the mutant hSTINGN154S 

protein, to elicit similar immunogenic responses to STING agonists in vivo, specifically in tumor 

cells. To accomplish this, it is prudent to consider plasmid design. Targeting UPS cells could be 

desirable to induce STING signaling in the most abundant population of cells in the UPS TME. 

Given that TAO1 UPS cells are of undifferentiated origin, we opted to design our plasmids to 

include promoter sequences that should incite gene expression in various cell types; CMV and 

CBA. Gene therapies for other malignancies have been designed by successfully identifying 

promoters that are tumor type specific271. Perhaps transfection efficiency could be improved by 

modifying the plasmid to be expressed under other promoters, indeed supporting further studies 

to identify suitable promoters that may be STS specific.  
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Recent research has revealed that STING signaling can exist at varying thresholds in 

different cell types and tumor types. For example, chromosomal instability, which is common in 

many cancers can elicit prolonged, chronic STING activation from dsDNA found in the cytosol 

of the cell, leading to tumor promoting phenotypes namely through interferon independent 

signaling pathways170,272. However, it has also been shown that stimulation of cancer cells with 

potent STING activators can induce cell death273,274. Although there is a lack of consensus in the 

literature, and likely variation among malignancies, it is possible that potent but transient 

expression of the hSTINGN154S transgene could promote oncolysis. To test this, future work 

should be conducted in TAO1 UPS following administration of small molecule STING agonists 

and hSTINGN154S gene therapy to understand the impacts of STING signaling and 

overexpression on UPS cell viability. These in vitro studies could provide insight on optimal 

temporal STING therapy to maximize STING activation dependent tumor cell killing.  

In this study, I only assessed lipid-based transfection methods and nucleofection as 

vehicles for forcing the expression of hSTINGN154S which are largely suited to in vitro and not 

in vivo systems. Alternative gene delivery strategies may result in more effective gene expression 

and could be transferrable to in vivo treatment settings. A study completed in 2020 found that 

coxsackie and adenovirus receptor expression was observed in 12/14 human sarcoma cell lines, a 

common receptor for internalization of adenovirus serotype 5275. All sarcoma cell lines 

expressing the coxsackie and adenovirus receptor for were sensitive to transduction with a 

replication competent oncolytic serotype 5 adenovirus275. Future studies should be completed in 

which the CMV- or CBA-hSTING plasmids are altered for adenoviral serotype 5 delivery and 

assessed in TAO1 UPS. Other delivery systems, including lipid nanoparticles bearing mRNA of 

the hSTINGN154S transgene should be considered as well. Indeed, previous work by Tse and 
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colleagues revealed the strength of using lipid nanoparticles bearing mRNA encoding the 

STINGV155M mutant as a vaccine adjuvant for stimulating CD8+ T-cell specific anti-tumor 

responses. Therefore, it is possible that using hSTINGN154S mRNA packaged in a lipid 

nanoparticle could be leveraged to elicit anti-tumor responses in an alternative strategy to that of 

small molecule STING agonists.  

Although I have discussed the possibility of forcing hSTINGN154S expression 

specifically in tumor cells, it is important to acknowledge other cell types in the UPS TME. To 

understand the outcomes of hSTINGN154S expression in other TME cell types, I believe further 

studies in transgenic mice should be completed. As myeloid cells are dominant cell types in the 

TME of UPS, investigating the consequences of activating hSTINGN154S in this cell type 

would be valuable for understanding the implications of constitutive STING activation in this 

cell type in TAO1 UPS. It is known that activation of STING in macrophages and other myeloid 

cells can polarize these cells to anti-tumor phenotypes, perhaps providing an opportunity to 

reconfigure the UPS TME towards a more immune inflamed phenotype139,153,154. These studies 

are currently underway using a LysM-CreERT2 system to selectively activate the hSTINGN154S 

transgene in myeloid cells.  Further, it is known that STING signaling in vascular endothelial 

cells in the TME can enhance anti-tumor T-cell infiltration and subsequent tumor killing188-190. 

Therefore, it may also be worthwhile to study the impacts of activating the hSTINGN154S 

transgene specifically in vascular cells, using a Cdh5-CreERT2 system. The completion of these in 

vivo studies will contribute further understanding into which non-tumor cell types in the UPS 

TME may be effective targets for hSTINGN154S gene therapy.  

In summary, this study has revealed that hSTINGN154S plasmid DNA can be transfected 

and functionally expressed in HEK293T cells but has limited expression in UPS cells. Future 
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work investigating hSTINGN154S as a gene therapy for STS should explore the optimization of 

transfection methods and plasmid design, specifically in the promoter region, in hopes of 

improving transgene expression in UPS cells. Moreover, the development of gene delivery 

systems compatible with in vivo models will be critical to advancing the therapeutic potential of 

this strategy.  

 

6.4 ï Study limitations 

To the best of my ability, I selected experimental strategies and methods I felt could be 

used to adequately assess the aims of this PhD thesis. However, limitations in study design do 

exist and must be acknowledged. I have divided this section into limitations associated with the 

models and experimental approaches used in this thesis. Although these limitations exist, I 

believe the findings in this study are meaningful contributions to the field of STING 

immunotherapy specifically for STS.   

 

6.4.1 Limitations in the murine syngeneic TAO1 UPS experiments 

 

 In this first section of limitations, I will address the shortcomings of the animal models 

selected for this thesis. Firstly, the results obtained from this study could have had a more 

profound impact if they were extended to multiple preclinical models of UPS. Specifically, with 

reference to the immunogenic tumor clearance observed from i.t. E7766 therapy. There are 

limitations to be acknowledged in the syngeneic KP model of UPS. TAO1 UPS has been 

engineered to express mCherry and firefly luciferase, thereby introducing artificial tumor 

antigens into this system. Although this may increase antigenicity artificially in this model276, to 

address this, I re-challenged a subset of E7766 survivor mice who had initially eradicated their 
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primary mCherry/firefly luciferase expressing TAO1 UPS tumors with the wildtype version of 

the TAO1 cell line which was void of these antigens. Fifty percent of the survivors re-challenged 

with the wildtype version of this cell line rejected the re-challenge, suggesting that shared 

antigens between the mCherry/Luciferase positive and wildtype cell lines must exist to confer 

anti-tumor protection by survivors is not contingent on these artificial antigens (data not shown).  

 Another limitation of this study exists regarding the experiments completed with the 

TAO1 STING k/o cell line. This cell line was developed from the mCherry/firefly luciferase 

expressing TAO1 UPS cells, and a resultant of 7 different clones of this cell line were created. A 

limitation of the experiments designed and completed in this thesis with the TAO1 STING k/o 

cell line is that the in vivo and in vitro studies were completed with only one of the clones (clone 

1-2). Future studies should be completed to strengthen my findings by replicating these 

experiments using the other clones to determine whether the phenotypes I observed were an 

artifact of clone 1-2 or consistently observed across all clones. 

Another limitation of the syngeneic TAO1 UPS model lies in the fundamental understanding 

that STS comprise a diverse group of heterogeneous tumors, with approximately 80 distinct 

histological subtypes202,277. Using a syngeneic model that is widely homogenous in tumor 

composition does not entirely recapitulate the presentation of this disease clinically. Therefore, I 

suggest in future studies, the implementation of the lenti-virally induced spontaneous KP model 

of UPS157 for further validation of translational STING immunotherapy. Incorporating this 

approach will allow future studies to capture the variability that presents within and between 

each murine UPS tumor when administering STING immunotherapy i.t.  

Finally, I wanted to acknowledge the limitation of using the SAVI mouse to model UPS 

tumor biology in the context of hSTINGN154S expression. Given that these mice express 
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hSTINGN154S constitutively in all hematopoietic cells from the time they are born, this model 

does not capture the impact of inducing the expression of this transgene following UPS tumor 

engraftment. Further, the constitutive activation of hSTINGN154S in hematopoietic cells may 

lead to dysfunction in these cell types subsequently confounding the data I collected regarding 

the proportions of immune cells in the UPS TME of SAVI mice when compared to C57Bl/6 

controls. To better understand the impact of inducible hSTINGN154S expression on UPS tumor 

biology, inducible models in which transgeneôs expression can be activated in a controlled 

manner will be informative as detailed in the discussion. 

 

6.4.2 Limitations in experiment designs and outcomes 

 

 Limitations also exist in the context of some of the experimental designs I selected for 

my thesis. First, one of the greatest challenges I faced was selecting doses to use operationally 

throughout this thesis for each respective STING agonist in vivo. During the in vitro 

experiments, standardization of drug treatments was achieved by using equimolar treatments. 

This was not as simple to undertake in vivo. Given the variation molecular composition and 

toxicity of each agonist, I selected operational doses of each STING agonist which maximized 

survival time while avoiding any death related to potential drug toxicity. Unfortunately, this 

choice resulted in differing amounts of each drug being administered to each animal. Although 

extensive dose titration studies were completed, standardization to compare these agonists more 

precisely could have strengthened my dataset. With that being said, I believe that future studies 

should explore methods of measuring pharmacokinetics for each agonist. Currently, these data 

do not exist for all agonists included in this study. The development of a refined understanding 
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of how each of these drugs are metabolized and in what time frames would be useful for more 

precise comparisons of these agonists to one another.  

Although I have provided important insight on how STING immunotherapy can polarize 

the TME towards a more immune inflamed phenotype and that tumor clearance can be achieved 

using E7766, a limitation of this study is that I cannot concretely confirm why some mice 

respond to STING immunotherapy and some do not. Specifically, with E7766, 38% of treated 

mice can eradicate their primary tumors, while the remaining 62% are unable to. There are 

several possibilities why this might be the case. First and foremost, this may be a technical 

artifact. Although I did my best to ensure consistency for high-quality STING administration into 

UPS tumors, each animalôs tumor varied slightly in size and tendency to grow laterally or 

medially. Additionally, depending on the agonist, animals would receive volumes ranging 50-

120µl which could impact the ability of the agonist to diffuse throughout the TME. It is possible 

that a percentage of mice that do not respond to STING immunotherapy can be attributed to 

these technical factors. Another possibility may be related to immune exhaustion. Through our 

transcriptomic evaluations, we showed that each agonist induced slight differences in gene 

expression with various genes associated with negative regulators of the immune response. 

Perhaps, as a result of STING therapy, an upregulation in these negative regulators dampens the 

tumor clearance phenotype. Indeed, the addition of anti-PD-1 drastically improved survival 

outcomes for CDN treated mice. There is a possibility that combination with other ICB agents 

could enhance survival outcomes. Finally, it is possible that systemic hypercytokinemia 

following i.t. STING therapy could contribute to dysfunction of critical anti-tumor immune cells 

including T-cells and NK cells278, which was not evaluated in this thesis. These possibilities 

highlight the importance of striking the correct balance for STING therapy to limit toxicity and 
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enhance anti-tumor immune responses, which should be further investigated to identify concrete 

mechanisms to explain why some animals respond and others do not.  

 In the survival CD8+ T-cell depletion experiment, there are limitations that must be 

addressed. First, is the duration of time animals were followed. Survivor mice are precious in the 

laboratory, and therefore accumulating enough animals to complete a depletion experiment 

requires a considerable amount of time. Given the hypothesis for this experiment was that in the 

absence of CD8+ T-cells, survivors would be unable to eradicate the re-challenge, animals were 

followed alongside isotype and untreated controls. When the controls reached experimental 

endpoint 14 days after tumor cell engraftment, tumor BLI signal was lost in both the isotype and 

CD8+ T-cell control groups. I made the executive decision to complete a final round of depletion 

prior to sacrificing the CD8+ T-cell depleted and isotype controls groups on day 25 to assess for 

depletion. Although I was able to confirm that CD8+ T-cells were depleted at this timepoint, it is 

unclear if these mice had been followed for longer if they would have developed tumors. To 

determine if this might be the case, following survivor mice for longer following CD8+ T-cell 

depletion may provide more insight into this protective phenotype and important information to 

confirm if indeed CD8+ T-cells are not involved in the protective anti-UPS phenotype.  

Another important limitation to consider with these depletion experiments is the fact that 

depleting antibodies may not entirely abrogate the targeted cell population. A study completed in 

2017 demonstrated that depletions using anti-CD8Ŭ and anti-CD8ɓ does not result in complete 

abrogation of CD8+ T-cells and can alter the metabolism and phenotype of the remaining 

cells279. Therefore, it is possible that a population of remaining CD8+ T-cells could continue to 

exert anti-tumor clearance. It is also important to consider that cDC1s are also known to express 

CD8Ŭ280,281, therefore this depletion strategy may not only selectively depleted CD8+ T-cells, but 
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also cDC1s, which was not assessed in this thesis. Although I confirmed at this timepoint that 

there was a significant systemic depletion of CD8+ T-cells in the anti-CD8Ŭ survivor cohort, I 

did not assess other tissues, including the TdLN or muscle tissue at the site of tumor injection. 

Given that these mice have been previously re-challenged in the contralateral limb to confirm 

that they did indeed develop protection against UPS re-challenge, it is possible that a population 

of resident memory CD8+ T-cells homed to the area. However, the evidence I have gathered 

does indeed suggest that in reduced state of circulating CD8+ T-cells, survivors can still engage a 

protective rejection response to UPS re-challenge, and in the naive anti-CD8Ŭ depletion 

experiments CD8+ T-cells in the UPS TME were significantly lower than those in the isotype 

control condition. 

 Limitations in the scRNAseq data also exist. One such limitation is the variability in the 

number of cells within each sample. Our goal was to ensure 10,000 cells per sample/condition 

were included in the analyses. Unfortunately, cell counting using the Countess and flow 

cytometry did not yield concordant results, thus an average of these two measures were used to 

calculate an appropriate volume of cell suspension to undergo library preparation. Although this 

introduced variability in the number of cells included in each sample (3158-19390 cells), all 

samples passed quality control testing. As a result of this, cell count comparisons could not be 

completed given the number of cells were not standardized between each group. Further, given 

that cell sorting does not guarantee a sample that is of 100% purity, variability in the number of 

tumor cells in each sample existed, which may have inadvertently skewed the data.  

 Specifically, at the 1-week timepoint, considerably more tumor cells were present in 

these samples, which was a challenge for normalizing data analysis. Moreover, one of the tools 

we selected as a surrogate measure for STING activation is the ISG score modulus. Although 



 158 

this tool can lend important information regarding which cell types in the UPS TME are 

undergoing interferon stimulated gene signaling, it is not STING specific and therefore cannot be 

entirely delineated from other sources of type I interferon that are STING independent. Future 

studies should prioritize evaluation of other tools for cell type annotation to broaden the scope of 

immune cells to be quantified and analyzed. However, these data are still compelling and 

important for demonstrating which cell types in the TME are involved in this gene signature 

which is a critical component to STING activation.  

 As previously mentioned, limitations exist in the TAO1 UPS transfection experiments. 

Unfortunately, transfection efficiency for all hSTINGN154S plasmids was very low. This may 

be a product of the plasmid design or the transfection method. Future experiments should 

certainly explore modifying this plasmid to evaluate transgene expression under different 

promoters. Although I evaluated three different transfection media, this is by no means 

exhaustive. Selecting other modes of transfection may also be useful for improving transgene 

expression. Additionally, DNA plasmids were used in this thesis. Perhaps designing mRNA 

encoding hSTINGN154S would yield increased transgene expression. Further, the methods of 

transfection used in this thesis are optimized for in vitro applications, not in vivo delivery. 

Designing a tool that could be translated to an in vivo setting would strengthen this 

immunotherapeutic strategy.   

 

6.5 ï Impact and conclusions 

 In summary, I believe the findings detailed through this PhD thesis are important 

advances for the field of STING immunotherapy, particularly for STS. To my understanding, this 

is the first study to compare the immunogenic anti-tumor properties of multiple classes of 



 159 

translational STING agonists. These results suggest varying degrees of anti-tumor efficacy in the 

syngeneic TAO1 UPS model when comparing CDN, MSA-2 and E7766, providing insight into 

which class of STING agonist is most effective in treating this malignancy; the macrocycle 

bridged STING agonist E7766. Excitingly, the findings from this study support existing literature 

indicating the critical role of CD8+ T-cells for engaging initial tumor clearance following 

STING therapy. Furthermore, this study suggests that the majority of mice that successfully 

eradicate their primary UPS tumors following STING therapy with E7766 are protected against 

re-challenge with this same cell line that is seemingly independent of CD8+ T-cells. Moreover, I 

have demonstrated that STING therapy can synergize with anti-PD-1 ICB, most excitingly in the 

context of CDN. These findings are important for informing future preclinical and clinical 

investigations of STING immunotherapy for UPS, revealing that these therapeutic agents elicit 

profound immunogenic reconfiguration of the UPS TME, and hold the potential to synergize 

with other immunotherapies to maximize therapeutic outcomes.  

 To my knowledge, this is the first study to investigate the importance of STING 

expression in tumor and non-tumor cells in the UPS TME. Through these investigations, I have 

shown that STING expression is required in non-malignant host cells to engage STING mediated 

tumor clearance, while the STING expressions status of UPS cells does not impact survival 

outcomes following STING immunotherapy. These findings are important to extend to a clinical 

context, suggesting that STING expression status of malignant cells should not be used as a 

predictive marker for whether these patients could respond to the therapy. Moreover, a novel 

component of this study is the scRNAseq data. These studies have shed light on the broad 

engagement of type I interferon signaling in various cell types in the UPS TME and showed that 

DMXAA and E7766 appear to uniquely upregulate this scoring modulus in myeloid and 
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lymphoid cells over time, suggesting these cell types may be important targets for STING 

signaling in the TME for stimulating anti-tumor responses and survivorship.  

 Currently, there are no curative options for individuals with metastatic UPS. My hope is 

that this work can contribute to the advancement of STING immunotherapy towards clinical 

trials for UPS. I have identified a promising translational STING agonist capable of inducing 

durable tumor clearance in a preclinical murine model of one of the most commonly diagnosed 

adult STS, UPS. I believe the findings from this work can be used to shape proceeding 

experiments in the ultimate pursuit of a clinical trial for this therapy, ideally in combination with 

other clinically relevant therapies for STS including surgery, radiotherapy, and ICB therapy.  
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8. Chapter 8 ï Appendices  

9.  

Appendix A ï Supplemental figures 
 

 

 
Supplemental Figure 1 ï Serum cytokine concentrations at 6hrs, 24hrs, 72hrs, and 1-week 

following intratumoral STING therapy.  
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Supplemental Figure 2 ï Additional flow cytometry data collected at 24h, 72h, and 1-week 

following STING therapy. A-C. Percentage of live CD3Ů+, CD8+, or CD4+ T-cells 24h 

following STING therapy, respectively. D&E. Percentage of live macrophages that are CD80+ at 

24h and 72h following STING therapy, respectively. F&G. Percentage of live macrophages that 

are CD206+ at 24h and 1-week following STING therapy.  
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Supplemental Figure 3 ï UPS tumor bioluminescence in E7766 survivors following CD3Ů 

depletion.  

 

 

 
Supplemental Figure 4 ï Survival (A) and tumor volume measurements (B) of spontaneous KP 

UPS tumor bearing mice treated with 8mg/kg of E7766. 
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Supplemental Figure 5 ï Survival of E7766 survivors re-challenged with 100,000 TAO1 WT 

cells in the contralateral limb (log rank Mantel Cox test).  
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Supplemental Figure 6 ï UMAP of SCimilarity cell type annotation predictions. 


