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Abstract 

Mast cells (MCs) are long-lived, tissue-resident immune cells essential for host defense. 
The STING pathway, a key innate immune response to infection and cellular stress, 
promotes strong type I interferon (IFN) and pro-inflammatory responses. While the STING 
pathway holds therapeutic potential in cancer and infection, its role in MCs remains 
underexplored. Our study demonstrates that MCs trigger type I IFN and NF-κB responses 
upon STING activation. We show that MCs are susceptible to Shigella flexneri infection, 
leading to an upregulation of type I IFN and interferon-stimulated gene expression, 
partially dependent on STING. In a murine ovarian cancer model, MC deficiency led to 
longer survival, whereas reconstituted MC-deficient mice surprisingly showed improved 
survival. Treatment with a STING agonist increased survival, but overexpressing STING 
in MCs within tumors provided no additional benefit. These findings offer valuable insights 
into STING-mediated immunity in MCs and highlight potential avenues for future 
therapeutic exploration. 
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Chapter 1: INTRODUCTION 

1.1 MAST CELLS 

Mast cells (MCs) are densely granulated immune cells most often derived from 

circulating CD34+ bone marrow myeloid progenitors, which migrate to peripheral tissues 

where they terminally differentiate and mature under the influence of environmental 

stimuli1. These cells exhibit phenotypic and functional heterogeneity that is heavily 

influenced by the cellular and signaling interactions within their microenvironment and 

epigenetics, which promotes MC populations with dynamic receptor expression and 

activity2. Mast cells are found in virtually all tissues throughout the body and possess the 

distinct property of being able to live for months to years3. Although notorious for their 

role in allergy4, MCs have multifaceted roles in physiological homeostasis, response to 

pathogens, and disease2.  

1.1.1 Mast cells as immune sentinels 

Mast cells are strategically located at host junctions in contact with the external 

environment such as the skin, lungs, and gastrointestinal tract5. This placement allows them 

to serve as a first line of defense against invading microorganisms and initiate immune 

responses to clear pathogens2. Mast cells are equipped with a diverse array of cell-surface 

receptors and intracellular sensors, some highlighted in Table 1, that give them the ability 

to recognize several classes of pathogens3. These receptors also enable MCs to respond to 

damage-associated molecular patterns (DAMPs) due to tissue injury and cell stress. 

Examples include TLR4 detection of host-derived chaperone proteins like high mobility 

group box 16 and ST2 binding to IL-33 release by necrotic cells7.  
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Within tissue sites, MCs are localized around blood and lymphatic vessels, which 

allows them to initiate systemic responses to local stimuli1. Through the release of 

mediators, MCs can promote vasodilation, angiogenesis, and increase vascular 

permeability. These changes in vessel integrity allow for rapid influx of effector immune 

cells to the site of infection2.  

Table 1. Mast cell receptors and their corresponding ligands.  

 

1.1.2 Mast cell differentiation, subsets, activation, and mediator production 

Mast cells in adults originate from both the embryonic yolk sac and bone marrow8. 

However, the majority of MCs develop from bone marrow hematopoietic stem cells 

through a multi-potent progenitor, progressing through the common myeloid progenitor 

and granulocyte-monocyte progenitor stages9. In mice, MCs arise from a specific sub-

Receptor/Sensor Ligands 

FcεRI Immunoglobulin E (IgE) 

FcγRI/FcγRII Immunoglobulin G (IgG) 

KIT Stem cell factor (SCF) 

MRGPRX2 Neuropeptides, antimicrobial peptides, 
Compound 48/80 

TLRs (1-10) Microbial components and DAMPs (e.g., 
LPS, peptidoglycan, flagellin, viral RNA) 

RIG-I, MDA5 dsRNA 

C5aR/C3aR Complement fragments C5a and C3a 

ST2 (IL-33R) IL-33 

Dectin-1 Fungal components (β-glucan, chitin) 

Histamine Receptors (H1, H2, H3, H4) Histamine 
Chemokine receptors (CCR2, CCR3, 
CCR5, etc.) CCL2 (MCP-1), CCL5 (RANTES) 
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population of progenitors within the granulocyte-monocyte lineage, whereas in humans, a 

basophil-mast cell common progenitor gives rise to MC progenitors characterized by 

CD34high/CD117intermediate/high/FcεRI+ expression8,10. These non-granulated MCs precursors 

circulate in blood and home to tissues in an immature state9. 

Mast cells differ in the extent and nature of granule content. Specifically, proteases 

found in granules can be used to classify different populations found throughout the body. 

Traditionally, human MCs are categorized based on their protease content into tryptase-

only (MCT), chymase-only (MCC), or both tryptase- and chymase-positive (MCTC) 

subtypes2. However, recent advances in single-cell RNA sequencing have provided a more 

detailed understanding of MC diversity. A comprehensive pan-organ analysis has 

identified six distinct MC states across 12 organs, each with unique transcriptomic 

signatures that highlight the diverse populations found in different tissue sites11. 

Additionally, variations in protease content are linked to differences in MC responses to 

activating agents, particularly ligands of the MRGPRX2 receptor12,13. In rodents, MCs are 

generally classified as either mucosal-type MCs, which express tryptase, or connective 

tissue-type MCs, which express both tryptase and chymase8. Rodents exhibit a broader 

range of proteases in their MC granules compared to humans, reflecting species-specific 

differences in function and response14,15.  

Upon activation, MCs can respond to sequentially produce different mediators over 

time by: 1) immediate release of granules (degranulation), 2) quick synthesis of lipid 

mediators, and 3) synthesis of cytokines, chemokines, and growth factors over the longer-

term. Degranulation occurs rapidly after activation to releases a broad spectrum of pre-

formed mediators through a calcium flux-dependent process16. Two types of degranulation 
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include piecemeal and anaphylactic degranulation, with the former referring to the 

selective, slower, release of granule content and the latter involving the classical expulsion 

of entire granules to the extracellular environment16. The pre-formed mediators found 

within the granules include histamine, proteases, heparin, TNF, and VEGFA16.  

Mast cells produce newly synthesized lipid mediators, including prostaglandins and 

leukotrienes, within minutes of activation. These have diverse functions in allergy and host 

defense16. Notably, prostaglandins, like PGD2, promote vasodilation and vascular 

permeability, making them particularly involved in inflammatory responses17. 

Leukotrienes, including LTC4, are involved in bronchoconstriction, mucus secretion, and 

airway inflammation, which are central to asthma pathophysiology18. Beyond their role in 

allergic reactions, leukotrienes also facilitate the chemotaxis and activation of immune 

cells during infections18,19. 

Lastly, MCs can de novo synthesize an extensive range of cytokines, chemokines, 

and growth factors that are released over a period of hours to days. These mediators have 

roles in several physiological settings including immune responses to infection, tissue 

repair, and cancer. Some examples include type I interferons (IFNs), type III IFNs, CCL2, 

CXCL10, IL-6, GM-CSF, and TGF-β120. 

The magnitude of responses and repertoire of mediators released can vary 

depending on the cytokine microenvironment and specific MC receptors that are activated2. 

In addition to receptor activation, MC mediator production can be regulated by other 

leukocytes. For example, direct contact with regulatory T cells can suppress MC 

degranulation21. Hence, it is the net combination of these signals that determines the final 

response mounted. 
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1.1.3 Mast cells during infection 

Mast cells play a functional role in initiating defensive immune responses to viral, 

bacterial, and fungal infections5. Mast cells express pattern recognition receptors (PRRs) 

that detect pathogen-associated molecular patterns (PAMPs) and DAMPs. These PRRs 

include “Toll-like receptors” (TLRs) that bind pathogen components or products, and 

endogenous products released during cell death. During infection, MCs release mediators 

to respond to the pathogen directly, as well as recruit and activate other immune cells. They 

can also directly activate acquired immunity through MHCI and MHCII antigen-

presentation to activate dendritic cells and T cells22–24. 

Mast cells can detect and respond to several classes of viruses, including DNA and 

RNA viruses. They possess cytosolic sensors, such as members of the retinoic acid-induced 

gene I (RIG-I) family, that recognize viral genomic material5. During viral infections, MCs 

are an underappreciated source of type I and type III IFNs5,25–27 which are crucial in 

facilitating anti-viral responses by inhibiting viral replication and promoting CD8+ T cell 

and natural killer (NK) cell cytotoxicity28,29. Additionally, MCs release various 

chemotactic and activating mediators, including CXCL10, CCL2, and CCL5, in response 

to infections like respiratory syncytial virus, influenza A, and dengue virus30–32. 

Degranulation products, and newly formed cytokines, such as TNF and IL-1β, can facilitate 

leukocyte trafficking to the infection site by enhancing endothelial adhesion33. Although 

MCs have a protective role by alerting and coordinating other immune responses, they 

contribute to virus-induced inflammation and pathology in some settings. For instance, MC 

activation and vasoactive mediators in the plasma are correlated with increased disease 
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severity in dengue infection, where they exacerbate intravascular coagulation and vascular 

leakage34,35. 

Mast cells play a crucial role in defending against a variety of bacterial infections36. 

The expression of TLRs enables them to recognize a wide range of bacterial components, 

triggering the synthesis and secretion of inflammatory effectors such as TNF, IL-1β, and 

IL-636. Additionally, MCs can indirectly detect pathogenic products bound to antibodies 

via activation of surface Fc receptors37. Several papers have indicated the role of MC-

derived TNF, proteases, and prostaglandins in the prompt recruitment of neutrophils for 

bacterial clearance38–40. Mast cells also help mobilize dendritic cells (DCs), which are 

crucial in initiating adaptive immune responses. This was observed in responses to S. 

aureus peptidoglycan, where MCs were involved in the trafficking of certain DC subsets 

into the lymph node41. For direct killing, MCs can generate antimicrobial nets42,43, release 

cathelicidins44, and phagocytose bacteria45. 

1.1.4 Mast cells in cancer 

Recent literature has shed light on MCs as orchestrators of tumor immunity1,46–48. 

Mast cells accumulate around solid tumors, driven by the abundant growth factors and 

chemotactic mediators within the tumor microenvironment (TME), and are linked to the 

angiogenic process48,49. Their presence correlates with diverse prognostic outcomes, which 

depend on factors such as cancer type, stage, anatomical location, and the specific location 

of MCs within the tumor1. Mast cells can have pro-tumorigenic and anti-tumorigenic roles 

in cancer through direct interaction with cancer cells, the tumor stroma, as well as 

surrounding immune cells, as displayed in Figure 1. Ultimately, the balance between 
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inhibitory and activating signals determines the overall impact of MCs on tumor 

progression1. 

To skew immunity toward an anti-tumor response, MCs can release chemokines 

and cytokines to recruit and activate cytotoxic leukocytes49. For instance, the release of 

CXCL8, CCL4, and CXCL10 by MCs30,50 recruits NK cells and T cells to the tumor 

microenvironment1. In a mouse model of melanoma, MC-derived CXCL10 was essential 

in recruiting tumor-infiltrating T cells to establish tumor control51. Another report indicates 

a role for MCs in recruiting plasmacytoid DCs by CCL2 production to indirectly enhance 

tumor killing52. Mast cells can also directly induce tumor cell cytotoxicity via the release 

of TNF, while MC-derived tryptase has been shown to inhibit melanoma cell 

proliferation53,54. 

On the other hand, MCs can promote angiogenesis, extracellular matrix (ECM) 

degradation, and immune suppression, which allows for cancer dissemination49. MC 

proteases activate latent matrix metalloproteinases (MMPs), which degrade ECM 

components55 and activate latent TGF-β56, thereby enabling cancer cells to spread beyond 

the primary tumor site. Moreover, MC granule products, including VEGF and tryptase, can 

stimulate angiogenesis57,58 to supply tumors with nutrients, facilitating tumor cell 

proliferation59.  
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1.1.5 The modulation of mast cells for cancer immunotherapy 

Given that MCs are increased in many solid tumors, found in virtually all tissues, 

and possess highly dynamic functionality, they are a compelling target for manipulation to 

Figure 1. Pro-tumorigenic and anti-tumorigenic functions of mast cells in cancer.  
This diagram depicts the complex functions of mast cells in the tumor microenvironment, 
illustrating both their pro-tumorigenic and anti-tumorigenic roles. Red lines highlight 
mediators released by mast cells that promote tumor progression, including factors that 
enhance tumor cell proliferation, immune suppression, and angiogenesis. Blue lines 
represent mediators that support tumor regression, such as those that stimulate immune 
activation and tumor cell apoptosis. The diagram shows the impact of mast cell-derived 
mediators on immune cells, the ECM, vasculature, and direct tumor cell behaviors, 
emphasizing the multifaceted role of mast cells in either promoting or inhibiting cancer 
growth, depending on the tumor context. 
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achieve an anti-tumor effect in cancer immunotherapy. There are a few proposed avenues 

of MC manipulation that could be utilized based on the evaluation of several unique MC 

properties. 

Selectively activating MCs could be a strategy to boost anti-tumor responses. This 

could be accomplished with the use of MC receptor agonists. For example, TLR2 agonist 

activation was shown to inhibit tumor growth of melanoma in a MC-dependent manner60. 

Similar findings were observed with TLR4 activation of MCs resulting in a reduction of 

tumor growth51. Mast cell overexpression of cytokines or genetic modifications to produce 

tumor antigens to stimulate immunity are other avenues that should be further explored61. 

Adoptive cell transfer and CRISPR-Cas9 editing are continuously advancing techniques in 

cancer immunotherapy that could be used to achieve this61,62. Since MCs play a significant 

role in allergy and inflammation, activation must be regulated and selective to offset any 

potential negative side effects.  

In cases where MCs may be detrimental, reducing their numbers or limiting their 

activation can be beneficial. This approach is used in other diseases such as systemic 

mastocytosis. MC stabilizers can be used to impair degranulation while tyrosine kinase 

inhibitors are useful in inhibiting MC maturation and survival. One caveat is that these 

drugs are not selective for MCs and may be associated with other abnormalities63. Another 

avenue is MC depletion which could be accomplished with antibodies targeting c-kit, such 

as Barzolvolimab, which has been shown to improve disease activity in chronic urticaria 

in clinical trials64. Limiting MC recruitment to tumor sites by blocking CXCR4 has 

demonstrated the ability to suppress cancer growth in vivo65. Directly targeting MC 

mediators may also help limit cancer progression, with studies indicating that tryptase 
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inhibitors hold promise in reducing metastasis by decreasing angiogenesis and MMP 

activity58. 

1.1.6 In vitro models to study mast cell biology  

The ability to study MCs in vitro is valuable in characterizing MC biology in 

isolation or in combination with other cell types, particularly in the context of 

immunological pathways and responses to infections. There are several MC cell lines 

available, and primary MC monocultures can also be derived from rodent and human stem 

cells. 

To study MCs in rodents, cell lines such as RBL-2H3 and MC/9 can be used66,67. 

However, there are limitations to their translatability as a result of several differences from 

primary MCs, including protease profile and cytokine release in response to allergen68. 

Primary MC cultures can be derived from bone marrow progenitors and serve as a widely 

used model 69. These bone marrow-derived mast cells (BMMCs) are generally regarded as 

being skewed toward a mucosal phenotype, although they do not fully encapsulate all the 

distinct characteristics of either connective tissue-type or mucosal-type MCs14. Rather, it 

is widely considered that BMMCs can adopt a phenotype dependent on the conditions they 

are cultured in, or from tissue-specific microenvironmental cues14,70. An alternative source 

of MCs is the peritoneal cavity, where cells within can be isolated, enriched, and 

differentiated to generate peritoneal cavity-derived MCs (PCMCs)71,72. The phenotype 

exhibited by PCMCs is more similar to that of connective tissue-type MCs, and they have 

transcriptomic profiles that are distinct from BMMCs including receptor expression, 

differences in protease expression, and lipid mediator production73. 
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Studies of MCs in humans can be conducted using cell lines such as HMC-1 and 

LAD2, but they also have their own limitations. For instance, HMC-1 cells lack functional 

IgE receptors and exhibit reduced degranulation activity, which makes them less suitable 

for studying certain MC functions, such as IgE-mediated allergic responses74,75. The 

protease profile within the cell lines also differs from tissue-resident MCs such as in the 

skin75, which further emphasizes these limitations. Primary cultures of human MCs can be 

generated from stem cells isolated from peripheral blood, bone marrow, and umbilical cord 

blood76. The latter are termed cord blood-derived mast cells (CBMCs) and provide a model 

for studying human-specific MC functions. Although there exists some donor-dependent 

MC heterogeneity, many functional properties are intact in CBMCs including IgE mediated 

degranulation, MC-specific genes associated with protease profiles, lipid mediator 

synthesis, and cytokine and chemokine production77. 

It remains difficult to isolate tissue-specific MCs and maintain these specific 

phenotypes because of their complex incorporation within the tissue microenvironment, 

integrating with other cell types and extracellular matrix. Therefore, when studying MC 

biology, it is important to select the appropriate source and type that best establishes 

translatability and relevance to MCs in physiological settings. 

1.1.7 Murine mast cell-deficient models 

Although in vitro studies are useful in studying aspects of MC biology in isolation, 

animal models are needed to fully capture the role of MCs in physiological systems. The 

use of MC-deficient models has been extremely useful in evaluating the contribution of 

MCs to biological processes78. Although several models of MC-deficiency exist, our work 

focused on two: KitW-sh/W-sh and “Hello Kitty” Cpa3-Cre; Mcl-1fl/fl. 



12 

 

The KitW-sh/W-sh mouse model has an inversion mutation affecting a large segment 

of the genome including the transcriptional regulatory elements of the c-kit locus that 

affects c-kit transcription79. The c-kit receptor binds to stem cell factor, which is a cytokine 

essential for hematopoietic development. Therefore, it is highly expressed in hematopoietic 

stem cells78. While other cells lose this receptor as they undergo differentiation, MCs are 

one of the only terminally differentiated immune cells that retain c-kit78. Since c-kit is 

essential for MC development and survival, KitW-sh/W-sh exhibit MC deficiency in all 

tissues79. Although this model is fertile and has fewer phenotypic abnormalities compared 

to other Kit-dependent models, there are still reported increased numbers of neutrophils 

and basophils which must be taken into consideration78. 

The “Hello Kitty” Cpa3-Cre; Mcl-1fl/fl strain of MC-deficiency is independent of 

the Kit gene. This mouse model involves the selective deletion of myeloid cell leukemia 

sequence 1 (Mcl-1) using a Cre-lox system80. Mcl-1 is an anti-apoptotic factor required for 

MC survival; however, it is also expressed by other granulocytes and basophils81. The Cre 

recombinase is expressed under the control of the carboxypeptidase A3 (Cpa3) promoter, 

a protease that is highly expressed in MCs. Cpa3-Cre transgenic mice were crossed with 

mice containing floxed Mcl-1 genes, where two loxP sites flank exon 1. Therefore, in 

Cpa3-expressing cells, primarily MCs, exon 1 is deleted, resulting in the complete absence 

of Mcl-1. This model leads to a 92-100% depletion of MCs in various tissues. However, 

there is also a 58-78% reduction in basophils80. 

Adoptive transfer of MCs into MC-deficient mice (MC knock-in) is a necessary 

approach used to confirm that any changes seen in the MC-deficient animals are truly due 

to the absence of MCs instead of off-target effects82. If the wild-type phenotype can be 
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rescued by reconstitution of MCs into MC-deficient tissues, this confirms MC-specific 

contributions. Taking it a step further, culturing MCs from mice deficient in expression of 

a specific protein, and then reconstituting them into MC-deficient mice, allows for the 

experimental determination of the effects of that protein produced by MCs in an in vivo 

setting2.  

1.2 THE CGAS-STING PATHWAY 

1.2.1 Introduction to the cGAS-STING pathway 

Discovered in 2008, the STING (Stimulator of Interferon Genes) pathway is a key 

player of the innate immune system83. It is typically activated by infection or cellular 

stress84 and is widely expressed in immune cells, as well as epithelial and endothelial 

cells85. STING signaling is initiated by cGAS, an intracellular sensor, that detects the 

presence of cytosolic microbial or host genomic material84. Upon direct binding to DNA, 

cGAS synthesizes the cyclic dinucleotide (CDN) secondary messenger cyclic GMP-AMP 

(cGAMP) from GTP and ATP86, which is the endogenous ligand for the STING protein. 

STING can also be activated independently of cGAS by bacterial-derived CDNs, although 

with a lower affinity87,88.  

STING is a transmembrane protein that resides in the endoplasmic reticulum (ER) 

as a monomer84. Upon ligand binding and activation, STING undergoes dimerization and 

translocates from the ER to the Golgi apparatus, where it recruits TANK-binding kinase 1 

(TBK1) and becomes phosphorylated89. TBK1 then phosphorylates the transcription factor 

interferon regulatory factor 3 (IRF3), which dimerizes and translocates to the nucleus to 

drive the transcription of type I interferons, such as interferon-β (IFN-β)89. The inhibitor of 
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NF-κB (IκB) kinase is also phosphorylated, resulting in the release and subsequent nuclear 

translocation of NF-κB. This process triggers the expression of pro-inflammatory 

cytokines and chemokines, further amplifying the immune response86. 

Overall, STING plays a pivotal role in mediating immune responses to double-

stranded DNA viruses, such as herpes simplex virus 1 (HSV-1), cytomegalovirus, and 

adenoviruses90–92. While less extensively studied, this pathway can also be activated by 

retroviruses and RNA viruses93,94. Activation of STING is also linked to other cellular 

processes such as autophagy and apoptosis86. Although initially discovered for its role in 

host defense, STING is now being explored for its involvement in inflammatory diseases, 

autoimmunity, and tumor immunity. As a result, it is being investigated as a potential 

therapeutic target for modulation95,96.  

1.2.2 Type I IFN signaling  

Interferons (IFNs) are a family of pleiotropic cytokines known for the role in 

orchestrating anti-viral immunity. IFNs are categorized into 3 groups: type I, II, and III. 

The type I IFN family consists of IFN-α, which has 13 subtypes in humans and 14 in mice, 

as well as IFN-β, IFN-ε, IFN-κ, and IFN-ω97. The production of type I IFNs is induced by 

the activation of PRRs by pathogens, including TLRs, NLRs, and RIG-I98. There are 

diverse downstream signaling processes that result in type I IFN production depending on 

the sensor activated. For example, TLR signaling utilizes the adaptor protein TIR-domain 

containing adaptor protein-inducing IFN-β (TRIF), whereas RIG-I signals through 

mitochondrial antiviral signaling protein (MAVS)29. However, the phosphorylation, 

activation, and dimerization of IRF3 and IRF7 is central to gene transcription of type I 

IFNs29.  
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Figure 2. Schematic illustrating the mechanism of STING activation.  
This diagram illustrates the key steps involved in STING signaling. Upon detection of 
cytosolic DNA, the sensor cGAS synthesizes cGAMP, which binds to and activates STING 
located in the endoplasmic reticulum. Activated STING translocates to the Golgi 
apparatus, where it recruits and activates TBK1, leading to the phosphorylation of IRF3 
and activation of NF-κB. This response results in the production of type I interferons and 
pro-inflammatory mediators, which play a crucial role in modulating immune responses. 
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Once secreted, type I IFNs signal through the heterodimeric interferon-α receptor 

(IFNAR), which is composed of subunits IFN-α receptor 1 (IFNAR1) and IFN-α receptor 

2 (IFNAR2)29. Upon receptor binding, Janus kinase I (JAK1) and tyrosine kinase 2 (TYK2) 

are activated and phosphorylate cytosolic signal transducer and activator of transcription 1 

(STAT1) and STAT2 proteins98. STAT1 and STAT2 dimerize and form a transcription 

complex with IRF9, ISGF3, which translocates into the nucleus and binds the IFN-

stimulated response element (ISRE)98. This promotes the expression of interferon-

stimulated genes (ISGs) that encode immune mediators and effector proteins that interfere 

with the viral replication cycle97,99. Downstream signaling of type I IFNs also acts in an 

autocrine and paracrine fashion98 in which ISGs also act as positive regulators to reinforce 

and propagate more IFN production99.  

1.2.3 Functional implications of STING on the immune system 

Activation of STING can boost innate and adaptive immunity by promoting 

immune cell maturation, cytotoxicity, and improved antigen presentation100. A significant 

portion of these effects is mediated by the production of type I IFNs. 

Activation of the STING pathway enhances NK cell cytotoxicity, as evidenced by 

increased levels of IFN-γ, granzyme B, and the degranulation marker CD107a101. In 

addition, STING plays a key role in priming IFN-γ-producing CD8+ T cells, a process also 

driven by type I IFN production102. When CD8+ T cells are primed with a STING agonist, 

they exhibit elevated T-bet expression, along with increased levels of perforin, granzyme 

B, and enhanced lytic activity103. This effect is partly attributed to STING-induced 

maturation of DCs, leading to upregulation of co-stimulatory molecules like CD86, CD80, 

and MHC class I molecules102,103. This boosts the ability of DCs to process and present 
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antigens to T cells, thus facilitating more effective immune responses. Furthermore, 

STING activation is implicated in the recruitment and polarization of macrophages toward 

an inflammatory M1 phenotype, characterized by elevated F4/80 expression, TNF 

production, and enhanced phagocytic activity104. The STING-induced production of 

CXCL1/2 and type I IFNs contributes to neutrophil migration and increased cytotoxicity, 

including the generation of reactive oxygen species (ROS)105. Together, these effects 

highlight some of the pivotal roles of STING in amplifying both innate and adaptive 

immune responses. 

Although type I IFNs, inflammatory cytokines, and chemokines play a protective 

role, prolonged signaling can be detrimental and cause tissue damage and immune 

dysfunction. In fact, overactivation can result in apoptosis, metabolic dysfunction, and 

decreased proliferation, as described in T cells106,107. Hence, regulatory mechanisms, such 

as post-translational modifications and lysosomal degradation, are essential to ensure 

balanced immune responses108,109. 

1.2.4 Loss-of-function/gain-of-function mutations  

The STING protein is encoded by the gene TMEM173 that is highly heterogenous 

in the human population110. The most common human alleles are R232, H232, and HAQ 

(R71H-G230A-R293Q), with the latter expressing low levels of STING protein and 

impaired responses to CDNs111,112. While the implications of null mutations on infection 

susceptibility remains to be fully explored, existing literature suggests that such mutations 

may impair IFN production in response to pathogens and bacterial products113,114. 

There are inherited and de novo gain-of-function mutations in STING that cause 

constitutive dimerization of STING110, leading to continuous activation of the pathway 
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independent of cGAMP86. These mutations lead to autoimmune and inflammatory diseases 

such as STING-associated vasculopathy with onset in infancy (SAVI)110. The most 

common SAVI-associated mutations are V155M and N154S115. SAVI is described as a 

type I interferonopathy and characterized by systemic inflammation, interstitial lung 

disease, skin lesions, and T cell cytopenia116. Mouse models of SAVI have been developed 

by the generation of STING N153S and V154M knock-in mice117,118, which present with 

lymphopenia, lung disease, and premature death. 

Mutations in STING are also described in different cancers; however, these are rare 

and likely do not contribute to the progression of disease110. On the other hand, levels of 

TMEM173 expression are being evaluated as a prognostic marker and in correlation with 

responsiveness to varying cancer therapies119,120. This would be relevant to predict patient 

sensitivity to STING agonist therapy or other cancer treatments121. For example, higher 

STING levels may be beneficial in the context of radiation where there is DNA release 

from damaged cells that can boost immune responses via STING stimulation122. 

Alternatively, oncolytic DNA viruses are a more appealing therapy in cancers that are 

defective in STING signaling123. Overall, the diverse genetic variations highlight the 

complex role of STING in immune regulation and its potential as both a therapeutic target 

and a biomarker for disease prognosis. 

1.2.5 STING signaling in mast cells 

Despite the well-established role of STING signaling in immune responses, its 

involvement in MCs remains underexplored. This leaves a gap in our understanding of how 

STING signaling affects MC biology and the contribution of MCs to immune responses 

mounted through this pathway. Goldmann et al. describe STING-dependent IFN-α 
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production in a MC cell line, HMC-1, in response to S. aureus internalization124. 

Furthermore, the subsequently secreted type I IFNs signaled, in an autocrine manner, to 

improve the MC’s ability to control bacterial burden124. This paper provided novel insight 

since MCs are not typically described to produce type I IFNs in response to bacterial 

infection due to the inability of bacteria to enter the cell125. One caveat is the cell line is 

phenotypically distinct compared to MCs in physiological settings and it would be 

important to recapitulate these findings using primary cells.  

Another paper by Graham et al. demonstrated that cytokine and chemokine 

expression by bone marrow-derived MCs in response to influenza A virus was partially 

STING-dependent31. More specifically, they showed that there was a reduction in IL-6, 

CCL2, and CCL4 production by STING-deficient MCs compared to wild-type C57BL/6 

MCs. However, there was no indication of STING-mediated type I IFN production in these 

primary murine cells. A similar phenomenon has been described where virus-induced 

activation of STING signals through STAT6 to produce chemotactic mediators but not type 

I IFNs126.  

Lastly, Martin et al., showed that 3’3’-cGAMP, a CDN, promoted immunity 

against anthrax toxins when used as an adjuvant127. They reported that MCs make up the 

largest proportion of immune cells analyzed in the sublingual tissues, where the mice were 

immunized. Since MCs have been described to enhance mucosal IgA responses128–130, it 

would be worth investigating whether MC stimulation by the CDN contributes to the 

increased antibody production. Since MCs are found in abundance at sites where viral and 

bacterial infections occur, unraveling this pathway would shed light on an 

underappreciated mechanism in which MCs promote the clearance of pathogens. 
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1.3 STING IN BACTERIAL INFECTION 

1.3.1 Overview of STING in bacterial infection 

Although type I IFNs are essential in mediating antiviral immunity, their role in 

bacterial infections is contradictory depending on the pathogen131,132. Bacterial infections 

stimulate STING activation through a few mechanisms which are highlighted below. 

Bacteria produce CDNs as secondary messenger molecules, which play essential 

roles in their lifecycle, particularly in virulence133. These CDNs can directly activate 

STING, but the effects of this activation vary depending on the type of infection. A well-

studied example is Listeria monocytogenes, where CDN detection triggers the production 

of type I IFNs and IL-6 in a STING-dependent manner. In a model of L. monocytogenes 

enterocolitis, STING was reported to play a protective role by promoting the recruitment 

of monocytes134, which are crucial for bacterial clearance and reducing bacterial burden135. 

In contrast, Staphylococcus aureus activation of STING by CDNs led to STING-dependent 

type I IFN production, but this response promoted bacterial survival within 

macrophages136. In a cutaneous S. aureus infection setting, STING activation has been 

shown to suppress neutrophil chemotaxis and consequently impair bacterial clearance137. 

Thus, while CDN-STING signaling can be protective in some infections, it can also have 

detrimental effects in others. 

The direct detection of bacterial or host DNA can stimulate type I IFN production 

via STING138–140. For example, recognition of Streptococcus pyogenes nucleic acids can 

trigger type I IFN production. This led to enhanced survival, improved tissue pathology, 

and was associated with reduced neutrophil recruitment in a cellulitis infection model141. 

A similar effect was observed in soft tissue infection, where type I IFN production played 
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a protective role by limiting hyperinflammation and dampening the production of IL-1β, 

thus preventing tissue damage142. Pseudomonas aeruginosa DNA has been described to be 

sensed by cGAS to activate STING, which dampened excessive inflammation and played 

a role in the unfolded protein response (UPR) to decrease lung injury139. Streptococcus 

pneumoniae toxin pneumolysin can cause mitochondrial stress and subsequent DNA 

release to stimulate type I IFN production143. Similarly, bacterial products like LPS can 

induce mitochondrial stress and increase levels of ROS, TNF, and IL-1β through STING 

signaling, which aggravated lung injury144. 

STING also participates in bacterial infections by affecting other physiological 

processes. For example, STING activation induced autophagy in macrophages during 

Mycobacterium tuberculosis infection as a mechanism to limit growth and kill intracellular 

bacteria140,145. Moreover, IFN-independent STING signaling promoted coagulation in a 

mouse model of sepsis, through ER-calcium release which worsened survival146. 

Similar to Listeria, Shigella is a known intracellular bacterium. STING activation 

is not as well described in Shigella infection; however, it has been shown that Shigella has 

evolved mechanisms to modulate the immune pathway. Bacterial effectors, IpaJ and VirA, 

inhibit the translocation of STING from the ER to the Golgi, thus dampening host IFN 

production147. Another mechanism is the targeting of TBK1 for ubiquitination and 

subsequent proteasomal degradation148. However, the immune cells that respond to 

Shigella through STING activation have not been extensively elucidated and is an area of 

study to pursue.  
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1.3.2 Introduction to Shigella  

Shigella is a gram-negative enteric bacterial pathogen. The genus comprises four 

distinct species: Shigella dysenteriae, Shigella flexneri, Shigella boydii, and Shigella 

sonnei149. Shigella primarily targets the intestinal lining149 causing a diarrheal 

gastrointestinal (GI) disease called shigellosis. The disease is primarily caused by S. 

flexneri, accounting for approximately 60% of cases149. Shigellosis is characterized by 

inflammation of the colon, ulcerations in the mucosal lining, and a disruption of the 

intestinal barrier function149. Although shigellosis is typically self-limiting, treatment often 

includes antibiotics and supportive care; however, antibiotic resistance is becoming a 

concern150. Shigella is a highly virulent pathogen with a remarkably low infectious dose of 

10-100 bacteria150. Transmission occurs primarily through contaminated food or water, and 

through the fecal oral route150. Disease is prevalent in developing countries and among 

pediatric populations, where access to sanitation and healthcare resources may be 

limited150. 

Shigella employs sophisticated mechanisms to subvert host cells and propagate 

infection151. A large plasmid encodes multiple virulence factors including the type III 

secretion system (T3SS)152, a needle-like projection that is anchored into the bacterial cell 

wall153. To infect a host cell, the T3SS is injected into the plasma membrane and enables 

the delivery of bacterial effector proteins into the host’s cytoplasm153. These effector 

proteins promote bacterial entry into the host cell by inducing actin rearrangement to drive 

endocytosis for internalization. Despite being non-flagellated, Shigella utilizes this actin 

rearrangement to facilitate movement within and between cells, a process known as ‘actin-

based’ motility154. Moreover, the effector proteins further promote bacterial dissemination 
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by manipulating host cell processes to create a replicative niche. For example, they are 

involved in dampening host inflammatory responses and ensuring host cell survival151. 

1.3.3 Immune responses to Shigella infection 

To establish an infection and colonize the intestine, Shigella must traverse the 

epithelial barrier. This is accomplished by crossing from the apical (luminal) side to the 

basolateral side of the epithelial layer through microfold (M) cells155. M cells are 

specialized epithelial cells of the GI tract's immune surveillance system that selectively 

transport pathogens and antigens from the lumen to the underlying immune cells on the 

basolateral side156. Antigen presenting cells near the M cells, including macrophages156, 

phagocytose the bacteria; however, Shigella can escape the phagosome within the host cell 

through the T3SS system and replicate in the host cytoplasm157,158.  

Invasion and replication of Shigella within the host cell triggers NLR 

inflammasome activation which promotes pro-inflammatory cytokine maturation and cell 

death159–161. Shigella effectors, such as MxiI, are also recognized by inflammasome 

receptors like NLRC4 and NLRP3, further amplifying the host immune response159,162. As 

a consequence of capsase-1 activation and bacterial effectors, the host cell undergoes 

pyroptosis which is a form of lytic and inflammatory cell death that releases additional 

DAMPs and mediators, prominently IL-1β and IL-18163,164. From there, Shigella goes on 

to infect adjacent epithelial cells along the basolateral surface by actin polymerization. 

These cytokines promote inflammation, vasodilation, and the recruitment and activation of 

immune cells, like NK cells and neutrophils, to then kill the now accessible bacteria156,165. 

Shigella can also activate TLR2 and TLR4, due to lipoproteins and LPS on the outer 

membrane of the bacteria, respectively. This leads to subsequent NF-κB activation and 
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release of TNF-α, IL-1β, and IL-6166–168. TLR2 activation in macrophages also orchestrates 

IFN-γ production to limit bacterial replication169.  

Neutrophils have been long described as central immune cells in controlling 

Shigella infection through several mechanisms. In response to CXCL8 produced by 

intraepithelial immune cells and infected and bystander epithelial cells170, neutrophils 

transmigrate from the bloodstream toward the luminal side of the epithelium171,172. 

Neutrophils can mediate the resolution of infection by phagocytosis and degranulation to 

release antimicrobial proteins such as elastase and defensins173–175. Lastly, the release of 

neutrophil extracellular traps (NETs) which consists of enzymes, bactericidal proteins, and 

chromatin, are also involved in Shigella killing176. Despite being essential for bacterial 

clearance, neutrophil transmigration induces extensive tissue damage to the colonic 

mucosa, which can further enable bacterial crossing of the epithelium177.  
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1.4 STING IN OVARIAN CANCER IMMUNOTHERAPY 

1.4.1 Introduction to ovarian cancer 

Ovarian cancer is the most lethal gynecologic malignancy with a devastating 5-year 

survival rate under 50%178. Patients often present with subtle clinical presentations 

including bloating and abdominal discomfort and unlike cervical cancer, there is a lack of 

effective routine screening179. This combination of non-specific symptoms and the absence 

of early detection measures leads to delayed diagnoses, resulting in over 80% of women 

being diagnosed at stage III or IV when the tumor has metastasized throughout the 

Figure 3. The innate immune response to Shigella infection.  
Upon invasion of the intestine, Shigella crosses the epithelial layer, where it is recognized 
by PRRs, triggering inflammatory pathways. This activates the recruitment of immune 
cells, cytokine release, and the initiation of host defense mechanisms. Key cellular 
responses are illustrated, highlighting the role of macrophages and DCs in controlling 
bacterial spread. 
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peritoneum and beyond, which significantly reduces the chances of successful 

treatment180,181. 

Ovarian cancer is typically classified into three main types: epithelial (EOC), germ 

cell, and sex-cord stromal tumors178. Among these, EOCs account for approximately 90% 

of cases and can be further divided into five subtypes that are distinct in their molecular, 

histologic, and immune profile: high-grade serous (HGSC), endometrioid, clear cell, low-

grade serous, and mucinous carcinomas178. HGSC is the most common and aggressive 

subtype, associated with a particularly poor prognosis178. Hence, ovarian cancer is a highly 

heterogeneous disease at the cellular, molecular, and immunological level, making it 

complex to treat182. 

Several risk factors are associated with the development of ovarian cancer with age, 

genetic predisposition, and family history being the most well-established183. Ovarian 

cancer is a heritable disease that is linked to germline mutations in genes involved in DNA 

repair181. Prominent genes implicated in this process include BRCA1 and BRCA2, which 

are involved in repairing DNA double-strand breaks through a process called homologous 

recombination repair (HRR) to maintain genomic stability181. Alterations in these genes 

impair DNA damage repair mechanisms and lead to an accumulation of mutations which 

increases the risk of cancer development181. In addition to mutations, individuals with a 

family history of ovarian cancer or breast cancer are at an elevated risk and are typically 

monitored more closely for early signs of the disease183.  

The progression of ovarian cancer and responses to therapy are deeply influenced 

by the tumor microenvironment (TME). The TME is a dynamic and heterogeneous mix of 

cellular and acellular components, including cancer cells, immune cells, stromal cells, 
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blood vessels, ECM material, and soluble mediators179. In ovarian cancer, the TME 

exhibits both inter- and intra-tumoral variability, especially in the metastases spread 

throughout the peritoneum, each surrounded by distinct microenvironments182. Due to 

extensive metabolic activity and abnormal angiogenesis, the TME is acidic and hypoxic, 

which is associated with the infiltration of immunosuppressive immune populations. 

Ovarian cancer is often considered ‘immunologically cold’ due to lack of anti-tumor 

immune cells and immunosuppressive environment179,184. Inhibitory immune cells 

including myeloid-derived suppressor cells (MDSCs), tumor associated macrophages 

(TAMs), and regulatory T cells (Tregs) constitute a significant portion of the TME and 

produce inhibitory cytokines, such as IL-10 and TGF-β, that repress T-cell function, as 

well as promote tumor angiogenesis and tissue remodeling179,185,186. This creates an 

environment where anti-tumor immune cells are either excluded from the tumor or 

rendered ineffective. The complex immune landscape plays a major role in determining the 

tumor's response to therapy and its potential for metastasis. 

1.4.2 First-line and novel therapeutic approaches 

The efficacy of treatments for ovarian cancer is variable depending on the genetic 

profile, histological subtype, and stage of cancer178. The standard first-line therapy 

typically includes cytoreductive surgery to remove as much of the tumor as possible, 

followed by chemotherapy using platinum or taxane-based drugs181. Despite initial 

responses, over 70% of patients relapse due to acquired chemotherapy resistance and 

experience disease recurrence185,187. This underscores the need for novel therapeutic 

approaches, including targeted therapies and immunotherapy.  
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Poly (ADP-ribose) polymerase (PARP) inhibitors, like Olaparib, have emerged as 

a promising therapeutic and been approved as a concurrent or maintenance targeted therapy 

following chemotherapy188. These inhibitors block base excision repair in cancer cells, 

which is a DNA repair mechanism189. These are particularly impactful in patients with 

mutations in BRCA1/2 as these already impair the cancer cells' ability to repair DNA 

through HRR, making them more reliant on PARP enzymes189. Hence, inhibiting PARP 

enzymes leads to an increased accumulation in DNA damage, ultimately leading cancer 

cells to undergo programmed cell death through synthetic lethality190. However, only 10-

15% of EOC patients carry a mutation in BRCA1/2 and alternative approaches are needed 

that can be used more broadly191.  

Another avenue of treatment are drugs that target angiogenesis to limit tumor 

growth and spread185. The formation of new blood vessels is an important process for 

cancers to increase nutrient supply and remove metabolic waste185. An example is a 

monoclonal antibody called Bevacizumab which targets the pro-angiogenic factor VEGF 

and prevents binding to its receptor and signaling185. In addition to reducing blood vessel 

formation, this reduces vascular permeability and improves the delivery of chemotherapy 

to the tumor185.  

Folate receptor inhibitors are another class of therapeutics that directly kill cancer 

cells192. Folate receptor alpha (FRα) is a glycoprotein overexpressed on the surface of most 

ovarian cancer cells192. Mirvetuximab soravtansine is an approved antibody-drug complex 

used to treat chemotherapy-resistant patients192. Once the antibody binds to the receptor on 

the cancer cell, the complex is internalized, and a cytotoxic drug called DM4 (which 

prevents microtubule formation) is released and interferes with cell division, leading to cell 
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death192. Overall, this therapy minimizes damage to normal cells compared to conventional 

chemotherapy but is still under investigation.  

1.4.3 Immunotherapy 

Immunotherapy refers to the manipulation of the immune system to treat disease. 

In cancer, one strategy is to enhance the ability of immune cells to detect and eliminate 

cancer cells193. Several immunotherapies have been developed and shown efficacy in 

various cancers. Some examples that have been studied in the context of ovarian cancer 

include CAR T-cell therapy and point blockade (ICB), which will be briefly discussed 

below193. 

CAR T-cell therapy was first introduced in 2017 and has transformed the landscape 

of treatment for hematologic malignancies like leukemia and lymphoma193. It involves 

genetically modifying T cells to better recognize cancer cells. T cells are isolated from 

patient’s blood and modified to express a recombinant receptor for a tumor antigen194. 

Following reinfusion into the body, the receptor precisely recognizes the tumor antigen on 

cancer cells and will induce the CAR-T cell to release of cytotoxic mediators like perforin 

to lyse the tumor cells. Current studies are investigating CAR T cells that target FRα and 

mesothelin, but these are still in the early phases194. One barrier to the efficacy of CAR-T 

cells in ovarian cancer is the vast tumor heterogeneity and antigen escape194. This makes it 

difficult to identify a suitable antigen that could successfully target all tumor cells and 

avoid non-pathologic tissues194. 

Immune checkpoint inhibitors (ICIs) are an immunotherapy, first approved in 2011, 

that have shown success clinically for solid tumors, especially in melanoma195. Immune 

checkpoint proteins, normally expressed on the surface of healthy cells, bind to receptors 
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on T cells to initiate inhibitory signals that prevent T cell activation and autoimmunity195. 

These receptors include surface proteins programmed cell death protein 1 and cytotoxic T-

lymphocyte-associated protein 4 on T cells and programmed cell death ligand 1 (PD-L1), 

CD80, and CD86 on APCs196. As a form of immune evasion, cancer cells also upregulate 

these checkpoint inhibitor molecules, like PD-L1, to avoid being targeted by cytotoxic T 

cells196. Hence, ICI block the surface proteins on cancer or immune cells to allow immune 

responses to proceed. Despite success in other cancers, little success has been observed in 

ovarian cancer197, which is partially attributed to the lack of tumor-infiltrating lymphocytes 

and low tumor mutational burden198. 

Overall, it is believed that the immunosuppressive TME limits the efficacy of these 

immunotherapies that rely on the adaptive immune system. Given this, an ideal approach 

worth investigating would be to use a treatment modality that dampens the 

immunosuppressive limitations and facilitates the cytotoxic activity of immune cells within 

the TME.  

1.4.4 Anti-tumor effects of STING activation 

The immune boosting properties of STING activation have made it a promising 

target for immunotherapy. Over the past decade, preclinical studies have highlighted the 

potent anti-tumor effects of STING activation in multiple cancer models199–201. These 

results led to the development of early-phase clinical trials, where STING agonists are 

being evaluated both as monotherapies and in combination with other established cancer 

treatments202. As previously mentioned, many of these anti-tumor functions are attributed 

to the production of type I IFNs203. In fact, IFN-α2 was the first immunotherapeutic agent 

that was approved in 1986196. STING activation holds promise as it results in a breadth of 



31 

 

type I IFNs being produced, alongside other inflammatory chemokines and cytokines, 

which amplifies the immune system on multiple fronts.  

STING is involved in regulating the tumor-immunity cycle through a variety of 

mechanisms203. The pathway has been shown to promote the maturation of DCs and 

upregulation of surface molecules that enhance the ability to process and present tumor 

antigens to T cells204,205. STING activation is also involved in maintaining the stemness of 

CD8+ T cells, as well as increasing their cytotoxic and memory functions, which is 

important for the clearance of tumor cells206,207. Agonist treatment promoted the 

accumulation of NK cells within tumors and increased their lytic mediators and ability to 

establish control101, while suppressing the differentiation of MDSCs208. 

Activation of STING is important in boosting the presence of immune cells within 

the microenvironment to clear cancer cells209. Downstream chemokines CXCL9 and 

CXCL10 are involved in the recruitment of T cells and NK cells into solid tumors210,211. 

This has been shown in mouse models of melanoma and colorectal cancer, where STING 

agonist injections increased intratumoral CD8+ T cells199,212. To further promote the 

trafficking of immune cells to the tumor, STING agonists can modulate the vasculature 

within the TME by upregulating endothelial adhesion molecules like vascular cell adhesion 

protein 1 (VCAM-1)213, to enhance the extravasation of T cells. Treatment with a CDN 

increased NK cells within tumors and draining lymph nodes and demonstrated enhanced 

effector functions101. Additionally, STING activation can remodel the immunosuppressive 

environment by reducing Tregs214 and reprograming M2 macrophages to a M1 

phenotype215. 
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In addition to stimulating immune cells, type I IFNs can have direct effects on 

tumor cells. Intrinsic STING signaling within cancer cells has been shown to directly 

inhibit tumor cell proliferation216 by impeding the cell cycle and increase their sensitivity 

to checkpoint blockade217. Signaling can also enhance the recognition of cancer cells by 

inducing the upregulation of MHC class I and NKG2D on the cell surface, increasing the 

susceptibility of tumor cell lysis by T cells and NK cells218,219. STING can increase tumor 

immunogenicity due to the release of tumor antigens and DAMPs from dying cancer 

cells220. Intratumoral STING agonist injection decreased the vascularization of the TME, 

indicated by lower blood vessel density in a Lewis lung carcinoma model221. Overall, these 

effects can also enhance responses to other cancer treatments, implicating the potential use 

of STING as a combination therapy. 

Due to the poor chemical properties of natural STING agonists, several synthetic 

CDNs and non-nucleotide small molecule drugs have been developed to bind STING with 

a higher affinity and greater stability222. These agonists have been approved for clinical 

trials. ADU-S100 was the first STING agonist that was approved to proceed to human 

clinical trials as a monotherapy223. Although the therapeutic efficacy of STING agonists is 

not as robust in humans as a monotherapy, it is being explored with existing 

immunotherapies where there may be synergistic effects223. For example, it could boost 

responses to ICIs where efficacy may be dampened in immunologically cold tumors204,220.  
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1.4.5 Limitations/downfalls of STING agonist therapy 

The efficacy of STING agonists is context dependent and has its limitations. 

Despite mounting a type I IFN response in T cells, STING activation is also documented 

to cause T cell stress and death. Stimulation of STING in T cells increased genes associated 

with apoptosis, the caspase cascade, ER stress, and the UPR response106. In response to 

STING agonist DMXAA, T cells exhibit reduced proliferation224 and increased cell 

Figure 4. Anti-tumor functions of the STING pathway in the immune system.  
This diagram highlights some key mechanisms through which the STING pathway 
enhances anti-tumor immunity. Upon activation, STING induces the production of type I 
interferons, leading to the activation of DCs, NK cells, and T cells. Additionally, the 
STING pathway induces apoptosis and limits the proliferation of tumor cells, further 
contributing to the suppression of tumor growth. Lastly, the release of pro-inflammatory 
cytokines contributes to the recruitment of immune cells to the tumor site for tumor 
elimination. There also exists crosstalk between type I interferons and pro-inflammatory 
mediators, as indicated by the dashed arrow.  
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death106. Overall, the STING agonist cytotoxicity in T cells would prove counterproductive 

to the goal of enhancing anti-tumor T cell responses. 

The effectiveness of STING targeted therapy is variable between cancers and is not 

suitable for all tumors. STING activation can induce tolerogenic immune responses. For 

example, STING-induced indoleamine 2, 3-dioxygenase production by DCs was involved 

in suppressing effector T cells and promoting the differentiation of Tregs225. Moreover, it 

can also reduce tumor infiltrating immune cells dependent on tumor antigenicity226. Other 

studies have shown that STING signaling can support metastasis in models of breast and 

brain cancer227,228. This may be attributed to NF-κB activation in tumor cells which can 

promote proliferation, suppress apoptosis, and induce epithelial-mesenchymal 

transition229. These studies emphasize the role of tumor settings and the importance of more 

targeted activation of the pathway within certain cell types. 

Due to the lack of tissue or cell specificity, the activation of the STING pathway is 

broadly associated with adverse reactions222. Hence, another obstacle to STING-targeted 

therapy includes finding a route of administration that is effective while avoiding tissue 

toxicity, autoimmunity, and uncontrolled inflammation222. Most clinical studies are 

injecting agonists intratumorally. However, this method is only useful for patients that have 

accessible solid tumors and would not reach distal metastases222. Intravenous 

administration may lead to systemic inflammation and, due to the short serum half-life of 

STING activators, there is the potential for low tumor accumulation222. The poor 

physiochemical properties of the STING agonists are a significant barrier leading to the 

reduced efficacy observed in clinical trials. For example, intratumoral ADU-S100 was 

unfortunately found to be absorbed rapidly with a short half-life of 10 to 23 minutes223. 
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Researchers are trying to develop enhanced delivery systems of STING agonists, including 

nanoparticles and liposomes, to increase stability and cell entry230. Another avenue is the 

targeted delivery of agonists to specific cell types based on different receptor expression230.  

1.4.6 Murine models of ovarian cancer 

Preclinical mouse models have been instrumental in advancing our understanding 

of the pathophysiology of ovarian cancer and the development of novel therapies. Various 

models are available, each with their own benefits and limitations, that recapitulate the 

molecular mechanisms of cancer progression and response to treatment as reviewed by 

Karakshav and Zhang231. The most used murine models include syngeneic and xenograft 

models, which will be highlighted below. 

Three important factors in xenograft and syngeneic models are the tumor cell 

source, the location of engraftment, and the immune status of the strain232. The common 

routes of cancer cell administration are subcutaneous, intraperitoneal, and orthotopic 

injections232. Subcutaneous injections lead to the formation of a tumor that is localized 

around the injection site231. These can be useful in studies that require the measurement 

and quantification of tumor growth and solid tumor sections for histological analyses232. 

However, it is less physiologically relevant in terms of cancer progression and anatomical 

location. Intraperitoneal injections are beneficial in recapitulating the metastatic nature of 

EOC232. Injection into the peritoneum results in a disseminated cancer model with the 

formation of ascites and cancer foci throughout the peritoneum, coating the spleen and 

liver231. This pathology is similar to that seen clinically in advanced stages of ovarian 

cancer, making this method of engraftment particularly relevant to human disease231. 

However, it cannot be used to examine earlier stages of disease and it is more difficult to 
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study the cancer itself as there is no primary tumor formation231. Orthotopic engraftment 

refers to the implantation of tumor cells in the anatomical location from which they are 

derived232. Hence, it refers to injections into the ovarian lining, also known as the bursa, 

which allows tumors to develop in physiologically relevant environments232. Intrabursal 

injections are useful for studying all stages of cancer growth since the growth on the ovary 

disseminates from the primary site to then develop ascites231. However, intrabursal 

injections are technically more difficult and time consuming, which makes it difficult to 

achieve larger sample sizes231. 

In syngeneic models, tumor cells derived from an inbred strain are engrafted into 

hosts of genetic similarity, ensuring that the immune system remains intact233. The ID8 

model is an established cell line and widely used murine model of epithelial ovarian 

cancer234. Mouse ovarian surface epithelial (MOSE) cells derived from the bursa, the lining 

of the ovaries, were cultured in vitro until they transformed and adopted cancerous 

phenotypic changes234. Administration of these cells into mice leads to ovarian cancer 

development with pathology depending on the method of engraftment. Additionally, 

Walton and colleagues have developed genetically modified ID8 sublines that contain 

frequently found mutations in observed in human patient populations such as those in 

Trp53, Brca1, and Brca2235,236. These mutations are known to influence responses to 

treatment and the immune microenvironment; hence, these modified cells provide a more 

nuanced understanding of ovarian cancer biology, including insights into how genetic 

alterations affect tumor behavior and therapy outcomes237,238. Another useful alteration in 

the ID8 model includes transfecting the cells with luciferase, which enables non-invasive 

tracking of tumor burden and metastasis using in vivo imaging systems (IVIS) that detect 
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bioluminescence239. One key advantage of this model is that the host mice are 

immunocompetent, which allows for the study of immune responses to ovarian cancer and 

treatments233. This ovarian cancer model offers several advantages including fast tumor 

growth and relatively low costs compared to other models231. However, a key limitation is 

that the ID8 model lacks tumor heterogeneity, which is commonly seen in human ovarian 

cancer, making it more difficult to fully replicate the complexity seen in patient tumors232.  

Xenograft models entail the transplantation of human ovarian cancer cells or tumors 

into mice233. However, these models require immunodeficient mice strains, such as the 

severe combined immunodeficiency (SCID) model, to ensure that the mice do not reject 

the human tissue231. In patient-derived xenografts (PDX), clinical samples are engrafted 

into the mice233. Using whole tumors resected during surgery is beneficial in retaining the 

cellular integrity and heterogeneity from the original tumor233. Following transplantation 

into the mouse, the tumor is left to grow for months, before it is excised and implanted into 

other mice for in vivo experiments231. Due to the immunodeficiency in the mouse strains, 

these models are not used to study immunotherapies which have been revolutionary in the 

field of cancer231. However, the emergence of humanized mouse models has tackled this 

obstacle and allowed for immunotherapeutic testing. This model involves generating mice 

with intact immune systems that resemble the human system by infusing human leukocytes 

or hematopoietic stem cells before the engraftment of the clinical sample233,240. Some 

limitations of PDX models are the lengthy experimental times, high cost, and access to 

clinical sample sources232. 
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The ID8 model was chosen in our studies as it resonates most with our research 

question. With an intact immune system, we are able to accurately evaluate the efficacy of 

STING immunotherapy in a model that resembles the late stages of cancer.  

1.5 RATIONALE AND RESEARCH OBJECTIVES 

Considering all the above information together, this introduction has described 

three broad areas that have been integrated to define the research objectives and 

hypotheses: 1) MCs, 2) STING pathway activation, and the 3) potential functional roles 

for MC STING activation in Shigella infection and ovarian cancer. 

 To briefly summarize, MCs are sentinel immune cells that are pivotal in initiating 

immune responses to pathogens by producing a wide array of mediators that recruit and 

activate both innate and adaptive leukocytes to clear infection. Moreover, MCs are present 

in increased numbers within the tumor microenvironment, where they play complex and 

sometimes paradoxical roles in modulating tumor progression and immune surveillance.  

The STING pathway is a critical component of the innate immune response to 

microbial infections that is well-documented to boost immune responses by increasing 

leukocyte mobilization and cytotoxicity. The robust production of type I IFNs, cytokines, 

and chemokines makes STING a strong modulator of immunity, with implications in 

enhancing antiviral, antitumor, and antibacterial responses. Although this pathway has 

been described in other immune cells, it has not been described in MCs before.  

Given the central role of MCs in early immune activation and their widespread 

presence in tissues, understanding how the STING pathway operates within these cells 

could reveal new insights into their function as immune sentinels in ovarian cancer and 

intracellular bacterial infection. Moreover, it could open avenues for innovative therapies 
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that harness the potential of MCs to modulate immune responses, including cancer 

immunotherapy. We hypothesized that mast cell STING activation promotes a type I 

IFN response that has a functional role in infection and anti-tumor immunity. 

This investigation can be summarized in three primary aims: 

1. Investigate the functionality of the STING pathway in mast cells and characterize their 

responses to STING activation in vitro. 

This aim allowed us to determine whether MCs express functional STING and how its 

activation influenced gene expression, mediator production, and overall immune 

responses. This allowed us to begin to elucidate the type of response and influence MCs 

may have in biological settings. 

2. Assess the role of STING activation in mast cell responses to Shigella infection. 

Given the abundance of MCs in mucosal tissues, such as the intestine, which are frequently 

exposed to pathogens like Shigella, this aim investigated how STING activation influenced 

MC responses to bacterial infection. This provides new insights into their role in mucosal 

immunity. 

3. Assess the ability of mast cells that inducibly express activated STING to inhibit 

ovarian cancer. 

This aim explored the potential of MC-mediated STING activation as a targeted cancer 

immunotherapy. We assessed the effects of localized STING activation in MCs within the 

ovarian tumor microenvironment, where STING agonists are being tested as promising 

therapeutic agents. By genetically modifying MCs to inducibly express either wild-type or 

constitutively active STING, we aimed to circumvent the systemic side effects associated 
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with broad STING activation such as systemic toxicity and unwanted activation in other 

cells. This research will help elucidate whether MC-mediated STING delivery can impede 

tumor development and contribute to the development of targeted cancer immunotherapies. 

The completion of these research aims provided valuable insights into STING-associated 

immunity mediated by MCs, establishing a strong foundation for future studies to explore 

its therapeutic potential. 
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Chapter 2: MATERIALS & METHODS 

2.1 ANIMALS 

Female mice were used between the ages of 8-11 weeks for all experiments. Wild-

type C57BL/6 mice were obtained from Charles River Laboratories (Quebec, Canada) or 

obtained from in-house breeding colonies at the Carleton Animal Care Facility (CACF) at 

Dalhousie University. KitW-sh/HNihrJaeBsmJ (KitWsh/Wsh; Wsh), C57BL/6-Cpa3-Cre; 

Mcl-1fl/fl (Hello Kitty; HK) and wild-type littermate (HKLM) mice were obtained from 

in-house breeding colonies at the CACF from founder animals provided by Dr. S. Galli 

(Stanford University). STING KO (C57BL/6J-Sting1gt/J) and B6.Cg-

Gt(ROSA)26Sortm1.1(CAG-rtTA3)Slowe/LdowJ (Rosa26-rtTA) mice were purchased from 

Jackson Laboratories (Bar Harbor, ME). Mice from the HK breeder colonies were 

genotyped at 4-5 weeks of age by PCR to identify mast cell-deficient mice from wild-type 

littermate controls. All animal procedures were approved by the Dalhousie University 

Committee on Laboratory Animals, following guidelines from the Canadian Council for 

Animal Care.  

2.2 ANTIBODIES 

Primary antibodies for western blotting and immunofluorescence were anti-STING 

(1:2500, D1V5L, Rabbit mAb; Cell Signaling Technology, Danvers, MA), anti-TBK1 

(1:1000, D1B4, Rabbit mAb, Cell Signaling Technology), anti-phospho-STING (1:1000, 

S365, D8F4W, Rabbit mAb, Cell Signaling Technology), anti-phopho-TBK1 (1:1000, 

S172, D52C2, Rabbit mAb, Cell Signaling Technology), anti-vinculin (1:3000, E1E9V, 

Rabbit mAb, Cell Signaling Technology), anti-β-actin (Clone: AC-15, Mouse mAb, Sigma 
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Aldrich, St. Louis, MO), and anti-FLAG® (1 μg/mL, M2, Mouse mAb, Sigma-Aldrich). 

Secondary antibodies for western blots were mouse anti-rabbit (Jackson ImmunoResearch, 

West Grove, PA) and donkey anti-mouse (Jackson ImmunoResearch) and used at a 1:5000-

1:10,000 dilution. The secondary antibody for immunofluorescence was goat anti-rabbit 

AF555 and used at 1:1000. 

2.3 REAGENTS 

Sources of cell culture reagents, activators, and inhibitors can be found in Table 2. 
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Table 2. Reagents used for cell culture and in vitro activations. 

 
 

 

 

 

 

Reagent Source 
Dulbecco’s Modified Eagle Medium (DMEM) Gibco, Thermo Fisher Scientific  
Rosewell Park Memorial Institute 1640 (RPMI) Gibco, Thermo Fisher Scientific  
Penicillin-Streptomycin (P/S) Hyclone, Cytiva (Marlborough, MA) 
4-(2-hydroxyethyl)-1-piperazineethanesulfonic 
acid (HEPES)  

Hyclone, Cytiva  

Fetal Bovine Serum (FBS) Gibco, Thermo Fisher Scientific  
Prostaglandin E2 (PGE2) Tocris Bioscience (Bristol, UK)  
Recombinant mouse IL-3 (rmIL-3) BioLegend (San Diego, CA) 
Recombinant human stem cell factor (rhSCF) Peprotech (Cranbury, NJ) 
Recombinant human IL-3 (rhIL-3) Peprotech  
Nonessential amino acids (NEAA) Hyclone, Cytiva 
Human IL-6 (hIL-6) Peprotech 
Recombinant mouse stem cell factor (rmSCF) BioLegend 
β-mercaptoethanol (β-ME) Sigma-Aldrich  
TrypLETM Express Gibco, Thermo Fisher Scientific  
Ethylenediaminetetraacetic acid disodium salt 
dihydrate (EDTA) Sigma-Aldrich 

Phosphate-Buffered Saline (PBS) Sigma-Aldrich 
Soybean Trypsin Inhibitor (STI) Millipore, Sigma (Burlington, MA) 
Blasticidin InvivoGen (San Diego, CA) 
Poly(I:C) InvivoGen 
ADU-S100 InvivoGen 

diABZI Cayman Chemical Company (Ann 
Arbor, MI) 

G3-YSD InvivoGen 
H-151 InvivoGen 
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2.4 CELL CULTURE 

2.4.1 Bone marrow-derived mast cells 

Bone marrow-derived mast cells (BMMCs) were differentiated from mononuclear 

cells isolated from female C57BL/6, Rosa26-rtTA, and STING KO mice. Mice were 

euthanized by anesthetization with isoflurane followed by CO2 asphyxiation. Under aseptic 

conditions, tibiae and femurs were harvested, and bone marrow was flushed out using a 

27-gauge needle and sterile, endotoxin-free RPMI 1640 media. The cell suspension was 

then filtered through a 40-micron filter to remove debris. The cells were centrifuged at 300 

x g for 10 minutes at 4℃ and cultured in media consisting of RPMI 1640 with L-glutamine 

and sodium bicarbonate, 10% heat-inactivated FBS, 1% P/S, 200 µM PGE2, 50 µM β-ME, 

and 15% WEHI3-B cell line supernatant as a source of IL-3. Cells were cultured at a 

density of 0.5 x 106/mL, with fresh media provided twice per week, and incubated at 37°C 

in 5% CO2. BMMCs were assessed for maturity after 4 weeks by analyzing the expression 

of CD117 and FcεRIα using flow cytometry. Cultures were considered mature and suitable 

for experimentation when ≥ 95% of the cells were CD117+ and FcεRIα+. 

2.4.2 Cord blood-derived mast cells 

Human primary mast cells were derived from human umbilical cord blood obtained 

from consenting mothers at the IWK Health Centre in Halifax, Canada. Heparin-treated 

blood was diluted in PBS and layered over Lympholyte®-H Cell Separation Media 

(Cedarlane, Burlington, Canada), followed by centrifugation at 480 x g for 25 minutes, 

with no brake. The buffy coat containing mononuclear leukocytes was harvested, washed 

with PBS, and spun at 300 x g for 20 minutes. Following red blood cell (RBC) lysis through 
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addition of sterile distilled H2O, mononuclear cells were cultured at 1.0 x 106 cells/mL in 

StemSpan™ SFEM serum-free medium (Stem Cell Technologies, Vancouver, Canada) 

supplemented with 100 ng/mL rhSCF and 10 ng/mL hIL-6. For the first week of culture, 

10 ng/mL rhIL-3 was added. After the first week, cells were cultured at 0.5 x 106/mL and 

passaged weekly under 5% CO2 at 37°C. After 5 weeks, cells were cultured in RPMI 

medium supplemented with 10% FBS, 1X P/S, 15 mM HEPES, 0.1 mM NEAA, 100 

ng/mL of rhSCF, 10 ng/mL of rhIL-6, and 50 µM of β-ME. At week 6, MC purity was 

assessed by CD117 expression via flow cytometry, with cultures subsequently used in 

experiments when purity reached ≥ 95%. 

2.4.3 Peritoneal cavity-derived mast cells 

A pure culture of peritoneal cavity-derived mast cells (PCMCs) was isolated from 

male C57BL/6 mice. Following euthanasia as described previously, a ventral vertical 

incision was made to expose the peritoneal cavity under aseptic conditions. A 22G needle 

was used to inject 5 mL of ice-cold wash buffer, consisting of 0.5% BSA (Sigma-Aldrich), 

5 mM EDTA, and PBS, into the peritoneal cavity. The peritoneal cavity was gently 

massaged to suspend the intraperitoneal cells into the solution, which was then aspirated 

and transferred to a conical tube. The cells were centrifuged at 300 x g for 10 minutes at 

4℃, then resuspended in RPMI 1640 media supplemented with 30 ng/mL rmSCF, 10 

ng/mL rmIL-3, 10% FBS, 1X P/S, and 15 mM HEPES. On the following day, suspension 

cells were discarded, and the same volume of complete media was replaced. Three days 

later, suspension cells were combined with adherent cells that were detached using 

TrypLE™ (Gibco, Thermo Fisher Scientific, Waltham, MA) and then centrifuged at 200 x 

g for 10 minutes at 4°C. Cells were cultured at a density of 0.3 x 106 cells/mL in complete 



46 

 

media at 37℃ and 5% CO2, with media changes occurring twice a week. PCMC 

development and maturity were assessed starting at 2 weeks by flow cytometry (FACS), 

probing for CD117 and FcεRI. Cultures were determined as mature when purity was 

greater than 95%. 

2.4.4 RAW 264.7 macrophages 

The macrophage cell line RAW 264.7 (ATCC®, TIB-71TM) was cultured in 

complete DMEM supplemented with 10% FBS and maintained at 37°C in 5% CO2. Cells 

were detached using a cell scraper and passaged every 3 days at a ratio of 1:3 to 1:6.  

2.4.5 ID8 ovarian cancer cell line 

The ID8 mouse ovarian cell line was provided by Dr. Shashi Gujar at Dalhousie 

University and cultured in complete DMEM supplemented with 10% FBS. Once the cells 

reached approximately 80% confluency, the flask was rinsed with PBS, and cells were 

detached by incubating them with TrypLE™ for 5 minutes at 37°C. After centrifugation at 

300 x g for 10 minutes, the cells were resuspended in fresh media and split at a 1:10 ratio. 

Cultures were maintained at 37°C in 5% CO2 and used for experiments until they reached 

15 passages. 

2.4.6 U-2 OS cells 

The human bone osteosarcoma cell line, U-2 OS (ATCC®, HTB 96TM), was 

cultured in complete DMEM containing 10% FBS. Cells were detached using TrypLE™ 

and passaged every 3 to 4 days at a ratio of 1:3 to 1:6. Cultures were maintained at 37°C 

in 5% CO2 conditions. 
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2.4.7 293T cells 

The human epithelial-like 293T cell line (ATCC®, CRL-3216TM) was cultured in 

DMEM supplemented with 10% FBS. Cells were passaged every three days following 

detachment with TrypLE™ and sub-cultured at ratios ranging from 1:3 to 1:8. Cultures 

were incubated at 37℃ and 5% CO2.  

2.5 PRODUCING STING-TRANSDUCED CELLS 

2.5.1 DNA cloning vector and gene inserts 

The DNA lentiviral vector pLJM1_Bla_TRE was optimized and generously 

provided by Dr. Ben Johnston in Dr. Craig McCormick’s laboratory at Dalhousie 

University. This vector contains three key features: 1) an ampicillin resistance marker for 

selecting transformed bacteria used to amplify the vector, 2) an inducible tetracycline 

response element (TRE) that enables controlled expression of the inserted genes, and 3) a 

blasticidin resistance marker for positively selecting successfully transduced cells in 

culture. Wild-type STING and constitutively active STING mutants (V154M, N153S) 

were the genes of interest inserted into the vector. A green fluorescent protein (GFP) 

transcript was included as a control to assess transfection and transduction efficiency, and 

to serve as a negative control for STING expression in experiments. The amino acid 

sequences of the selected transcripts used for vector cloning are shown in Table 3.  

2.5.2 DNA cloning procedure 

The mRNA sequence for murine wild-type STING was retrieved from NCBI Gene 

Bank. Using SnapGene® 3.3.4 (GSL Biotech LLC, San Diego, CA), an EcoRI restriction 

cut site was inserted upstream of the sequence, while preserving the Kozak sequence. Sites 



48 

 

for XbaI, MluI, and SalI were added downstream of the sequence. The wild-type STING 

and mutant STING sequences (V154M, N153S) were ordered from TWIST Bioscience 

(San Francisco, CA), delivered in cloning plasmids containing ampicillin resistance genes. 

To amplify the DNA, DH5-α competent E. coli (New England Biolabs, Ipswich, 

MA) were transformed with the plasmids. After adding the plasmids, the tubes were flicked 

to mix, then placed on ice for 30 minutes to allow plasmid dispersion and attachment to 

bacterial membranes. The bacteria were then heat-shocked at 42°C for 30 seconds to 

facilitate plasmid uptake, followed by a 5-minute incubation on ice. Super optimal medium 

with catabolite repression (SOC, NEB) was added to the mixture, which was then shaken 

at 37°C for 1 hour. After incubation, the bacteria were spread onto agar plates containing 

100 μg/mL ampicillin and incubated overnight at 37°C. 

Resistant colonies were picked and transferred individually to lysogeny broth (LB, 

Fisher Bioreagent) supplemented with 100 μg/mL ampicillin and allowed to grow 

overnight. Plasmid purification was then performed using the QIAprep Spin Miniprep Kit 

(Qiagen, Hilden, Germany), following the manufacturer’s instructions. Briefly, bacteria 

were centrifuged, the supernatant discarded, and cells were lysed to release plasmid DNA. 

The lysates were separated from the pellet (containing cell walls and genomic DNA) and 

passed through columns with silica membranes for plasmid isolation. The columns were 

washed to remove impurities, and the pure plasmid was eluted. 

To retrieve the purified gene inserts, plasmids were digested with XbaI and EcoRI 

restriction enzymes in CutSmart® Buffer (New England Biolabs). The vector DNA was 

also digested with these enzymes and treated with phosphatase (Quick CIP) to prevent re-

ligation. The digested vector and gene inserts were analyzed on a 1.2% agarose gel 
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containing RedSafeTM (1:20,000) for nucleic acid detection. The gel was imaged on an 

Alpha Innotech RedTM Imaging System to confirm the predicted fragment sizes. DNA 

fragments of interest (the vector and inserts) were excised from the gel using a scalpel, and 

the DNA was purified using the QIAquick Gel Extraction Kit (Qiagen), following the 

manufacturer’s protocol. The Quick LigationTM Kit (New England Biolabs) was used to 

ligate the vector and inserts. Briefly, 10 μL ligation reactions were prepared, containing 

Quick Ligase Reaction Buffer, vector DNA, insert DNA, nuclease-free water, and Quick 

Ligase. The insert and vector were mixed at a 3:1 molar ratio and incubated at room 

temperature for 5 minutes. 

The ligation products were transformed into E. coli for plasmid amplification, as 

previously described. Colonies were picked and cultured in LB broth containing ampicillin 

overnight at 37°C. After centrifugation, the bacteria were lysed and plasmids purified using 

the QIAprep Spin Miniprep Kit. DNA constructs were analyzed by gel electrophoresis after 

restriction enzyme digestion to confirm successful ligation and the presence of desired 

products. Representative colonies were sequenced at GeneWiz (South Plainfield, NJ), 

positive colonies were grown in larger cultures, and plasmid purification was performed 

using the QIAGEN Plasmid Maxi Kit. The resulting plasmids were then used for the 

generation of lentiviral particles. 
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Table 3. Amino acid sequences of GFP, WT STING, V154M, and N153S transcripts. 

Note: Bolded and boxed amino acids indicate sequence differences between WT STING 
and constitutively active mutants (V154M, N153S). 

2.5.3 Transfection to produce lentivirus 

Lentiviruses were produced using a second-generation lentiviral system, which 

involved two helper plasmids: psPAX2 as the packaging plasmid and pMD.2 as the 

envelope plasmid. Transfection of HEK293T cells was performed using jetOPTIMUS® 

DNA Transfection Reagent (Polyplus, Illkirch, France). HEK293T cells were seeded at a 

density of 0.9 x 106 cells per well in four separate wells of a 6-well plate, one well for each 

vector, in DMEM supplemented with 10% FBS. The cells were cultured overnight at 37°C 

to allow adherence to the plate. In four separate tubes, 1.32 μg of pPAX2, 0.64 μg of 

pMD.2, and 1.7 μg of the transfer vector were mixed with 200 μL of jetOPTIMUS buffer. 

Each tube received 4.5 μL of JetOptimus reagent and the contents were vortexed briefly 

and then incubated at room temperature for 10 minutes. The DNA complex was then added 

Target Gene Amino Acid Sequence 

GFP MVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGK  
LTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHFFK  
SAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGI  
DFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKVNFKIRHNI  
EDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSALSKDPNEK  
RDHMVLLEFVTAAGITLGMDELYK  

WT STING MPYSNLHPAIPRPRGHRSKYVALIFLVASLMILWVAKDPPNHTL
KYLALHLASHELGLLLKNLCCLAEELCHVQSRYQGSYWKAVR
ACLGCPIHCMAMILLSSYFYFLQNTADIYLSWMFGLLVLYKSLS
MLLGLQSLTPAEVSAVCEEKKLNVAHGLAWSYYIGYLRLILPGL
QARIRMFNQLHNNMLSGAGSRRLYILFPLDCGVPDNLSVVDPNI
RFRDMLPQQNIDRAGIKNRVYSNSVYEILENGQPAGVCILEYAT
PLQTLFAMSQDAKAGFSREDRLEQAKLFCRTLEEILEDVPESRN
NCRLIVYQEPTDGNSFSLSQEVLRHIRQEEKEEVTMNAPMTSVA
PPPSVLSQEPRLLISGMDQPLPLRTDLI 
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dropwise to the corresponding wells containing HEK293T cells. After a 6-hour incubation, 

the transfection medium was aspirated and replaced with DMEM supplemented with 2% 

FBS for 48 hours. Transfected cells were spun down at 300 x g for 10 minutes to collect 

lentivirus containing supernatant. Transfection efficiency was determined by assessing the 

percentage of GFP-positive cells by flow cytometry. This GFP-positive population served 

as an estimate of the transfection efficiency for cells transfected with the STING constructs. 

2.5.4 Transduction of cells  

The lentiviral supernatant was transferred and passed through a 0.45 μM syringe 

filter to remove any cell clumps. Polybrene (Sigma-Aldrich) was added to the medium at 

a final concentration of 5 μg/mL to help viral particles attach to the cell membrane. The 

lentiviruses containing GFP, WT STING, STING V154M, and STING N153S were used 

to transduce Rosa26-rtTA BMMCs and U-2 OS cells, which express reverse tetracycline 

controlled transactivators (rtTA).  

U-2 OS cells were seeded at 0.5 million cells per well into 6 well-plates, with 

tetracycline-free 10% FBS (Gibco, Thermo Fisher Scientific) DMEM overnight. The next 

day, the media was replaced with lentiviral-containing supernatant. BMMCs were 

resuspended in the virus-containing media and loaded onto 6-well plates. The plates were 

covered, sealed, and then centrifuged at 2000 rpm for two hours at room temperature to 

facilitate viral uptake. After centrifugation, the supernatant was discarded, and the BMMCs 

and U-2 OS cells were resuspended in their respective culture media. After 24 hours, 

transduced cells were positively selected by adding 12 μg/mL blasticidin into the culture. 
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To induce transcription of the genes of interest, cells were treated with 0.5 μg/mL 

doxycycline (Sigma-Aldrich).  

TRE TRE 

Figure 5. Overview of the pLJM1_Bla_TRE DNA vector for inducible STING 
expression in mast cells. 
A 2nd generation lentiviral system was used to transduce target cells with the pLJM1 
DNA vector enabling inducible expression of STING variants (WT STING, V154M 
STING, N153S STING). This vector incorporates a (A) tetracycline-responsive 
element (TRE) upstream of the (B) gene of interest, which operates through a (C) 
tetracycline “ON” system. Cells expressing the reverse tetracycline-controlled 
transactivator (rtTA) protein are capable of inducing expression of the target gene upon 
exposure to tetracycline or its derivatives. The presence of a (D) blasticidin resistance 
marker facilitates the positive selection of successfully transduced cells in vitro. 
Additionally, the (E) ampicillin resistance marker aids in the selection of transformed 
bacteria during the cloning process of the DNA vector in preparation for transduction. 
This inducible system allows for the precise control of STING expression, facilitating 
studies on its functional role in mast cell immune responses. 
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2.6 MAST CELL ACTIVATION 

Prior to all in vitro experiments, BMMCs and PCMCs were counted, washed, and 

resuspended in fresh media at a density of 1 x 106 cells/mL. BMMCs were pre-incubated 

overnight in resting media, consisting of RPMI, 10% FBS, 50 mM β-ME, 1% P/S, and 

15% WEHI supernatant, before activation. After the resting period, BMMCs were 

resuspended in activation media (RPMI with 2% FBS, 1% P/S, 15 mM HEPES, 3 ng/mL 

rmIL-3, and 100 μg/mL STI) for the duration of the experiment. PCMCs, on the other hand, 

were not rested overnight and were activated directly in the same media described in 

Section 2.4.3, with the addition of 100 μg/mL STI. 

2.6.1 STING and cGAS agonists 

Mast cells resuspended in activation media were treated with STING agonists 

ADU-S100 (0.08 μg/mL, 0.4 μg/mL, 2 μg/mL, 10 μg/mL) and diABZI (0.08 μM, 0.4 μM, 

2 μM, 10 μM) to evaluate the dose-dependent effects of STING activation. The cGAS 

agonist G3-YSD (0.1 μg/mL, 0.3 μg/mL, 0.9 μg/mL, 2.7 μg/mL) and Poly(I:C) (10 μg/mL) 

were transfected into cells using Lipofectamine™ 2000 Transfection Reagent (LF2000, 

Thermo Fisher Scientific). Cells that remained in activation media for the duration of the 

experiment were used as unstimulated (mock) controls. 

To perform transfection, LF2000 was added to OPTI-MEM media (Thermo Fisher 

Scientific) and incubated for 5 minutes at room temperature (Tube A). In a separate tube, 

G3-YSD or Poly(I:C) was diluted in OPTI-MEM (Tube B). Tubes A and B were mixed 

and incubated at room temperature for 20 minutes to allow the DNA complex to form, after 

which the mixture was added to the cells. Cells were incubated in 5% CO2 at 37°C for 

varying time points. 
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At indicated time points, cells were centrifuged at 400 x g for 5 minutes. 

Supernatants were collected and stored at -80℃, while cell pellets were taken for RNA or 

protein isolation. For STING inhibitor experiments, cells were pre-incubated with H-151 

(0.11 μM, 0.33 μM, 1 μM, 3 μM, 9 μM) for 1 hour before the addition of ADU-S100 (2 

μg/mL) or Poly(I:C). 

2.7 SHIGELLA INFECTION OF MAST CELLS 

Shigella flexneri strains (wild-type, ipaJ-/-, and mxiD-/-) were kindly provided by 

Dr. John Rohde from Dalhousie University. Gentamicin protection assays were conducted 

to assess bacterial invasion, survival, and immune signaling in MCs. The day before the 

experiments, a single colony of each bacterial strain was selected from tryptic soy broth 

(TSB) plates and inoculated into 3 mL of TSB broth, followed by incubation at 37°C and 

shaking at 200 rpm. Wild-type and STING KO BMMCs or PCMCs were cultured 

overnight in resting media containing 4 ng/mL IL-3, without P/S. 

On the day of the experiment, the bacteria were diluted 1:25 in fresh TSB and 

incubated at 37°C with shaking at 200 rpm for approximately 3 hours until the optical 

density at 600 nm (OD600) was measured to be 1.0 (density of 5 x 108/mL). To achieve 

different multiplicities of infection (MOI), the bacteria were further diluted in PBS to 

achieve densities of 1 x 108/mL and 2 x 107/mL for infections at MOIs of 20 and 4, 

respectively. 

To prepare MCs for infection, cells were centrifuged and washed twice with RPMI. 

Diluted bacteria were added to 1 x 106 cells in RPMI containing 5% FBS and 4 ng/mL IL-

3. Blank PBS was added to uninfected (control) cells. The cells were incubated for 60 

minutes to allow bacterial infection to occur, after which they were centrifuged at 400 x g 
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for 5 minutes at room temperature. The supernatants were discarded, and fresh RPMI 

media supplemented with 5% FBS and 4 ng/mL IL-3 was added. Gentamicin (100 μg/mL) 

was introduced to the media to eliminate any remaining extracellular bacteria. The cells 

were then incubated for 4, 8, or 18 hours post-initial infection. At selected timepoints, cells 

were examined under the microscope for signs of cell death following trypan blue staining, 

then centrifuged at 400 x g for 5 minutes at room temperature. The supernatants were 

aliquoted and stored at -80°C, while cells were lysed in TRI Reagent® (Sigma-Aldrich) 

for RNA isolation. 

2.8 SURVIVAL OF MICE IN AN OVARIAN CANCER MODEL 

2.8.1 Preparation and injection of ID8 cells 

ID8 cells were cultured as described in Section 2.4.5. In preparation for injections, 

the media was discarded, and cells were rinsed with PBS. TrypLETM was used to detach 

cells by incubation at 37℃ for 5 minutes. After detachment, cells were collected, and 

DMEM was used to rinse the bottom of the flasks to recover any remaining cells, which 

were pooled with the detached cells. The cells were centrifuged at 300 x g for 10 minutes 

and washed twice with DMEM. Aliquots were taken for cell counting before each spin. 

After the final cell count, the cells were resuspended in DMEM with 15 mM HEPES to 

reach a cell density of 15 x 106 cells/mL. The cell suspension was loaded into 1 mL syringes 

with 27G needles. Mice were injected intraperitoneally with 200 μL of the suspension, 

delivering 3.0 x 106 ID8 cells per mouse. The mice were monitored for the development of 

ascites or signs of morbidity every 2 days for up to 100 days. Signs of distress included 
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lack of activity, hunched posture, breathing difficulties, weight loss, ruffled hair, or a 

swollen abdomen. 

2.8.2 ID8 harvest 

Mice were euthanized by CO2 asphyxiation and a ventral vertical incision was made 

to expose the peritoneal cavity. Ascites was collected from the peritoneum using a 5 mL 

syringe with a 21G needle into a conical tube and centrifuged at 500 x g for 10 minutes at 

8℃. The ascites supernatant was aliquoted and stored at -80℃. The pellet was vortexed, 

and 3 mL of red blood cell (RBC) lysis buffer (8.02 g ammonium chloride, 0.84 g 

potassium bicarbonate, and 0.37 g ethylenediaminetetraacetic acid disodium salt dissolved 

in 1000 mL distilled water) was added for a 3-minute incubation at room temperature. PBS 

was added to the conical tube and the sample was mixed by inversion. The sample was left 

for 5 minutes to allow any ID8 cell clumps to settle as a pellet at the bottom of the tube. 

The remaining supernatant, excluding the pellet, was transferred into another tube for 

centrifugation at 400 x g for 10 minutes at 8°C.  

After centrifugation and aspiration of the supernatant, a second RBC lysis was 

performed with 2 mL of buffer. Samples were incubated for 3 minutes at room temperature, 

washed with PBS, and allowed to sit for 5 minutes to let any residual ID8 cells to settle on 

the bottom. The remaining supernatant was transferred into a new tube and spun down. 

The cells were then resuspended in PBS and split into two tubes; at which time an aliquot 

was collected for cell counting. Following the final spin, one tube of peritoneal cavity cells 

was resuspended in 1% PFA, while the other was resuspended in TRI Reagent®. 

To wash the ID8 cell pellet, PBS was added to the tube, and cells were allowed to 

settle again. The PBS was aspirated and ID8 cells were separated into two tubes: one for 
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resuspension in 1% paraformaldehyde (PFA) and the other for resuspension in TRI 

Reagent®.  

2.8.3 In vivo reconstitution with transduced and WT mast cells 

KitWsh/Wsh and C57BL/6-Cpa3-Cre; Mcl-1fl/fl mice were peritoneally reconstituted 

with wild-type BMMCs or transduced BMMCs. BMMCs were cultured as described in 

Section 2.4.1 and washed with PBS once before use. Following centrifugation at 300 x g 

for 10 minutes, cells were resuspended in DMEM with 15 mM HEPES at a density of 3 x 

106 cells/ 200 μL. Cells were loaded into 1 mL syringes with 27G needles and mice 

received 3 x 106 cells by intraperitoneal injections. Injected mice were used four weeks 

following reconstitution, allowing the injected MCs to populate the peritoneum and adapt 

to the microenvironment. The success and extent of reconstitution was assessed by qPCR 

analysis of Tpsb2 expression in peritoneal cavity cells collected at endpoint. Mice that were 

reconstituted with transduced cells were provided with doxycycline (DOX) chow (2 mg/kg, 

Bio-Serve, Flemington, NJ) to induce expression from the Tet-On promoter in the lentiviral 

construct. 

2.8.4 Harvest of mesenteric lymph nodes and peritoneal washes 

Peritoneal cavity cells and mesenteric lymph nodes were collected from mice 

following intraperitoneal STING agonist injections to analyze immune responses. Mice 

were euthanized by CO2 asphyxiation and peritoneal cells were collected by lavage of the 

peritoneum with 5 mL of buffer (PBS containing 0.5% BSA and 5 mM EDTA). After 

collecting an aliquot for cell counting, samples were centrifuged at 300 x g for 5 minutes 

at 4°C. The supernatant was aliquoted and stored at -80°C, and the cells were resuspended 
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in PBS. A portion of the cells was separated, centrifuged at 400 x g for 5 minutes, and 

resuspended in TRI Reagent® for RNA isolation. The other portion was stained for FACS 

analysis as outlined in Section 2.10.2. 

Mesenteric lymph nodes were harvested and placed into Eppendorfs containing 

PBS with 2% BSA on ice until processing. The lymph nodes were pressed through a 70 

μm mesh screen, and PBS was used to rinse the screen twice into the conical. Samples were 

split into two tubes and then centrifuged at 400 x g for 10 minutes at 4℃. One tube was 

resuspended in TRI Reagent® while the other was resuspended in PBS for flow cytometry 

staining. 

Spleen cells were used as unstained and fixable viability dye (FVD) compensation 

controls for flow cytometry (see Section 2.10.2). The collected spleen was filtered through 

a 70 μm mesh screen, and PBS was used to rinse the screen into a conical tube twice. Half 

of the cells were heat-killed by incubating at 65°C for 4 minutes, followed by 2 minutes on 

ice. These heat-killed cells were combined with live cells prior to staining for flow 

cytometry analysis.  

2.9 GENE EXPRESSION AND PROTEIN ANALYSES 

2.9.1 RNA isolation from cells 

Cells were lysed in TRI Reagent® and stored at -80℃ until used for isolations. 

Following chloroform addition, tubes were mixed by inversion and left at room 

temperature for three minutes. The samples were centrifuged at 12,000 x g for 15 minutes 

at 4°C. After centrifugation, the aqueous (top) layer was collected and mixed with an equal 

volume of RNAse-free 70% ethanol. The samples were transferred to RNeasy mini spin 
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columns, and RNA isolation was performed according to the RNeasy® Mini Kit protocol. 

For samples containing transduced cells, 80 μL of DNase I from the RNase-free DNase I 

kit (Qiagen) was added to the samples and incubated at room temperature for 15 minutes 

after the first wash with RW1 buffer. RNA concentration and purity were assessed using a 

BioTek plate reader with the corresponding Gen5 software (Agilent Technologies, Santa 

Clara, CA). The A260/A280 ratio was used to determine RNA purity. Complementary 

DNA (cDNA) was synthesized immediately from the RNA or RNA samples were stored 

at -80°C for future use. 

2.9.2 Complementary DNA (cDNA) synthesis 

Purified RNA (300 ng) was used to synthesize cDNA using a QuantiTect Reverse 

Transcription Kit (Qiagen) following the manufacturer’s protocol. Briefly, RNA was 

mixed with RNase/DNase-free water to reach a total volume of 12 μL, before the addition 

of 2 μL gDNA Wipeout from the kit. The mixture was incubated at 42°C for 2 minutes to 

eliminate any genomic DNA. Next, 6 μL of a mix containing 1 μL of the kit's primer mix, 

1 μL of Reverse Transcriptase, and 4 μL of the Reverse Transcription Buffer was added to 

each RNA sample. The samples were placed in a thermocycler, where they were incubated 

at 42°C for 30 minutes to allow reverse transcription, followed by 95°C for 3 minutes. 

cDNA samples were diluted 1:4 or 1:8 with RNase/DNase water before use or storage at -

20℃. 

2.9.3 Quantitative polymerase chain reaction (qPCR) and analyses 

RT-qPCR was carried out using a Bio-Rad CFX384™ RT-PCR thermocycler with 

the following cycling conditions: initial denaturation at 95°C for 3 minutes, followed by 
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40 cycles consisting of 95°C for 20 seconds, 60°C for 30 seconds, and plate reading. A 

final step was performed at 95°C for 10 seconds, followed by a melt curve analysis. For 

each reaction, 2 μL of cDNA was combined with 5 μL of SYBR® Green Supermix (Bio-

Rad Laboratories), 0.25 μM or 0.5 μM primers, and RNase/DNase-free water, bringing the 

final volume to 10 μL. Samples were loaded into 384-well plates (Bio-Rad Laboratories) 

in duplicate. Intron-spanning primers were obtained from Bio-Rad or Qiagen and validated 

prior to use. Reference (housekeeping) genes, Hprt and Gusb, were used. Cycle values over 

35 were considered null expression. Results were processed and exported using CFX 

Maestro v1.1 software (Bio-Rad Laboratories), analyzed on Microsoft Excel, and graphed 

using GraphPad Prism (GraphPad, La Jolla, CA).  

2.9.4 Protein isolation and concentration measurement 

To isolate protein, cells were first centrifuged at 400 x g for 5 minutes, and the 

resulting pellets were washed once with PBS. Following a second centrifugation, the cells 

were lysed in Radio-Immunoprecipitation Assay (RIPA) buffer (Sigma-Aldrich), 

supplemented with phosSTOP phosphatase inhibitor (Roche, Sigma-Aldrich) and 

cOmplete Mini protease inhibitor (Roche, Sigma-Aldrich). The tubes were incubated on 

ice for 15 minutes, vortexing every 3 minutes, and then centrifuged at 15,000 x g for 10 

minutes at 4°C. The supernatant was collected and kept on ice for protein analysis. Protein 

concentration was determined using the Pierce BCA Protein Assay Kit (Thermo Fisher 

Scientific). Absorbance was measured at 562 nm using a plate reader, and concentrations 

were calculated from a standard curve.  
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2.9.5 Western blotting 

Protein (3 μg – 25 μg) was loaded onto 10% sodium dodecyl sulfate-

polyacrylamide gels for electrophoresis. Gels were transferred to a nitrocellulose 

membrane (Bio-Rad Laboratories). The membrane was blocked with 5% milk in TBST 

(TBS with 0.1% Tween-20) to prevent non-specific binding. Primary antibodies were then 

applied, followed by corresponding secondary antibodies. Blots were developed using 

Clarity Max Western ECL Substrates (Bio-Rad Laboratories), and chemiluminescent 

signals were detected with a ChemiDoc Imaging System. The exposure times for imaging 

were automatically determined by the system. Finally, the images were processed and 

analyzed using ImageLab software (Bio-Rad Laboratories).  

2.9.6 Luminex and ELISA 

To quantify secreted proteins, supernatants were collected at experimental 

endpoints. Mouse multiplex magnetic Luminex® assay (Invitrogen, Thermo Fischer 

Scientific) kits were purchased and run according to the manufacturer’s instructions using 

provided reagents. Plates were read on a Bio-Rad Bio-Plex 200 system. Enzyme-linked 

immunosorbent assays (ELISAs) were carried out using kits from R&D Systems 

(Minneapolis, MN), Peprotech, or Thermo Fisher. The ELISAs were performed over 2 

days following the manufacturer's instructions. Plates were read at 450 nm using an Epoch 

Microplate Spectrophotometer and analyzed with Gen 5 software (BioTek, Winooski, VT).  

2.9.7 Immunofluorescence staining and imaging 

Round coverslips (0.17 mm) were sterilized in 100% ethanol, air dried, and placed 

into a 12-well plate. Poly-D-lysine (0.1 mg/mL, Sigma-Aldrich) was used to coat the 
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coverslips, by allowing them to sit in this solution for 30 minutes. The coverslips were then 

rinsed twice with cell culture-grade water and left to dry for an hour. One million BMMCs 

were seeded onto the coated coverslips and incubated for 20 minutes before being 

centrifuged at 300 x g for 10 minutes. Media was discarded and cells were fixed in 4% 

PFA for 10 minutes at room temperature. The cells were rinsed three times with ice-cold 

PBS and permeabilized with PBS containing 0.3% Triton-X-100 for 10 minutes at room 

temperature. Following three washes with PBS, the cells were blocked with 1%-BSA-PBS-

0.3% Triton X-100 for 1 hour at room temperature with agitation. The cells were washed 

with PBS for 5 minutes three times on a plate shaker. Primary antibodies, diluted in 1% 

BSA-PBS-0.3% Triton X-100, were added and incubated for 1 hour at room temperature 

with agitation. After three rinses with PBS, the corresponding secondary antibodies, diluted 

in 1% BSA-PBS-0.3% Triton X-100, were added and incubated for 1 hour in the dark, with 

agitation on the plate shaker. Coverslips were rinsed with PBS and stained with DAPI (500 

nM, Cell Signaling Technology) for 1 minute, excluding the unstained samples. Following 

PBS washes, coverslips were mounted onto slides using Prolong Gold (Invitrogen) and left 

to cure at room temperature for 24 hours in the dark. Slides were imaged on a Zeiss LSM 

880 confocal laser scanning microscope using the DPSS 561-10 (561 nm, A568 channel) 

laser with a 100X oil immersion objective. Images were exported as TIFF files, and scale 

bars were added using ZEISS ZEN lite software. 

2.10 FLOW CYTOMETRY 

2.10.1 Annexin V Apoptosis Assay 

BMMCs were treated with STING agonists for 48 hours before being assessed for 

apoptosis by Annexin V and 7-Aminoactinomycin D (7-AAD) staining. The Annexin V 
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Apoptosis Detection Kit (eBioscience, San Diego, CA) was used according to the 

manufacturer's protocol. Briefly, treated cells were collected into Eppendorf tubes and 

centrifuged at 400 x g for 5 minutes. The cells were rinsed with PBS, spun again, and 

resuspended in 1X binding buffer.  

For controls, BMMCs were collected from culture, washed with PBS, resuspended 

in PBS, and split into three tubes. For the positive control, cells were heat-killed by placing 

one tube at 65°C for 4 minutes, followed by ice for 2 minutes. These heat-killed cells were 

combined with another tube of live cells, while the third tube was left as an unstained 

control. Binding buffer was added to all tubes, followed by centrifugation at 400 x g for 5 

minutes, and resuspension in buffer. The heat-killed sample was then further split into the 

following controls: positive control, Annexin V only, and 7-AAD only.  

Annexin V-FITC was added to the appropriate samples (5 μL per 100,000 cells), 

and the tubes were incubated in the dark for 15 minutes. Afterward, cells were washed in 

binding buffer, centrifuged, and resuspended. Finally, 5 μL of 7-AAD (Thermo Fisher 

Scientific, stock: 1 mg/mL) was added to each sample 5 minutes before acquisition for 

flow cytometry analysis. 

2.10.2 Staining procedure for peritoneal cells and mesenteric lymph nodes 

Cells were stained in FVD eFluor506 (1:1000 in PBS) and incubated for 20 to 30 

minutes in the dark at 4℃. Immunofluorescence (IMF) buffer (10 mM sodium azide and 

2% FBS in 1X PBS) was added to each tube, and the cells were centrifuged at 300 x g at 

4°C for 5 minutes. To block nonspecific binding, cells were resuspended in 3% FBS in 

PBS for 15 minutes at room temperature. After blocking, the cells were split into two equal 

volumes, each for a separate staining panel, and transferred to a 96-well plate. Antibody 
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cocktails for Panel 1 and Panel 2 (Table 4 & 5) were added to the samples, and incubation 

was carried out for 25 minutes at 4°C. Cells were washed with IMF buffer and PBS to 

remove excess antibodies, followed by fixation in 1% PFA for 30 minutes. The cells were 

washed once more with PBS and IMF buffer before final resuspension in IMF buffer prior 

to flow cytometry acquisition. To perform compensation controls, UltraComp beads 

(Thermo Fisher Scientific) were stained with 0.3 μL of each monoclonal antibody, fixed in 

1% PFA, and then resuspended in IMF buffer.  

2.10.3 Flow cytometry panels and analysis 

Data collection was completed at the Faculty of Medicine CORE flow cytometry 

facility using the BD FACS Celesta and FACSDIVA software. Analysis was performed 

using FlowJo software (BD Biosciences, San Jose, CA). The following flow cytometry 

panels were used to assess the activation and infiltration of immune cells in response to 

STING agonist ADU-S100 in the peritoneum (Table 4 & 5). 

2.11 DATA REPRESENTATION AND STATISTICAL ANALYSES 

Statistical analyses were complete using GraphPad Prism v9.4.1 software. Data are 

presented as mean ± SEM. Survival data was assessed by Log-Rank (Mantel-Cox) Test. p-

values < 0.05 were considered statistically significant. The specific statistical approach 

used for each experiment was dependent on data distribution and experimental design, as 

clarified in figure legends. 
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Table 4. Antibodies for flow cytometry to examine lymphoid immune cell populations 
(Panel 1). 

 

Table 5. Antibodies for flow cytometry to assess innate immune cell populations 
(Panel 2). 

 
 

Laser 

(excitation) 
Fluorochrome Marker 

Immune 

cell subset 
Dilution Clone Supplier 

Violet 
(405 nm) 

BV650 CD19 B cells 1:400 6D5 BioLegend 

eF506 FVD  1:1000  Invitrogen 

Blue 
(488 nm) 

FITC CD69 T cell 
activation 1:400 H1.2F3 BioLegend 

PE-Cy7 CD3e  1:400 145-2C11 eBioscience 

PE CD8 T cell 1:400 53-6.7 BioLegend 

Red 
(628 mm) 

APC NK1.1 NK cells 1:400 PK136 BioLegend 

AF700 CD4 T cells 1:800 GK1.5 BioLegend 

Laser 
(excitation) Fluorochrome Marker Immune cell 

subset Dilution Clone Supplier 

Violet 
(405 nm) 

BV605 Ly6G Neutrophils 1:400 1A8 BD 
Biosciences 

eF506 FVD  1:1000  Invitrogen 

Blue 
(488 nm) 

FITC CD11b 

Neutrophils, 
Macrophages, 

Monocytes, NK 
cell activation 

marker 

1:1600 M1/70 eBioscience 

PE-Cy7 F4/80 Resting 
macrophages 1:1600 BM8 eBioscience 

PE CD117 Mast cells 1:1200 2B8 eBioscience 

Red 
(628 mm) 

APC FcεRI Mast cells 1:400 MAR-1 BioLegend 

APC-eF780 Ly6C Inflammatory 
monocytes 1:400 HK1.4 eBioscience 

AF700 MHCII Dendritic cells 1:400 M5/114.15.2 eBioscience 



66 

 

Chapter 3: RESULTS 

3.1 IN VITRO CHARACTERIZATION OF STING SIGNALING IN MAST CELLS  

3.1.1 Characterizing transcriptional changes following STING agonist activation in 

mast cells  

To determine if the STING pathway was functional in MCs, BMMCs were treated 

with STING agonists and transcriptional changes assessed to determine the type of 

response elicited. Two types of STING agonists (ADU-S100 and diABZI) were used to 

define potential differences in activation based on the class of drug. ADU-S100 is a cyclic 

dinucleotide (CDN) that is a structural analog of the endogenous STING ligand, whereas 

diABZI is classified as a non-CDN dimeric STING ligand. Poly(I:C), a synthetic dsRNA, 

was used as a positive control for MC-associated type I IFN induction.  

A titration was performed with both STING agonists (ADU-S100: 0.08 μg/mL - 10 

μg/mL, diABZI: 0.08 μM - 10 μM), to test the dose-dependency of MC responses. After 6 

hours, type I IFN and ISG transcript levels were determined by qPCR. ADU-S100 (10 

μg/mL) treatment significantly upregulated the gene expression of type I IFNs (Ifnb1, 

Ifna11, Ifna2), ISGs (Ifit1, Cxcl10) and NF-κB-associated transcripts (Il6) compared to 

untreated cells (Figure 6A). A pattern of increased gene induction was seen with increasing 

concentrations of the agonist. Similar results were observed in diABZI-treated BMMCs, 

demonstrated by increases in Ifnb1, Cxcl10, and Ifit1 transcript levels compared to mock-

treated BMMCs at 6 hours (Figure 7A). Poly(I:C) treatment induced increases in the gene 

expression of all tested targets, except Il6. Overall, these results suggest the STING 
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pathway is functional in MCs and that activation induces type I IFN-related transcriptional 

changes which could contribute to promoting effective immune responses. 

Figure 6. Type I IFN, ISG, and cytokine transcript levels were increased in mast cells 
following STING activation with ADU-S100. 
BMMCs were cultured in activation media and (A) treated with ADU-S100 (0.08, 0.4, 2, 
10 μg/mL), Poly(I:C) (10 μg/mL), or left untreated (mock) for 6 hours. (B) BMMCs were 
treated with 10 μg/mL Poly(I:C) or 2 μg/mL ADU-S100 for 1, 2, 4, 6, 12, and 24 hours. 
Gene expression of type I IFNs and ISGs was measured using RT-qPCR and normalized 
to the geometric mean of housekeeping genes Hprt and Gusb. Statistical significance was 
determined by: (A) one-way ANOVA followed by Dunnett’s multiple comparisons test, 
comparing agonist doses to mock treatment, while unpaired t-tests were performed to 
compare Poly(I:C) treatment to mock or (B) two-way ANOVA followed by a Šídák's 
multiple comparisons test, comparing Poly(I:C) or ADU-S100 treatment to mock at each 
time point. Data shown as mean ± SEM. n = 3-5 per treatment. *p < 0.05; **p < 0.01; 
***p < 0.001; ****p < 0.0001.  
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RAW264.7 macrophages were used as a cell-line control as they are described to 

have functional STING signaling that leads to the phosphorylation of IRF3241. These 

macrophages were treated with both STING agonists, similar to the BMMCs. In response 

to ADU-S100, there was a dose-dependent trend of increased Ifit1 gene expression with 

higher agonist concentrations at 6 hours (Figure 8A). Induction of Ifit1 was increased with 

Figure 7. Mast cells upregulate type I IFN and ISG gene expression following STING 
activation with diABZI. 
(A) BMMCs were cultured in activation media and treated with diABZI (0.08, 0.4, 2, 10 
μM), Poly(I:C) (10 μg/mL), or left untreated (mock) for 6 hours. (B) BMMCs were treated 
with 10 μg/mL Poly(I:C) and 10 μM diABZI for 1, 2, 4, 6, 12, and 24 hours. Gene 
expression of type I IFNs and ISGs was measured using RT-qPCR and normalized to the 
geometric mean of housekeeping genes Hprt and Gusb. Statistical significance was 
determined by: (A) one-way ANOVA followed by Dunnett’s multiple comparisons test, 
comparing agonist doses to mock treatment, while unpaired t-tests were performed to 
compare Poly(I:C) treatment to mock or (B) two-way ANOVA followed by a Šídák's 
multiple comparisons test, comparing Poly(I:C) or diABZI treatment to mock at each time 
point. Data shown as mean ± SEM. n = 3–5 per treatment condition. *p < 0.05; **p < 0.01; 
***p < 0.001; ****p < 0.0001.  
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diABZI treatment but in a smaller magnitude (Figure 8B). However, no increase in Ifnb1 

transcription levels was observed following treatment with either agonist, which may be 

due to a difference in IFN signaling (Figure 8). These cells may be primarily upregulating 

IFNα gene expression or have devoid IFNβ signaling in response to STING activation. 

 

  



70 

 

 

A time-course experiment was conducted with STING agonist concentrations 

selected from the titration (2 μg/mL ADU-S100 and 10 μM diABZI) to assess the kinetics 

of STING activation in MCs. Changes in gene expression were evaluated at 1, 2, 4, 6, 12, 

and 24-hours post-STING agonist treatment. Gene induction changes occurred rapidly 

where peak gene expression of Ifnb1, Cxcl10, and Ifit1 was observed 4 to 6 hours post-

STING agonist treatment (Figure 6B and 7B). These IFN-related transcriptional changes 

were transient, as Ifnb1 transcript levels decreased toward baseline by 12 hours after 

agonist treatment. 

To assess whether ADU-S100 caused any cytotoxic effects at the tested doses (2 

μg/mL and 10 μg/mL), cell death was evaluated in BMMCs using Annexin V and 7-

aminoactinomycin D (7-AAD) staining after 48 hours of treatment. No notable differences 

were observed in the proportions of apoptotic (Annexin V+, 7-AAD-) and late apoptotic or 

necrotic (Annexin V+, 7-AAD+) cells between the STING agonist-treated group and the 

control group (Figure 9B and 9D). In contrast, the positive control group, consisting of 

heat-killed MCs, showed an increase in non-viable cell proportions (Figure 9A), 

Figure 8. RAW264.7 macrophages upregulate Ifit1 but not Ifnb1 mRNA following 
activation with STING agonists.  
RAW264.7 macrophages were cultured in DMEM supplemented with 10% FBS and 
treated with Poly(I:C) (10 μg/mL), (A) ADU-S100 (0.08, 0.4, 2, 10 μg/mL), (B) diABZI 
(0.08, 0.4, 2, 10 μM), or left untreated (Mock) for 6 hours. (C) RAW264.7 macrophages 
were treated with 10 μg/mL Poly(I:C), 10 μM diABZI or 10 μg/mL ADU-S100 for 1, 2, 4, 
6, 12, and 24 hours. Gene expression of type I IFNs and ISGs was measured using RT-
qPCR and normalized to the geometric mean of housekeeping genes Hprt and Gusb. 
Statistical significance was determined by: (A, B) one-way ANOVA followed by 
Dunnett’s multiple comparisons test, comparing agonist doses to mock treatment, while 
unpaired t-tests were performed to compare Poly(I:C) treatment to mock or (B) two-way 
ANOVA followed by a Šídák's multiple comparisons test, comparing Poly(I:C) or agonist 
treatment to mock at each time point. Data shown as mean ± SEM. n = 3–5 per treatment 
condition. *p < 0.05; **p < 0.01; ****p < 0.0001.  
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confirming the reliability of the staining procedure. These results suggest that activation of 

STING by ADU-S100 does not induce cell death in MCs at the tested concentrations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

H-151 is an irreversible STING inhibitor that covalently binds to a transmembrane 

residue on the STING protein to prevent clustering, which is an essential step for activation. 
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Figure 9. STING agonist treatment does not cause changes in cell death or viability 
in mast cells. 
BMMCs were left untreated (mock), transfected with Poly(I:C) (10 μg/mL), or treated with 
ADU-S100 (10 μg/mL) for 48 hours. Heat-killed MCs were used as a positive control. 
Cells were stained for Annexin V and 7-AAD and analyzed by flow cytometry. 
Representative flow cytometric plots are shown with percentages in the gates as shown. 
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A dose-response analysis for the impact of H-151 (0.11 μM, 0.33 μM, 1 μM, 3 μM, 9 μM) 

was conducted on BMMCs in conjunction with ADU-S100 (2 μg/mL). There was a dose-

dependent decrease in Ifnb1 and Ifit1 gene expression at 6 hours in ADU-S100-treated cells 

with the addition of the inhibitor (Figure 10A). These data suggests that STING signaling 

follows standard activation in MCs, which can be inhibited as a tool to study STING in our 

system.  

For subsequent experiments, STING-deficient MCs were used to determine the role 

of MC-derived STING in settings of infection. To confirm their deficiency, peritoneal 

cavity-derived MCs (PCMCs) were cultured from STING-deficient (Goldenticket, 

Tmem173gt) mice. The response to ADU-S100 (10 μg/mL) in WT C57BL/6 and STING-

deficient MCs showed that the gene expression of Ifnb1, Ifit1, and Cxcl10 in the STING-

deficient cells was dampened and comparable to mock-treated cells at 6 hours (Figure 

10B). 

To determine whether the STING responses observed in mouse MCs were 

consistent in human MCs, ADU-S100 agonist dose and kinetic responses were performed 

with cord blood-derived MCs (CBMCs) in the same manner. Human MCs respond 

similarly, as indicated by increased transcripts of IFNB, IFIT1, and CXCL10 at 6 hours 

following ADU-S100 treatment. However, this response was only observed with the 

highest dose (Figure 11A). These transcriptional changes, specifically in IFNB, were more 

subtle compared to what was observed in murine MCs and there were no obvious dose-

dependent changes. There may be a potential need for higher doses to elicit a notable 

response due to decreased sensitivity or an increased threshold for activation in human 

MCs. However, similar to murine MCs, transcriptional increases were most prominent at 
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6 hours and transient (Figure 11B). Additionally, the heterogeneous nature of human 

samples and polymorphisms can lead to variation in responses. Poly(I:C)-induced 

increases in IFNB, IFIT1, and CXCL10 expression were more robust and remained high at 

24 hours, potentially due to numerous receptors being activated (Figure 11A and 11B). 

 

 

Figure 10. STING agonist-induced transcriptional changes were dampened by 
inhibitor H-151 and are absent in STING KO mast cells.  
(A) BMMCs were cultured in activation media and pre-treated with H-151 (0.11, 0.33, 1, 
3, 9 μM) for 1 hour before ADU-S100 (2 μg/mL) was added for 6 hours. (B) WT and 
STING KO PCMCs were treated with 10 μg/mL Poly(I:C), 10 μg/mL ADU-S100, or left 
untreated (mock) for 6 hours. Gene expression of type I IFNs and ISGs was measured using 
RT-qPCR and normalized to the geometric mean of housekeeping genes Hprt and Gusb. 
Statistical significance was determined by two-way ANOVA followed by a Šídák's 
multiple comparisons test, comparing responses to treatment between WT and STING KO 
cells. Data shown as mean ± SEM. n = 5–6 per treatment condition. **p < 0.01; 
****p < 0.0001.  

ADU-S100 Mock Poly(I:C) 
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Figure 11. Human mast cells responded to STING activation by upregulating type I 
IFN-related transcript levels.  
CBMCs were cultured in activation media and (A) treated with ADU-S100 (0.4, 2, 10 
μg/mL) or Poly(I:C) (10 μg/mL) for 6 hours (B) CBMCs were treated with 10 μg/mL 
Poly(I:C) or 10 μg/mL ADU-S100 for 1, 2, 4, 6, 12, and 24 hours. Gene expression of type 
I IFNs and ISGs was measured using RT-qPCR and normalized to the geometric mean of 
housekeeping genes HPRT and GUSB. Statistical significance was determined by: (A) one-
way ANOVA followed by Dunnett’s multiple comparisons test, comparing agonist doses 
to mock treatment, while unpaired t-tests were performed to compare Poly(I:C) treatment 
to mock or (B) two-way ANOVA followed by a Šídák's multiple comparisons test, 
comparing Poly(I:C) or agonist treatment to mock at each time point. Data shown as 
mean ± SEM. n =4-5 per treatment condition. *p < 0.05; **p < 0.01; ***p < 0.001; 
****p < 0.0001.  
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3.1.2 Assessing cGAS activation of mast cells 

To assess the activation of upstream components of the STING pathway, BMMCs 

were treated with an agonist targeting cGAS, the intracellular sensor that initiates the 

pathway. G3-YSD is a DNA sequence and known cGAS agonist that was transfected into 

cells using Lipofectamine 2000. An in vitro dose-response (0.1 μg/mL, 0.3 μg/mL, 0.9 

μg/mL, and 2.7 μg/mL) was conducted with BMMCs for 6 and 24 hours. Type I IFN (Ifnb1) 

and ISG (Cxcl10, Ifit1) gene expression were significantly increased 6 and 24 hours post-

Figure 12. Mast cell cGAS activation leads to increases in type I IFN and ISG 
transcript levels.  
BMMCs were cultured in activation media and transfected with Lipofectamine 2000 alone 
(Lipo), Poly(I:C) (10 μg/mL), or G3-YSD (0.1, 0.3, 0.9, 2.7 μg/mL) for (A) 6 and (B) 24 
hours. Gene expression of type I IFNs and ISGs was measured using RT-qPCR and 
normalized to the geometric mean of housekeeping genes Hprt and Gusb. Statistical 
significance was determined by one-way ANOVA followed by a Dunnett's multiple 
comparisons test, comparing agonist and lipofectamine transfection to mock treatment. 
Unpaired t-tests were performed to compare Poly(I:C) treatment to mock. Data shown as 
mean ± SEM. n = 3 per treatment condition. *p < 0.05; **p < 0.01; ***p < 0.001; 
****p < 0.0001.  
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G3-YSD transfection (Figure 12A and 12B). The duration of signaling was longer than 

that seen with the STING agonists, as transcript levels were still high at 24 hours.  

3.1.3 Detection and activation of STING protein 

To visualize STING at the protein level, antibodies were used to probe STING for 

western blot and immunofluorescence analysis. Positive staining for STING was observed 

around the nucleus in fixed and untreated BMMCs via immunofluorescence (Figure 13C). 

To ensure the signal was specific, STING KO BMMCs were stained similarly and little 

(background) to no fluorescence was observed (Figure 13C). These findings are consistent 

with western blots results where the presence of STING protein was detected at baseline 

in untreated BMMCs and was absent in STING-deficient BMMCs (Figure 13A).  

To determine activation of STING protein, lysates were collected from BMMCs 

treated for 6 and 24 hours with ADU-S100 (10 μg/mL), diABZI (10 μM), or G3-YSD (2.7 

μg/mL) and probed for active phosphorylated STING (Serine 365). Additionally, 

phosphorylated TBK1 (Serine 172) was probed as another indication of pathway 

activation. TBK1 is downstream of STING in the pathway and becomes phosphorylated 

during activation. Increased levels of phosphorylated STING (35 kDa) and TBK1 (84 kDa) 

protein were detected 6- and 24-hours post-treatment for all three agonist treatments and 

was absent in untreated and STING-deficient BMMCs (Figure 13A). The phosphorylation 

of STING and TBK1 was most prominent in diABZI- and G3-YSD-treated BMMCs 

compared to those that were treated with ADU-S100. Moreover, phosphorylated STING 

and TBK1 levels were decreased at the 24-hour timepoint. A decrease in total STING 

protein was observed 24 hours after STING agonist treatment, but not cGAS agonist, and 

was most significant with ADU-S100. This decrease in total protein may be activation-
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induced lysosomal degradation. This is one mechanism that is known to terminate STING 

signaling, where STING is trafficked to the lysosome to be degraded242. Overall, there 

could be differences in signaling, termination, and recycling depending on the class of 

Figure 13. Murine mast cells express intracellular STING protein that is 
phosphorylated upon activation. 
Lysates were collected from (A) BMMCs and (B) PCMCs treated with ADU-S100 (10 
μg/mL), diABZI (10 μM), or G3-YSD (2.7 μg/mL) for 6 and 24 hours. Cells were probed 
for phosphorylated STING and phosphorylated TBK1 protein by western blot. 
Representative images of blots using vinculin as a loading control are shown. (C) BMMCs 
were fixed on poly-D-lysine coated coverslips and stained for STING (red; 1:100) and co-
labeled with DAPI (blue). The images were captured at a magnification of 1000X. 
Representative images of immunofluorescence staining are shown on wild-type (WT) 
C57BL/6 and STING KO BMMCs. Images are representative of 2 to 3 experiments. 
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agonist. Activation of STING was also assessed in PCMCs where a similar trend of protein 

phosphorylation was observed with ADU-S100 and diABZI treatment (Figure 13B), 

indicating activation consistency in a different MC population.  

3.1.4 Mast cell production of IFN and chemokines following STING activation 

When activated, MCs secrete a variety of mediators to promote immune responses. 

To examine MC mediator production following STING activation, cytokines and 

chemokines levels were measured in the supernatants of BMMCs treated with ADU-S100 

(10 μg/mL) by Luminex and ELISA. IFN-β production was significantly increased 6 and 

12 hours following ADU-S100 treatment, although to modest levels, but such IFN 

production was not observed in diABZI-treated cells (Figure 14A). Moreover, CCL2 was 

significantly elevated at 12 and 24 hours post-ADU-S100 treatment. Similar results were 

observed with diABZI treatment, with a significant increase of CCL2 at 24 hours (Figure 

14B). Poly(I:C) transfection resulted in strongest IFN-β and CCL2 production at 12 hours 

and 24 hours, respectively (Figure 14A and 14B). These results suggest that MCs, when 

activated by STING, can produce mediators that recruit and activate other immune cells, 

which may be useful in promoting immunity, especially during infection and cancer.  



79 

 

 

3.2 THE ROLE OF STING ACTIVATION IN MAST CELL RESPONSES TO 

SHIGELLA INFECTION IN VITRO 

Given the presence and potential impact of STING signaling in MCs, we aimed to 

explore its functional relevance in the context of infection. While STING signaling has 

been shown to have conflicting roles in bacterial infections, its role in Shigella infection 

remains incompletely characterized. As MCs are strategically positioned in the mucosal 

intestinal lining, they could serve as an early line of defense and underappreciated cells in 

Figure 14. STING activation causes IFN-β and CCL2 production by mast cells.  
Supernatants were collected from BMMCs cultured in activation media and treated with 
ADU-S100 (10 μg/mL), diABZI (10 μM), Poly(I:C) (10 μg/mL) or left untreated (mock) 
for 2, 4, 6, 12, and 24 hours. Protein levels of (A) IFN-β and (B) CCL2 were measured by 
Luminex and ELISA, respectively. Statistical significance was determined by one-way 
ANOVA followed by a Dunnett's multiple comparisons test, comparing Poly(I:C) or 
agonist treatment to mock at each time point. Data shown as mean ± SEM. n = 3–5 per 
treatment condition. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.  
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mounting immune responses to infection. Therefore, we sought to investigate whether MCs 

respond to Shigella infection and the role of STING in this process. 

To address this, 2 mutants of Shigella- ΔipaJ and ΔmxiD- were used along with the 

wild-type MT90 strain (WT). IpaJ is a bacterial effector that Shigella possesses to 

manipulate host defense mechanisms. It has been shown to inhibit STING signaling by 

blocking the translocation of STING to the ERGIC through GTPase demyristoylation147. 

As the IpaJ mutant lacks this inhibitory effect, it allows us to better understand the role of 

STING signaling in MC responses. On the other hand, the mxiD mutant lacks a membrane 

protein essential for the type III secretion system, which Shigella uses to infect and enter 

host cells. As a result, the mxiD mutant is unable to enter target cells and provides valuable 

insight into immune responses that rely on intracellular signaling. 

Wild-type and STING KO BMMCs were infected in vitro with WT, ΔipaJ, and 

ΔmxiD Shigella at a MOI of 20 for 18 hours (Figure 15A). At this time point, MCs were 

assessed for changes in gene expression. We first found that MCs responded to WT 

Shigella infection by upregulating the transcription of Ifnb1 and Ifit1, indicating the 

activation of a type I IFN response. Infection with the mxiD mutant resulted in gene 

expression levels of these targets similar to those of uninfected cells, suggesting that these 

IFN-related transcriptional changes are dependent upon bacterial entry. Moreover, this IFN 

response was observed to be partially STING dependent. MCs infected with ΔipaJ, which 

cannot block STING signaling, displayed significantly higher levels of Ifnb1 and Ifit1 

transcripts compared to WT-infected cells. A further indication of this STING-dependency 

was the lower induction of Ifnb1 and Ifit1 in STING KO MCs that were infected with both 

WT and ΔipaJ Shigella. Interestingly, a distinct pattern was observed with Cxcl10 
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transcript upregulation which was robustly increased to similar magnitudes following 

infection with all three bacterial strains. Since infection with the mxiD mutant led to similar 

Cxcl10 expression levels, these data suggested that MCs may also respond to Shigella 

infection through extracellular receptors. 

These infection experiments were also conducted with PCMCs to determine if 

phenotypic differences in a different MC population would result in different immune 

responses (Figure 15B). Similar to the results observed in BMMCs, Shigella infection 

induced upregulation of Ifnb1 and Ifit1 in WT PCMCs, with this response being dependent 

on bacterial entry, as evidenced by the lack of gene expression changes following ΔmxiD 

infection. Additionally, the significant increase in transcript levels in response to the IpaJ 

mutant suggested that STING is involved in mediating MC responses to Shigella infection. 

However, Cxcl10 transcriptional changes differed in PCMCs compared to BMMCs. In WT 

PCMCs, infection with the mxiD mutant did not result in upregulation of Cxcl10 gene 

expression. This discrepancy may be attributed to differences in surface receptor 

expression between these MC populations, or it could reflect an increased threshold 

required for activation of extracellular signaling in PCMCs. 

To assess MC mediator production, supernatants were collected following infection 

and used to conduct ELISAs (Figure 15C). First, IL-6 production was similarly increased 

across all three bacterial strains, with no significant difference between WT and STING 

KO BMMCs. This suggests that MCs contribute to a pro-inflammatory response during 

Shigella infection in a STING-independent manner, likely triggered by extracellular 

signals. A similar trend was observed with CCL2 production, which highlights a potential 

role of MCs in recruiting macrophages and DCs, which is crucial for the resolution of 
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Shigella infection. ELISA was not sensitive enough to detect IFN-β protein, but the 

significant upregulation of Ifit1 suggests sufficient type I IFN production to stimulate ISG 

expression.  

 

Figure 15. Murine mast cell type I IFN responses to Shigella infection are STING-
dependent.  
Wild-type C57BL/6 and STING KO (A) BMMCs and (B) PCMCs were infected with 
indicated Shigella strains at an MOI of 20 for 18 hours. Gene expression of type I IFNs 
and ISGs was measured using RT-qPCR and normalized to the geometric mean of 
housekeeping genes Hprt and Gusb. (C) Chemokines and cytokines were measured in the 
supernatant of infected BMMCs for 18 hours via ELISA. Statistical significance was 
determined by two-way ANOVA followed by a Tukey’s multiple comparisons test. Data 
shown as mean ± SEM. n = 3 per treatment condition. *p < 0.05; **p < 0.01; ***p < 0.001; 
****p < 0.0001.  
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WT 
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Experiments were conducted to assess the kinetics of infection, with gene 

expression changes evaluated at 4, 8, and 18 hours post-infection (Figure 16). At the 4-

hour timepoint, no significant IFN-related transcriptional changes were observed. 

However, upregulation of Ifnb1 and Ifit1 expression became significant at 8 hours and 

persisted through 18 hours, displaying the same trends previously observed (Figure 16A 

and 16B). The significant increase in Ifnb1 and Ifit1 gene expression in MCs infected with 

the IpaJ mutant, compared to WT Shigella, further suggests that STING plays a key role in 

mounting this response. Additionally, no changes in Ifit1 and Ifnb1 expression were 

observed in MCs infected with ΔmxiD Shigella at any timepoint, reinforcing the need of 

bacterial entry for inducing type I IFN expression. Cxcl10 induction was also prominent at 

8 hours and significantly increased by 18 hours, with similar expression levels across all 

three bacterial strains (Figure 16C). Moreover, earlier increases in Il1b expression were 

observed at 4 hours in MCs infected with all Shigella strains, suggesting that these changes 

were dependent on extracellular signaling (Figure 16D). Il1b is a key pro-inflammatory 

and protective cytokine in Shigella infection, and these findings imply that MCs may 

contribute to its production. Overall, these kinetic data highlight an early, STING-

independent pro-inflammatory cytokine response by MCs, followed by a later induction of 

IFN-related transcripts that partially relied on STING signaling. 

To determine if these outcomes are consistent in human cells, Shigella infections 

were conducted in CBMCs for 4 and 18 hours (Figure 17). Preliminary results reveal 

differences in responses compared to murine MCs. First, the upregulation of IFIT1 

expression was similar in CBMCs infected by all three bacterial strains (Figure 17B), 

suggesting that STING signaling or bacterial entry is not essential in this response. Given  
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Figure 16. Kinetics of Shigella infection in murine mast cells.  
Wild-type C57BL/6 BMMCs were infected with indicated Shigella strains at an MOI of 
20 for 4, 8, or 18 hours. Gene expression of cytokines and ISGs was measured using RT-
qPCR and normalized to the geometric mean of housekeeping genes Hprt and Gusb. 
Statistical significance was determined by two-way ANOVA followed by a Tukey’s 
multiple comparisons test. Data shown as mean ± SEM. n = 3 per treatment condition. 
*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.  

Control 

WT 

ΔipaJ 

ΔmxiD 
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that transcript levels are comparable in MCs infected with the mxiD mutant, there may be 

an extracellular signal that is driving the type I IFN response in human MCs, a response 

that is less prominent in murine MCs. Similar findings were observed with CXCL10 

induction, which aligned with the responses seen in murine MCs (Figure 17C). In human 

MCs, IFIT1 and CXCL10 were upregulated at 4 hours, with transcript levels returning to 

baseline by 18 hours. In contrast, murine MCs exhibited significant gene induction only at 

18 hours. These faster kinetics in human MCs may reflect the fact that bacterial entry is 

not required for activation, and extracellular signaling occurs more rapidly. More subtle 

differences were observed in the induction of IFNB and CCL2 (Figure 17A and 17D). 

Overall, these data suggest that the activation mechanisms in human MCs differ from those 

in murine MCs. However, additional biological replicates are necessary to determine the 

statistical significance of these findings. 
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Figure 17. Human mast cells promote a STING-independent type I IFN response to 
Shigella infection.  
CBMCs were cultured in activation media and infected with indicated Shigella strains at 
an MOI of 20 for 4 or 18 hours. Gene expression of type I IFNs, ISGs, and chemokines 
was measured using RT-qPCR and normalized to the geometric mean of housekeeping 
genes HPRT and GUSB. Data shown as mean ± SEM. n =2 per treatment condition. 
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3.3 CHARACTERIZING THE EFFECT OF STING ACTIVATION ON IMMUNE 

RESPONSES IN VIVO 

3.3.1 STING agonist (ADU-S100) dosing in C57BL/6 mice 

STING activation is well described to enhance immune responses through the 

recruitment and activation of leukocytes. We aimed to assess the effects of MC STING 

activation in the context of cancer and whether MC-specific STING activation could boost 

in vivo immune responses. To achieve this, a baseline characterization of immune 

responses to STING agonist activation was first determined. Specifically, appropriate 

doses of STING agonist were established that could elicit a robust immune response in 

vivo, without causing adverse reactions. ADU-S100 was selected as the STING agonist for 

all subsequent animal studies, as it was more thoroughly characterized in our in vitro 

experiments (Section 3.1) and was shown to induce a stronger response in MCs compared 

to diABZI. The dosing of ADU-S100 was examined in 8-week-old female C57BL/6 mice. 

Intraperitoneal (i.p.) injections at 0.25 mg/kg, 0.75 mg/kg, or vehicle control (H2O in PBS) 

were administered, and mice euthanized at 24 hours. Peritoneal lavages were collected to 

isolate circulating cells in the peritoneum. Mesenteric lymph nodes (mLNs) within the 

peritoneal cavity243 were collected to gauge T cell activation. These samples were used for 

gene expression and FACS analyses, where two panels were developed for acquisition to 

assess lymphoid and myeloid cells.  

Mice treated with the agonist (both 0.25 mg/kg and 0.75 mg/kg) showed a 

significant increase in gene expression of Cxcl10 and Ifit1 in peritoneal cavity cells (Figure 

18A). Similar trends in ISG expression were observed in mLNs (Figure 18B). These 

transcriptional changes infer that a type I IFN response was induced; however, type I IFN 
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gene expression was not detected at the 24-hour timepoint. Given the upregulation of 

downstream ISGs, it is possible that type I IFN responses were transient and occurred 

earlier than the time of analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18. STING activation increases Cxcl10 and Ifit1 gene expression in peritoneal 
cells.  
C57BL/6 mice were injected with ADU-S100 (0.25 mg/kg or 0.75 mg/kg) or vehicle 
control (H2O in PBS) intraperitoneally (i.p.). Mice were sacrificed 24-hours post-injection 
to collect mesenteric lymph nodes (mLNs) and peritoneal cavity cells (PCCs) by lavage. 
Gene expression of Ifnb1 and ISGs in (A) PCCs and (B) mLNs was measured using RT-
qPCR and normalized to the geometric mean of housekeeping genes Hprt and Gusb. 
Statistical significance was determined by one-way ANOVA followed by a Dunnett's 
multiple comparisons test, comparing agonist treatment to control. Data shown as mean ± 
SEM. n=3-5 per treatment condition. **p < 0.01; ***p < 0.001.  
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Flow cytometry analyses of the peritoneal cells were conducted to assess the 

infiltration and activation of immune cells in the peritoneum following STING agonist 

treatment. At 24 hours, ADU-S100 treatment resulted in a decrease in CD3+CD4+ T cell 

proportions and cell counts (Figure 19A), possibly suggesting migration out of the 

peritoneum. The proportion of CD8+ T cells within CD3+ cells was significantly increased 

with agonist treatment, possibly due to the departure of CD4+ T cells. Moreover, there were 

significant increases in the proportion of CD69 positive cells within both CD4+ and CD8+ 

populations, indicated early activation of T cells (Figure 19A). This T cell activation may 

be a result of direct stimulation by the agonist, as well as indirect activation by type I IFNs 

and other immune cells203.  

 

 
Control ADU-S100 0.25 mg/kg ADU-S100 0.75 mg/kg 
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Analysis of the mLNs demonstrated no differences in T cell populations (Figure 

19B), which may be due to the 24-hour time point being too early to detect noticeable 

differences, or that peritoneal cavity lymphatic drainage to this site was limited. Other 

lymph nodes within the peritoneal cavity, such as the celiac and periportal lymph nodes, or 

the mediastinal nodes might exhibit differences243. Since similar immune responses were 

observed and no significant differences were observed between the 0.25 mg/kg and 0.75 

mg/kg doses of ADU-S100, 0.25 mg/kg was used for the subsequent experiments. 

3.3.2 STING agonist (ADU-S100) kinetics in C57BL/6 mice 

Since type I IFN gene expression was not detected at 24 hours, an in vivo kinetics 

response was performed, and immune responses investigated at 1, 2, 4, and 6 hours post-

agonist injection. Gene expression of Ifnb1 peaked at 1 hour, whereas Ifna1, Ifna2, Ifna6 

were significantly increased at 2 hours in peritoneal cavity cells of agonist-treated mice 

compared to vehicle control (Figure 20). The expression of type I IFNs was diminished by 

4 hours with mRNA levels comparable to control-treated mice, a finding that is consistent 

with the rapid kinetics reported in the literature244. The transcript levels of ISGs, Cxcl10 

and Ifit1, were significantly upregulated at 2 hours and remained high at 6 hours. 

Figure 19. STING activation increases T cell activation in the peritoneum.  
C57BL/6 mice were injected (i.p.) with ADU-S100 (0.25 mg/kg or 0.75 mg/kg) or vehicle 
control (H2O in PBS). Mice were sacrificed 24-hours post-injection to collect mLNs and 
PCCs by lavage. Cells were stained with antibodies probing for markers in Panel 1 (Table 
4) and fixed in 1% PFA to analyze lymphoid immune cell proportions in the peritoneum 
and mLNs by flow cytometry. Percentages of T cells from CD3

+ 
cells and total cell counts 

in (A) PCCs and (B) mLNs are displayed. Statistical significance was determined by two-
way ANOVA followed by a Dunnett's multiple comparisons test, comparing agonist 
treatment to control, within each population. Data shown as mean ± SEM. n=2-5 per 
treatment condition. *p < 0.5; **p < 0.01; ****p < 0.0001. 
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Interestingly, there was increase in the transcription of Il-28, a type III interferon (IFN-λ3), 

6 hours post ADU-S100 administration (Figure 20). This could be a result of crosstalk 

between type I and type III IFN signaling244,245 or direct induction of type III IFN gene 

expression by STING246. 

  



92 

 

 

Supernatants from the peritoneal washes were used for a Luminex assay to evaluate 

immune mediators at the protein level (Figure 21). At 2 hours, ADU-S100 treatment 

resulted in a significant increase in IFN-α and IFN-β production compared to vehicle-

treated mice (Figures 21D, E). These IFNs were not observed at later time points (4 and 6 

hours), possibly due to cellular uptake and protein degradation. This fleeting IFN response 

coincided with the gene expression data. CXCL10 production was observed at 2- and 4-

hours following agonist injections (Figure 21A). CXCL10 is a cytokine produced 

downstream of type I IFNs that is important for the trafficking T cells and NK cells209. IL-

6, a mediator downstream of NF-κB activation, was also elevated at 2 hours (Figure 21C). 

There was also significant CXCL1 protein production at 2 hours post-ADU-S100 injection 

(Figure 21B), which may have contributed to the increase in neutrophil recruitment247 

observed in flow cytometry data (Figure 22). Overall, these results indicate that STING 

activation rapidly activates innate and adaptive immunity through gene expression changes 

and mediator production. These findings corroborate immune-boosting effects of STING 

that is described in literature209. 

 

 

Figure 20. STING activation promotes transient increases in type I IFN-related 
transcriptional changes in peritoneal cells.  
C57BL/6 mice were injected (i.p) with ADU-S100 (0.25 mg/kg) or vehicle control (H2O 
in PBS). Mice were sacrificed at 1-, 2-, 4-, and 6-hours post-injection to collect peritoneal 
cells by lavage. Gene expression of IFNs, ISGs, and chemokines in peritoneal cells was 
measured using RT-qPCR and normalized to the geometric mean of housekeeping genes 
Hprt and Gusb. Statistical significance was determined by one-way ANOVA followed by 
a Dunnett's multiple comparisons test, comparing agonist treatment to control, at each 
timepoint. Data shown as mean ± SEM. n = 4–5 per treatment condition. *p < 0.05; **p < 
0.01; ***p < 0.001; ****p < 0.0001.  
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At the cellular level, following STING agonist administration, there were decreases 

in the counts and proportions of CD11bhiF4/80hi cells starting at 2 hours in mice treated 

with agonist compared to those given vehicle control. This suggested a decrease in resting 

and naïve peritoneal macrophages, which may be activated and exit the peritoneum (Figure 

22A and 22B). At 2 hours, there was a transient increase in neutrophil cell counts (Figure 

Figure 21. STING activation promotes the production of type I IFNs, CXCL10, 
CXCL1, and IL-6 by peritoneal cells.  
C57BL/6 mice were injected (i.p.) with ADU-S100 (0.25 mg/kg) or vehicle control (H2O 
in PBS). Mice were sacrificed at 1-, 2-, 4-, and 6-hours post-injection to collect peritoneal 
lavages. Protein levels of IFN-β, IFN-α, CXCL10, CXCL1, and IL-6 in the lavage were 
measured by Luminex. Statistical significance was determined by one-way ANOVA 
followed by a Dunnett's multiple comparisons test, comparing agonist treatment to control, 
at each timepoint. Data shown as mean ± SEM. n = 2–5 per treatment condition. *p < 0.05; 
**p < 0.01; ****p < 0.0001.  
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22A). A rise in CD4+ T cell counts was also observed at 2 hours (Figure 23A), which may 

be explained by recruitment associated with the production of CXCL10 detected in the 

peritoneal wash. The proportions of activated T cells (CD69+) within both the CD4+ and 

CD8+ populations were elevated at 6 hours (Figure 23A). However, no significant changes 

in B cell or NK cell infiltration were observed (Figure 23B). This may be dependent on 

the type, dose, or context in which the STING agonist used.  

 

 

  

Control 

1 hr 

2 hr 

4 hr 

6 hr 

24 hr 

Figure 22. STING activation increases macrophage activation and neutrophil 
infiltration in vivo.  
C57BL/6 mice were injected (i.p.) with ADU-S100 (0.25 mg/kg) or vehicle control (H2O 
in PBS). Mice were sacrificed at 1-, 2-, 4-, 6- and 24-hours post-injection to collect 
peritoneal cells by lavage. Cells were stained with Panel 2 (Table 5) and fixed in 1% PFA 
to analyze innate immune cell proportions in the peritoneum by flow cytometry. (A) 
Percentages of myeloid cells from CD11b+ cells and (B) total cell counts are displayed. 
Statistical significance was determined by two-way ANOVA followed by a Dunnett's 
multiple comparisons test, comparing agonist treatment to control, at each timepoint, for 
each immune population. Data shown as mean ± SEM. n=2-6 per treatment condition. *p 
< 0.5; **p < 0.01; ***p < 0.001; ****p < 0.0001. 
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Figure 23. STING agonist treatment increases T cell activation in vivo.  
C57BL/6 mice were injected (i.p.) with ADU-S100 (0.25 mg/kg) or vehicle control (H2O 
in PBS). Mice were sacrificed at 1-, 2-, 4-, 6- and 24-hours post-injection to collect 
peritoneal cells by lavage. Cells were stained with Panel 1 (Table 4) and fixed in 1% PFA 
to analyze lymphoid immune cell proportions in the peritoneum by flow cytometry. 
Percentages of parent populations and total cell counts are shown of (A) T cells, (B) B 
cells, and NK cells. Statistical significance was determined by two-way ANOVA followed 
by a Dunnett's multiple comparisons test, comparing agonist treatment to control, at each 
timepoint, for each immune population. Data shown as mean ± SEM. n=2-6 per treatment 
condition. *p < 0.5; ****p < 0.0001. 
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3.3.3 Assessing STING activation kinetics in mast cell-deficient mice 

To determine the role of MCs in STING activation in vivo, the response to ADU-

S100 in MC-deficient mice (Cpa3-Cre; Mcl-1fl/fl, HK) was compared to their WT 

counterparts (HKLM). Mice were injected intraperitoneally with ADU-S100 (0.25 mg/kg) 

or vehicle control and peritoneal lavages collected at 1-, 2-, and 6-hour post-agonist 

treatment. At the gene expression level, Il6 was higher in HKLMs at 2 hours which may 

suggest a pro-inflammatory role of MCs in response to STING activation (Figure 24B). 

No significant differences were observed in the transcription of Ifnb1, Ifna6, or Ifna1 

between mouse groups (Figures 24C, E, F). Since there are several immune and non-

immune cells responding, MCs may be dispensable in the IFN response to STING 

activation at physiological levels. As a result, no differences were seen in the gene 

induction of Ifit1, which is downstream (Figure 24D). At the 2-hour timepoint, Cxcl10 

gene expression is higher in HKLMs, which may indicate that MCs play an important role 

in the production of the chemokine. To summarize, MCs may have a selective role in the 

gene expression of mediators in response to STING activation.  
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Figure 24. Mast cells play a selective role in transcriptional changes in response to 
STING activation in vivo.  
MC-deficient mice (HK) and their wild-type counterparts (HKLM) were injected (i.p.) 
with ADU-S100 (0.25 mg/kg) or vehicle control (H2O in PBS). Peritoneal cavity cells were 
isolated from peritoneal lavages at 1-, 2-, and 6-hours post-agonist treatment. Gene 
expression of type I IFNs and ISGs was measured using RT-qPCR and normalized to the 
geometric mean of housekeeping genes Hprt and Gusb. Statistical significance was 
determined by two-way ANOVA followed by a Dunnett's multiple comparisons test, 
comparing gene expression in HKs to HKLMs at each timepoint. Data shown as mean ± 
SEM. n =3-4 per treatment condition. *p < 0.05.  

Control 1 hr 2 hr 6 hr 
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3.4 THE ROLE OF STING AGONIST THERAPY IN THE ID8 MODEL 

3.4.1 ID8 survival in wild-type mice with STING agonist therapy 

STING agonist therapy has been described to have therapeutic potential in the 

treatment of ovarian cancer. Studies have showed improved survival of murine ovarian 

cancer models with STING agonist therapy as a monotherapy or in combination with other 

targeted therapies248,249. To confirm this in our model, wild-type mice (HK littermate 

controls) were intraperitoneally injected with ID8 ovarian cancer cells and a regimen of 

STING agonist ADU-S100 (0.25 mg/kg) or vehicle control (H2O in PBS) starting at day 

15 (Figure 25A). Mice were administered 3 doses, 3 days apart, as established by other 

researchers248, and monitored until endpoint for up to 100 days. Intraperitoneal 

administration of ID8 cells establishes a disseminated ovarian cancer model characterized 

by the formation of ascites, which resembles the cancer stage at diagnosis in most 

women234,250. This approach is also particularly beneficial for studying MCs, as they are 

widely distributed throughout the peritoneum251. Ascites development and endpoint is 

expected to develop around 35 to 40 days post-injection in untreated mice. We determined 

that mice treated with ADU-S100 exhibited longer survival times, with a median survival 

of 48 days, which was statistically significant compared to vehicle-treated mice that had a 

median survival of 40.5 (p = 0.0264) (Figure 25B). These results reinforce the therapeutic 

potential of STING agonist therapy in ovarian cancer.  
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Figure 25. STING agonist therapy improves overall survival in the ID8 murine 
ovarian cancer model.  
Wild-type mice (Hello Kitty littermate controls) were injected (i.p.) with 3.0x106 ID8 cells, 
treated with ADU-S100 (0.25 mg/kg) or vehicle control (H2O in PBS), and monitored until 
endpoint for up to 100 days. (A) A summary of experimental design to study the effect of 
STING agonist therapy in the treatment of the ID8 ovarian cancer model is shown. (B) 
Overall survival is represented through Kaplan-Meier survival curves. A Log-Rank 
(Mantel-Cox) Test was used to assess statistical significance between groups. n= 6-7 per 
treatment group. 
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3.5 THE ROLE OF MAST CELLS IN STING AGONIST EFFICACY IN THE ID8 

MODEL 

3.5.1 Survival of the ID8 model in MC-deficient mice 

The impact of MCs on ovarian cancer growth and prognosis remains to be 

elucidated, with literature highlighting both detrimental and beneficial roles252–255. 

However, studies that characterize the role of MCs in the ID8 ovarian cancer model are 

limited. To further investigate, two MC-deficiency models were used to evaluate the role 

of MCs on the overall survival of the ID8 model.  

We initially utilized the Hello Kitty (HK) MC-deficiency model to assess the 

impact of MCs on survival at baseline. The overall survival was compared between 

vehicle-treated HK mice and their wild-type counterparts (HK littermates) as outlined in 

Figure 26A. Interestingly, HK mice survived significantly longer than wild-type 

littermates (p = 0.0393) (Figure 26B, left). To confirm MC-deficiency, gene expression 

levels of tryptase (Tpsb2) expression were determined in peritoneal cavity cells isolated at 

endpoint. Tryptase is an abundant serine protease found in MC granules and is mainly 

produced by MCs16. There were significantly higher transcript levels of Tpsb2 in wild-type 

littermate controls compared to an absence in HKs, which confirms the depletion of MCs 

in HKs (Figure 26B, right). A similar trend was observed with the Wsh MC-deficient 

strain, where Wsh mice exhibited improved survival compared to in-house bred C57BL/6 

mice (Figure 26C); however, further studies with additional mice are needed to determine 

statistical significance. Overall, these results suggest that MCs are detrimental in the ID8 

ovarian cancer model.  
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To confirm that this phenotype of prolonged survival is due to the absence of MCs, 

adoptive transfers were performed. Mature MCs derived from wild-type bone marrow were 

injected into the peritoneum of MC-deficient mice. The MCs were allowed to reconstitute 

for four weeks to allow for establishment into the peritoneal cavity and phenotypic 

adaptation to the environment256,257, prior to ID8 injections. To ensure successful 

reconstitution of the peritoneal cavity, we assessed Tpsb2 expression levels and determined 

that reconstituted mice (R. HKs) had similar expression levels to wild-type littermate 

controls. This suggests that reconstitution led to similar quantities of MCs seen in the wild-

type controls (Figure 26B, right). We assessed whether the survival of these reconstituted 

mice (R. HKs) would be similar to the wild-type controls. Interestingly, we observed that 

R. HKs have significantly improved survival compared to the wild-type littermates and do 

not recapitulate their survival trend (p = 0.0038). Instead, R. HK exhibit prolonged survival 

compared to MC-deficient mice as well, rather than worsened (p = 0.0038) (Figure 26B, 

left). This contradicts the previous findings that MCs are detrimental. These differences 

may be attributed to several factors, including variations in MC localization within the 

peritoneum following reconstitution, and will be discussed in later sections.  
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Figure 26. Mast cells influence the overall survival of the ID8 ovarian cancer model.  
Wild-type MCs were adoptively transferred into MC-deficient mice (HK) and allowed to 
reconstitute for 4 weeks. MC-deficient mice, wild-type counterparts, and reconstituted 
mice were injected (i.p.) with ID8 ovarian cancer cells, treated with vehicle control, and 
monitored until endpoint for up to 100 days. (A) A summary of experimental design to 
study the role of MCs in the survival of the ID8 ovarian cancer model is shown. Kaplan-
Meier survival curves of (B, left) HKs, R.HK and (C) Wsh mice compared to wild-type 
counterparts are shown. A Log-Rank (Mantel-Cox) Test was used to assess statistical 
significance between groups. (B, right) Gene expression of Tpsb2 in PCCs was measured 
using RT-qPCR and normalized to reference genes Hprt and Gusb. Statistical significance 
was determined by one-way ANOVA followed by Tukey’s multiple comparison test. Data 
shown as mean ± SEM. n= 2-6 per treatment group. 
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3.5.2 The role of mast cells in STING agonist therapy on the survival of the ID8 model 

To define the role of MC-specific STING activation in a cancer setting, we 

examined STING agonist efficacy in the treatment of the ID8 model in the presence and 

absence of MCs. MC-deficient mice (HKs) and littermates (HKLMs) were injected with 

ID8 cells and the previously described dosing regimen of STING agonist or vehicle control 

(Figure 27A). This would determine if the presence of MCs influences the immune 

response mounted to STING agonist therapy and whether it provides a survival advantage.  

Consistent with our findings in Section 3.4.1, HK mice treated with the STING 

agonist survived significantly longer than HK mice treated with vehicle control (p = 

0.0023) (Figure 27B), demonstrating that the efficacy of STING agonist therapy is 

consistent in the MC-deficient mice. More interestingly, the HK mice treated with STING 

agonist exhibited longer survival, with a median survival of 54 days, compared to the 

HKLMs treated with agonist that had a median survival of 48 days (p = 0.0026) (Figure 

27C). This suggests there may be an immunomodulatory role for MCs that hinders the 

efficacy of STING agonist therapy. Once again, reconstituted HK mice were used to 

evaluate whether this result was MC-specific. The survival of R. HK mice treated with 

STING agonist did not significantly differ compared to the HK or HKLM mice (p = 0.1206, 

p= 0.0688, respectively) that were treated with STING agonist (Figure 27C). However, 

the significantly higher levels of Tpsb2 detected in R.HK mice compared to wild-type 

littermates (p = 0.0040) suggests that there may be higher numbers of MCs in the former, 

thus skewing these results. Overall, these reconstituted mice do not recapitulate the survival 
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trend seen in the wild-type mice (HKLMs) and further experiments with more mice are 

needed to evaluate this. 

  

Figure 27. Mast cells do not provide a survival advantage with STING agonist therapy 
in the ID8 ovarian cancer model.  
Wild-type MCs were adoptively transferred into MC-deficient mice (HK) and allowed to 
reconstitute for 4 weeks. Reconstituted HKs (R. HK), HKs, and littermate controls 
(HKLM) were injected (i.p.) with ID8 cells, treated with i.p. STING agonist ADU-S100 or 
vehicle control, and monitored until endpoint for up to 100 days. (A) An experimental 
timeline for ID8 ovarian cancer cell administration and STING agonist treatment is shown. 
(B and C, left) Kaplan-Meier survival curves of mice given are shown. A Log-Rank 
(Mantel-Cox) Test was used to assess statistical significance between groups. (C, right) 
Gene expression of Tpsb2 in PCCs was measured using RT-qPCR and normalized to 
reference genes Hprt and Gusb. Statistical significance was determined by one-way 
ANOVA followed by Tukey’s multiple comparison test. Data shown as mean ± SEM. n= 
3-7 per treatment group. **p < 0.01 
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3.6 GENETIC MODIFICATION OF BMMCS BY TRANSDUCTION WITH 

LENTIVIRUSES EXPRESSING WILD-TYPE STING AND STING MUTANTS  

Adoptive transfers of genetically modified immune cells have emerged as a novel 

strategy for treating diseases, particularly in cancer therapy. We focused on enhancing the 

STING pathway in MCs as a model for immunotherapy. This approach was particularly 

attractive given the widespread distribution of MCs throughout the body, their ability to 

produce a variety of potent mediators, and their long lifespan. Our goal was to establish a 

system for both inducible and constitutive activation of the STING pathway, which enables 

precise control over the production of inflammatory cytokines and chemokines. This would 

allow us to harness therapeutic benefits while preventing harmful overproduction. To 

achieve this, we used Tetracycline-On (Tet-on) lentiviruses expressing either wild-type 

STING (WT) or constitutively active mutants (V154M, N153S) for transductions. These 

STING mutants are well-characterized in the literature, with mouse models demonstrating 

phenotypes linked to constitutive activation117,258, as discussed in Section 1.3.4. In the 

presence of doxycycline (DOX), a tetracycline-related antibiotic, the genes of interest are 

transcribed and expressed in the cells. As a control, we used lentiviruses expressing GFP, 

enabling us to assess the efficiency of transduction and ensure that any observed changes 

are due to the inserted genes rather than the lentiviral construct itself. Lentivirus was 

produced by standard molecular biology techniques using the pLJM1 lentiviral vector, as 

described in Section 2.5 of the Materials and Methods. 

This lentiviral transduction system, established by Dr. Ian Haidl, has been 

successfully applied in our lab to modify MCs to overexpress IFNα1, which led to 

significantly increased survival in a mouse model of ovarian cancer. STING activation 
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would potentially induce the production of a broader range of type I IFNs, in addition to 

NF-κB induced genes, thus was examined to see if it induced a more robust therapeutic 

response. 

3.6.1 Testing induction of target genes and protein production in U-2 OS cells in vitro 

To evaluate the functionality of these constructs, we first transduced U-2 OS cells, 

an osteosarcoma cell line known for its high transduction efficiency and expression of rtTA 

(reverse tetracycline-controlled transactivator). Gene expression of STING (Tmem173) 

was assessed at 24-, 48-, and 72-hours following DOX induction. In preliminary results, 

U-2 OS cells transduced with WT, V154M, or N153S STING showed an observable 

increase in Tmem173 expression compared to both GFP-transduced and non-transduced 

(NT) cells at all timepoints (Figure 28A). Since this upregulation was also seen without 

DOX-treatment, there was some background expression from the lentiviral construct. To 

confirm these findings at the protein level, western blots were performed to detect total 

STING (35 kDa) using lysates from cells treated with DOX for 24 hours (Figure 28B). 

Increased STING protein was observed in the DOX-treated U-2 OS cells transduced with 

STING constructs (WT, V154M, N153S), while no STING was detected in the no-DOX 

control group despite the higher background levels of transcript. Additionally, no STING 

was observed in GFP-transduced or NT U-2 OS cells. These results demonstrate the 

transductions were successful and confirm that the lentiviral constructs increased STING 

expression. 
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3.6.2 Testing induction of target genes and protein production by transduced 

BMMCs in vitro 

We then transduced BMMCs expressing rtTA (Rosa26-rtTA) and examined the 

same parameters. GFP-transduced BMMCs showed successful DOX-dependent increases 

in Gfp gene expression at all time points (Figure 29A). However, there was noticeable 

baseline Gfp expression even without DOX, further suggesting background activation of 

the construct. In BMMCs transduced with WT STING, there was significant DOX-induced 

increases in Tmem173 gene expression (Figure 29A). In contrast, there was no Tmem173 

induction in DOX treated BMMCs expressing the constitutively active STING mutants, 

which differed from what was observed in U-2 OS cells.  

 

- DOX 

+ DOX 
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These mutant-transduced BMMCs showed increased cell death under the 

microscope and through trypan blue staining, which may be due to toxicity associated with 

constitutive activation. As a result, these cells expanded poorly leading to limited cell 

numbers, even for analytical purposes. 

At the protein level, WT STING-transduced MCs exhibited elevated STING levels, 

both with and without DOX treatment (Figure 29B). This was also observed with the 

FLAG tag, another indicator of successful construct expression, further implicating DOX-

independent induction. No increase in total STING or FLAG tagged STING was detected 

in V154M-transduced MCs. Interestingly, phosphorylated STING was detected in WT 

STING MCs treated with DOX, indicating that overexpression of WT STING leads to 

pathway activation. This was further confirmed by significant increases in ISGs Ifit1 and 

Cxcl10 expression starting 48 hours post-DOX treatment (Figure 30). A smaller amount 

of phospho-STING was also seen in the V154M MCs (Figure 29B). Therefore, the WT 

STING-transduced MCs functioned in the way anticipated for the constitutively active 

mutants. Due to challenges faced with proliferation and survival of the MCs expressing the 

STING mutants, even without DOX induction, we decided to proceed with only the WT 

STING-transduced cells for further analysis. 

Figure 28. U-2 OS cells transduced with wild-type STING and constitutively active 
STING mutants (V154M, N153S) showed successful DOX-dependent increases of STING 
protein in vitro.  
U-2 OS cells were either left untransduced (N.T) or transduced with GFP, wild-type STING, 
or constitutively active STING (V154M, N153S) constructs. The cells were then either left 
untreated or treated with 0.5 μg/mL of DOX for 24, 48, or 72 hours. (A) Gene expression of 
STING (Tmem173) was measured using RT-qPCR and normalized to reference genes Hprt 
and Gusb. (B) Representative western blots of cells treated for 24 hours, showing total STING 
(35 kDa) with β-actin (42 kDa) as loading control. Data shown as mean ± SEM. n= 1-2 per 
treatment. 
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To investigate the kinetics of DOX induction in the transduced cells, we assessed 

gene expression changes at 1-, 2-, 4-, 6-, 12-, and 24-hours post-DOX treatment. STING 

(Tmem173) transcript levels began to rise within 1 hour of DOX induction, with significant 

increases detectable as early as 2 hours (Figure 31A). No changes in Ifnb1 transcript levels 

were observed at all time points. Significant upregulation of Ifit1 and Cxcl10 gene 

expression was observed after 24 hours of DOX treatment (Figure 31C & 31D), 

accounting for the time needed for STING transcripts to be translated and cause 

transcriptional changes following activation.  

 STING agonist activation was compared between transduced MCs and non-

transduced C57BL/6 MCs to determine if elevated STING levels enhanced sensitivity to 

agonist activation. Twenty-four hours post-DOX induction, a titration experiment with the 

STING agonist ADU-S100 was performed, similar to the one described in Section 3.1. Six 

hours after agonist addition, transduced cells exhibited increased Tmem173 expression 

following DOX treatment, confirming higher STING levels (Figure 32A). At the 10 

μg/mL dose of ADU-S100, we observed slight but significant increases in Ifit1 expression 

in transduced MCs, both with and without DOX induction (Figure 32B). However, there 

was no significant increase in the expression of Cxcl10 or Ifnb1 in the transduced cells 

compared to non-transduced MCs following agonist treatment (Figure 32C and 32D). As 

previously seen, Cxcl10 expression was upregulated in STING-transduced MCs following 

DOX induction alone (mock treatment) (Figure 32C). Overall, these results suggest no 

substantial increase in sensitivity to the STING agonist in the transduced cells beyond the 

background activation observed with DOX induction alone. 
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Figure 29. Mast cells transduced with WT STING showed successful DOX-
dependent induction of total STING, phosphorylated STING, and FLAG tagged 
protein expression in vitro.  
BMMCs were either left untransduced (C57BL/6, ROSA) or transduced with GFP, WT 
STING, or constitutively active STING (V154M, N153S) transcripts. Cells were either 
left untreated or treated with DOX (0.5 μg/mL) for 24, 48, or 72 hours. (A) Gene 
expression of STING (Tmem173) and Gfp was measured using RT-qPCR and 
normalized to reference genes Hprt and Gusb. Statistical significance was determined by 
two-way ANOVA followed by Sidak’s multiple comparisons test, comparing DOX 
treatment to unstimulated controls at each time point. (B) Representative western blots 
of cells treated for 24 hours, showing total STING (35 kDa), P-STING (35 kDa), FLAG 
tag STING (35 kDa) with vinculin (124 kDa) as a loading control. Data shown as mean 
± SEM. n= 3-4 per treatment. ****p < 0.0001. 

- DOX 

+ DOX 
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Figure 30. Mast cells transduced with WT STING showed DOX-dependent induction 
of ISG mRNA expression in vitro.  
BMMCs were transduced with GFP, WT STING, or constitutively active STING (V154M, 
N153S) transcripts. Cells were either left untreated or treated with DOX (0.5 μg/mL) for 
24, 48, or 72 hours. Gene expression of Ifit1 and Cxcl10 was measured using RT-qPCR 
and normalized to reference genes Hprt and Gusb. Statistical significance was determined 
by two-way ANOVA followed by Sidak’s multiple comparisons test, comparing DOX 
treatment to unstimulated controls at each time point. Data shown as mean ± SEM. n= 3-4 
per treatment. ****p < 0.0001. 

- DOX 

+ DOX 
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Figure 31. Mast cells transduced with WT STING showed rapid kinetics of DOX-
dependent induction of STING (Tmem173) and ISG mRNA expression in vitro.  
Cells were either left untreated or treated with DOX (0.5 μg/mL) for 1, 2, 4, 6, 12, or 24 
hours. Gene expression of (A) Tmem173, (B) Ifnb1, (C) Ifit1, and (D) Cxcl10 was 
measured using RT-qPCR and normalized to reference genes Hprt and Gusb. Statistical 
significance was determined by two-way ANOVA followed by Sidak’s multiple 
comparisons test, comparing DOX treatment to unstimulated controls at each time point. 
Data shown as mean ± SEM. n= 3-4 per treatment. **p < 0.01; ***p < 0.001; 
****p < 0.0001.  
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Figure 32. Mast cells transduced with WT STING do not exhibit enhanced sensitivity 
to STING agonist activation.  
WT STING-transduced BMMCs and C57BL/6 BMMCs were pre-treated with DOX (0.5 
μg/mL) for 24 hours. Cells were then either left untreated (mock), transfected with 
Poly(I:C) (10 μg/mL), or treated STING agonist ADU-S100 (0.08 μg/mL, 0.4 μg/mL, 2 
μg/mL, 10 μg/mL) for 6 hours. Gene expression of (A) Tmem173, (B) Ifit1, (C) Cxcl10, 
and (D) Ifnb1 was measured using RT-qPCR and normalized to reference genes Hprt and 
Gusb. Statistical significance was determined by two-way ANOVA followed by Sidak’s 
multiple comparisons test, comparing cell groups at each agonist dose. Data shown as mean 
± SEM. n= 3 per treatment. *p < 0.05.  

C57BL/6 - DOX 

C57BL/6 + DOX 

WT STING - DOX 

WT STING + DOX 
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3.6.3 Testing induction of target genes by transduced BMMCs in vivo 

After completing the in vitro characterization, we proceeded to test the WT STING-

transduced MCs in vivo. The MCs were adoptively transferred into MC-deficient mice 

(HK) and allowed to reconstitute for 4 weeks. Reconstituted mice (R.HK) were either left 

untreated or given DOX chow for 6 or 24 hours to induce expression of the construct. Non-

reconstituted Hello Kitty mice (NR) and littermate controls (HKLM) served as controls. 

Peritoneal cavity washes were collected to isolate peritoneal cells for qPCR analysis. 

After 24 hours of DOX treatment, R. HK mice showed a significant increase in 

Tmem173 gene expression compared to NR. HK and HKLM controls (Figure 33A). The 

more subtle changes in gene expression could be due to the fact that MCs represent only 

up to 5% of peritoneal cells, meaning gene expression changes in this population may be 

difficult to detect amidst the other cell types in the peritoneum. Additionally, there was a 

significant increase in Cxcl10 gene expression in R. HKs treated with DOX for 24 hours, 

compared to non-reconstituted mice (Figure 33B). However, no significant differences 

were found in Ifit1 expression (Figure 33C). Overall, these results suggest that 

reconstitution with the transduced MCs led to an increase in STING expression in the 

peritoneal cavity. 
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3.7 THE EFFECT OF WT STING-TRANSDUCED BMMCS ON ID8 SURVIVAL 

IN VIVO  

The therapeutic potential of the WT-STING transduced MCs was assessed in the 

ID8 ovarian cancer model. Four weeks following adoptive transfers of these cells into MC-

Figure 33. In vivo reconstitution with WT STING-transduced increases STING 
expression levels in the peritoneal cavity.  
WT STING-transduced BMMCs (3x106) were adoptively transferred into MC-deficient 
mice (Hello Kitty) and allowed to reconstitute for 4 weeks. Reconstituted mice (R.HK), 
non-reconstituted mice (NR), and littermate controls (HKLM) were either left untreated or 
given DOX chow for 6 or 24 hours. Peritoneal cavity washes were then collected to isolate 
peritoneal cells. Gene expression of (A) Tmem173, (B) Cxcl10, and (C) Ifit1 was measured 
using RT-qPCR and normalized to reference genes Hprt and Gusb. Statistical significance 
was determined by two-way ANOVA followed by Sidak’s multiple comparisons test. Data 
shown as mean ± SEM. n= 4-6 per treatment. **p < 0.01; ***p < 0.001.  

- DOX 

+ DOX 6 hr 

+ DOX 24 hr 
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deficient mice (Wsh), ID8 cells were administered intraperitoneally. Reconstituted mice 

(R. Wsh) were either left untreated or given DOX chow throughout the ID8 experiment to 

induce expression of the STING construct and then monitored until end point at which time 

ascites was collected (Figure 34A). Overall, there was no significant difference in survival 

between DOX-treated reconstituted mice and untreated reconstituted mice (p = 0.2721) 

(Figure 34B). Expression of STING (Tmem173) in the peritoneum was similar in both 

untreated and DOX-treated mice, suggesting that the transduced MCs did not significantly 

enhance STING expression (Figure 34C). This lack of enhancement could be due to the 

cancer cells impairing the ability of transduced MCs to thrive and function effectively, a 

potential factor that will be discussed further. Additionally, some variations in the degree 

of MC reconstitution, as indicated by Tpsb2 expression, may have contributed to the 

observed results (Figure 34C). Although no significant survival advantage was observed 

with DOX induction alone, it would be beneficial to repeat these experiments with larger 

sample sizes and consistent reconstitution levels to confirm these findings. 

Despite DOX induction not improving survival alone, we sought out to investigate 

whether pulsing the transduced cells with a STING agonist could further improve the 

response to STING agonist therapy. Following reconstitution of Wsh mice with the 

transduced cells, we administered the previously established STING agonist regimen and 

provided DOX chow throughout the experiment (Figure 35). Non-reconstituted Wsh mice 

and C57BL/6 mice receiving DOX with or without agonist served as controls. The higher 

Tpsb2 expression in reconstituted mice indicated successful transfer and retention of the 

MCs in the peritoneum until the end of the experiment (Figure 35B, right). However, 
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Tpsb2 expression in reconstituted mice treated with ADU-S100 slightly varied compared 

to those that received the vehicle control. 
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In terms of survival, R. Wsh mice treated with the agonist showed significantly 

improved survival compared to mice that received the vehicle control (p = 0.0058), 

consistent with previous data that demonstrated the therapeutic effects of STING agonists 

(Figure 35B, left). Similar results were observed in non-reconstituted Wsh, where ADU-

S100 treatment prolonged survival (p = 0.0163). Survival between R. Wsh and NR. Wsh 

mice treated with vehicle control and DOX chow were comparable, reinforcing that DOX 

induction alone does not affect outcomes (Figure 35B, left). However, there was also no 

difference in survival between R. Wsh and NR. Wsh mice that were treated with the agonist 

(Figure 35B, left). This result indicated that the presence of the transduced cells did not 

further enhance the efficacy of STING agonist therapy in improving ID8 survival. These 

results were further confirmed by data that demonstrated no survival difference with or 

without DOX induction in R. Wsh mice treated with ADU-S100 (Figure 35C, left). 

Overall, these results indicated that combining DOX induction and STING agonist did not 

provide any further survival advantage compared to the mice that receive STING agonist 

alone. However, more experiments should be conducted to increase mouse numbers for 

better evaluation and to examine the functionality of the transduced cells in the ID8 system. 

Figure 34. In vivo reconstitution of WT STING-transduced mast cells does not 
improve ID8 survival.  
(A) A schematic of the experimental timeline is shown. WT STING-transduced BMMCs 
were adoptively transferred into MC-deficient mice (Wsh) and allowed to reconstitute for 
4 weeks before ID8 cells were administered. Reconstituted mice (R. Wsh) were either left 
untreated or given DOX chow and monitored until endpoint up to day 100. (B) Overall 
survival is represented through Kaplan-Meier survival curves. A Log-Rank (Mantel-Cox) 
Test was used to assess statistical significance between groups. (C) Gene expression of 
Tpsb2 and Tmem173 in PCCs was measured using RT-qPCR and normalized to reference 
genes Hprt and Gusb. Statistical significance was determined by unpaired t tests comparing 
expression in untreated to DOX-treated mice. Data shown as mean ± SEM. n= 3-5 per 
treatment.  
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Figure 35. In vivo reconstitution of WT STING-transduced mast cells does not 
enhance STING agonist therapy in the ID8 model.  
(A) A schematic of the experimental timeline is shown. WT STING-transduced BMMCs 
were adoptively transferred into MC-deficient mice (Wsh) and allowed to reconstitute for 
4 weeks. Reconstituted Wsh (R. Wsh), NR. Wsh, and C57BL/6 mice were administered 
ID8 cells and a regimen of ADU-S100 or vehicle control. Mice received either regular 
chow or DOX chow and were monitored until endpoint up to 100 days. (B, C left) Overall 
survival is represented through Kaplan-Meier survival curves. A Log-Rank (Mantel-Cox) 
Test was used to assess statistical significance between groups. (B, C right) Gene 
expression of Tpsb2 in PCCs was measured using RT-qPCR and normalized to reference 
genes Hprt and Gusb. Statistical significance was determined one-way ANOVA followed 
by Tukey’s multiple comparison test. Data shown as mean ± SEM. n= 3-4 per treatment. 
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Chapter 4: DISCUSSION 

Mast cells are tissue-resident innate immune cells that perform diverse and critical 

functions during immune responses. The STING pathway is an innate immune mechanism 

that responds to infection and cellular stress, triggering strong type I IFN and pro-

inflammatory immune responses. Given that MCs are widely distributed across tissues and 

function as sentinel cells, we sought to explore the role of the STING pathway in MCs, 

which has not been characterized previously. Understanding this pathway not only sheds 

light on another mechanism by which MCs contribute to immunity during infections but 

also opens the door to evaluating MCs as potential targets for STING-mediated 

immunotherapies. In this research work, I hypothesized that activation of STING in MCs 

induces a type I IFN and NF-κB-mediated response with therapeutic potential, particularly 

in the context of infection and cancer. 

4.1 SUMMARY OF MAJOR FINDINGS  

In this study, we demonstrated the functionality of the STING pathway in both 

murine and human MCs. Our findings revealed that MCs promote a type I IFN and NF-κB 

response upon STING activation. However, we observed notable differences in the 

responses to STING agonist treatment between distinct MC populations. Specifically, 

human MCs exhibited a lower magnitude of response compared to murine MCs in response 

to agonist treatment. Furthermore, different STING agonists elicited varying kinetics and 

magnitudes of IFN and ISG responses. Nevertheless, these results highlight a previously 

undescribed mechanism for type I IFN expression in MCs and emphasize the impact of 

MC heterogeneity in shaping responses to immune stimuli. 
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In studies of the role of MC STING in response to bacterial infection, we 

demonstrated that MCs are susceptible to infection by Shigella flexneri. Our findings 

showed that BMMCs upregulate type I IFN and ISG expression in response to Shigella 

infection, in a process that depends on bacterial entry into the cell and is partially STING-

dependent. Additionally, we found that extracellular receptors on MCs recognize Shigella 

and trigger downstream induction of Cxcl10 gene expression. In contrast, PCMC Cxcl10 

upregulation was dependent on bacterial entry while CBMCs were observed to respond to 

Shigella primarily through extracellular recognition, thus independently of STING. These 

analyses revealed differences in infection responses between MC populations, including 

variations in infection kinetics. Together, these results suggest that both murine and human 

MCs play a role in the immune response to Shigella infection. 

In a series of experiments using the murine ID8 ovarian cancer model, we 

investigated the impact of STING activation and MCs on overall survival. At baseline, 

MCs were found to influence survival outcomes in the context of ID8 tumor development. 

Specifically, the absence of MCs in MC-deficient models led to improved survival, while 

the reintroduction of MCs into MC-deficient mice significantly enhanced survival. 

Furthermore, treatment with a STING agonist regimen also improved overall survival. To 

explore the potential of STING-dependent MC-mediated immunotherapy, we genetically 

modified MCs to inducibly express STING by transducing them with a lentiviral vector 

with STING expression under the control of an inducible tetracycline promoter. While the 

transduced MCs demonstrated functionality in vitro and successfully reconstituted into 

MC-deficient mice, there was no significant improvement in mouse survival in the ID8 

ovarian cancer model. However, the improvement of mouse survival with MC 
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reconstitution and STING agonist therapy underlines the therapeutic potential of the 

system. Further analyses into the mechanisms by which MC reconstitutions enhanced 

survival should be pursued.  

  

Figure 36. Summary of the impact of mast cells on ID8 ovarian cancer 
survival. 
Mast cell-deficient mice (HK and Wsh) showed increased survival in the ID8  
ovarian cancer model compared to wild-type mice. Reconstitution of mast 
cell-deficient mice with wild-type mast cells (HK) led to improved survival, 
while reconstitution with mast cells overexpressing STING (Wsh) had no 
effect on overall survival. These findings underscore the complex role of 
mast cells in ovarian cancer progression and suggest the need for further 
investigation into their contribution to tumor survival. 
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4.2 RESULTS IN THE CONTEXT OF ESTABLISHED LITERATURE 

4.2.1 Activation and overexpression of STING in mast cells 

There is limited literature describing the STING pathway in MCs. Two studies have 

suggested that MC cytokine responses to Influenza A and S. aureus infection are STING-

dependent, using STING KO cells and inhibitors31,124; however, these included no direct 

characterization of STING signaling. Here, we demonstrate that STING signaling in MCs 

follows the canonical pathway, with STING and TBK1 phosphorylation leading to type I 

IFN-related changes in gene expression203. This finding highlights the potential for MCs to 

serve as a, previously underappreciated, source of type I IFNs through STING activation. 

Moreover, MC production of CCL2 following STING agonist treatment suggests a role for 

MCs in recruiting other leukocytes, including monocytes259, in infection settings where 

STING is activated. More comprehensive analyses of other MC mediators, such as IL-6 

and CCL1, should be conducted to fully capture the potential roles of MCs in physiological 

settings. 

Our preliminary data suggests that STING activation, initiated by agonist treatment, 

does not induce overt cell death in MCs, in contrast to the apoptosis observed in T cells 

following STING agonist-induced ER stress106. However, it is important to note that this 

cell death was observed with a different agonist and dose. Furthermore, STING-induced 

apoptosis is not limited to T cells. It has also been observed in monocytes during viral 

infection, potentially serving as a host defense mechanism to limit viral replication260. 

However, given the robust response observed with our agonist dose, these findings imply 

that a certain level of STING activation can elicit immune responses without triggering 

apoptosis in MCs.  
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The lower responses to STING agonists in human MCs may be attributed to the 

different affinity of the STING agonist for specific human STING isoforms. This 

observation has been described for the natural STING ligand 2'3'-cGAMP, which binds 

with lower affinity to certain isoforms261. Additionally, DXMAA, the first STING agonist 

developed, potently induces IFN production in murine cells but fails to do so in human 

STING expressing cells262. These observations suggest that further investigation into 

STING activation in human MCs is necessary, using alternative agonists or STING stimuli, 

to fully characterize the immune responses. Other potential explanations for these different 

responses include a higher threshold for activation or lower STING expression in human 

cells compared to murine cells, although this has yet to be explored. 

There are also agonist-specific differences in the intensity and timing of STING 

activation, which can be attributed to the distinct chemical structures of the agonists. For 

instance, the degradation of total STING protein following treatment with ADU-S100 

occurred more rapidly compared to cells treated with diABZI, possibly due to a shorter 

half-life of ADU-S100 or a higher binding affinity of diABZI for STING.  

In our work, we found that overexpression of constitutively active STING mutants 

in MCs led to impaired proliferation and cell death. This effect was evident even with 

minimal background expression in the absence of DOX induction. This contrasted with the 

successful transduction and induction in U-2 OS cells without impairment. These findings 

suggest that MCs are particularly sensitive to mutant STING expression and cannot tolerate 

sustained activation. This may highlight a potential vulnerability in MCs in human 

conditions of constitutive STING activation, such as in patients with SAVI, who harbor 

gain-of-function mutations. It would be interesting to explore MC numbers in these patient 
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populations, which may be reduced similarly to the T cell cytopenia seen in SAVI117, and 

to investigate whether this has implications for diseases like allergies. One possible 

explanation is that continuous activation can overwhelm the cell's resources, which can 

interfere with other processes and lead to cellular stress and eventual cell death.  

In MCs transduced with WT STING, we observed that overexpression resulted in 

pathway activation, which achieved the desired effect initially anticipated with the 

constitutively active mutants. Overexpression of a protein can activate its associated 

pathways by overcoming inhibitory or regulatory mechanisms, such as degradation, 

ultimately resulting in net activation of the pathway263. Moreover, we also observed no 

increased sensitivity to STING agonist treatment in MCs overexpressing WT STING. 

Since overexpression already induced pathway activation, the cells may have reached the 

maximum capacity for activation. 

4.2.2 Mast cell responses to Shigella infection and the role of the STING pathway 

The infection and activation of MCs by Shigella has not been extensively 

characterized. In adults, MCs are found in increased density in the rectal mucosa during 

the acute phase of Shigella infection which is followed by a decline during early 

convalescence264. However, in children, the elevated density of MCs persisted in the 

mucosa for a longer period. This early infiltration suggests that MCs may play a crucial 

role in initiating immune responses for bacterial clearance, such as promoting neutrophil 

recruitment265,266 and their production of NETs267. This corresponds to a notable increase 

in neutrophils observed during the acute phase of infection in both adult and pediatric 

patients264. Overall, Raqib et al. demonstrated the presence of MCs in biopsies from 

infected patients, showing that they localize to relevant tissue sites where Shigella infection 
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occurs. However, the mechanisms by which MCs are activated during Shigella infection 

remain to be investigated.  

In addition to reinforcing that Shigella can elicit STING activation147, our 

experiments confirm the relationship between MC phenotype and responses to stimuli. In 

BMMCs, Cxcl10 gene induction was similar across cells infected with all three Shigella 

strains and appeared to be independent of bacterial entry. However, in PCMCs, Cxcl10 

expression was not upregulated in cells infected with the mxiD mutant, which lacks a 

functional T3SS for bacterial entry. This suggests that BMMCs may possess more diverse 

and/or higher levels of PRRs capable of detecting and responding to extracellular Shigella 

compared to PCMCs. Some candidate extracellular PRRs include TLR2 and TLR4 which 

can recognize lipoproteins and LPS from gram-negative bacteria167,168,268. A transcriptomic 

study has also shown that BMMCs have higher levels of TLR4 transcripts compared to 

PCMCs73. Another possibility is that BMMCs may have increased receptor sensitivity to 

activation. Since PCMCs are more skewed towards a connective-tissue phenotype, 

BMMCs may be a more suitable model for studying mucosal MC responses73.  

Moreover, the production of IL-6 and CCL2 suggests a pro-inflammatory role for 

MCs during Shigella infection. The recruitment of monocytes to the colonic mucosa via 

CCL2 contributes to crucial host defense against Shigella infection269,270. In the case of 

Klebsiella pneumoniae infection, MC-derived IL-6 has been implicated in enhancing 

neutrophil-mediated bacterial killing and promoting host survival271. Our findings may 

suggest a similar role for MCs in neutrophil recruitment and immune defense against 

Shigella infection. Given the central role of neutrophils in controlling Shigella, this 
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represents a potential avenue for further investigation into MC-neutrophil interactions 

during infection. 

Interestingly in human MCs, the upregulation of IFNB, IFIT1, and CXCL10 was 

similar across cells infected with all three bacterial strains, suggesting that type I IFN gene 

induction and downstream IFIT1 expression are not primarily dependent on STING or 

bacterial entry. This could be also attributed to TLR4 and subsequent TRIF signaling for 

type I IFN induction, a mechanism that has been described in other bacterial infections272.  

Mast cells have been shown to respond to other intracellular enteric bacterial 

pathogens, including Salmonella typhimurium, which shares similarities with Shigella. 

Notably, one study demonstrated that MCs regulate their cytokine production based on the 

nature of bacterial entry273. For example, non-invasive Salmonella infection triggered a 

TLR4-dependent cytokine response, while intracellular invasion induced a much more 

robust inflammatory reaction. This aligns with our findings, which demonstrated that MCs 

employ multiple mechanisms to respond to Shigella infection, depending on bacterial 

entry. Additionally, increased numbers of MCs were found in the cecal mucosa and 

submucosa of infected mice, in close proximity to the Salmonella, demonstrating 

interactions between them. 

In addition to Salmonella, MCs have been demonstrated to respond to other 

intracellular pathogens, such as Chlamydia trachomatis274, by upregulation of pro-

inflammatory cytokines and chemokines, including IL-1β, TNF, and CXCL8. These 

observations further support the concept that MCs play a critical sentinel role in acute 

inflammatory responses to intracellular bacterial infections. Interestingly, while Chlamydia 
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infected MCs, it did not replicate efficiently within these cells, suggesting that MCs may 

act as a barrier to bacterial propagation, thus limiting infection spread. 

During Listeria monocytogenes infection, MCs produced ROS, TNF, CCL2, and 

IL-6275. This cytokine response was found to be partially TLR2-dependent. Since the 

STING pathway has been implicated in the host response to Listeria via CDN detection, it 

warrants further exploration of the STING pathway in the context of MC function during 

other bacterial infections. 

Surprisingly, MCs were observed to survive following 18-hour Shigella infections. 

Mast cells did not exhibit cell death as analyzed with trypan blue staining. Of course, 

analyses of cell death and apoptotic processes should be conducted with greater sensitivity 

using techniques such as staining for Annexin V/7-AAD or with an FVD. However, this 

initial observation was interesting as other cell types are typically described as succumbing 

to Shigella infection quite rapidly. Dendritic cells that were infected with the same MOI 

we utilized (20) started exhibiting signs of cell death by the first hour of infection, with 

50% cytotoxicity after four hours276. This is even observed in non-immune cells, for 

example, HeLa cells begin significantly dying 8 hours post-infection with the same M90T 

strain277. One study established a human MC culture isolated from intestinal tissues and 

infected them with the M90T strain of Shigella and observed that infected MCs exhibited 

cell death after 6 hours of infection. However, the cells were infected with a high MOI of 

100. More notably, they found that MCs showed limited responsiveness to Shigella 

infection, as evidenced by minimal gene expression of CXCL8, TNF, and IL5278. It would 

be valuable to explore other cytokine responses in future studies. 
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4.2.3 The role of MCs and STING activation in ovarian cancer 

In our in vivo studies of ovarian cancer, we found that STING agonist therapy 

improved survival in the ID8 model in WT mice. This result recapitulates previous findings 

using the same agonist in the ID8-Trp53−/− model248. Treatment with ADU-S100 increased 

the activation of CD8+ T cells, as evidenced by elevated CD69 expression, similar to what 

we observed in our work. Additionally, they found that the STING agonist had synergistic 

effects with existing ovarian cancer treatments, such as carboplatin chemotherapy and PD-

1 immune checkpoint blockade, significantly improving survival in the ID8 model. STING 

agonist therapy has been described as particularly beneficial in ovarian cancer by 

counteracting the immunosuppressive TME. For instance, STING agonist treatment has 

been shown to re-program tumor-associated macrophages to overcome resistance to PARP 

inhibitors in both syngeneic and PDX models of ovarian cancer249. 

In the literature, MCs are found to accumulate around solid tumors where they exert 

contradictory roles. While their pro-tumorigenic properties are well-characterized, such as 

promoting angiogenesis and extracellular matrix degradation, their anti-tumorigenic 

functions remain less understood. The role of MCs in ovarian cancer is especially not well-

studied, with most existing research focusing on correlations between MC infiltration and 

prognosis. In our investigation, we found that resident MCs may be detrimental in ovarian 

cancer using the ID8 model, using two MC-deficient models. A possible mechanism of this 

is via the release of histamine from granules, which was found to induce proliferation of 

ovarian cancer cells by regulating estrogen receptor expression279. Conversely, Meyer et 

al. examined the role of MCs in the ID8 model and found that MCs suppress ovarian tumor 

growth. However, their study administered ID8 cells subcutaneously into the flank, which 
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resulted in localized tumor formation at the injection site rather than metastasis throughout 

the peritoneum like in our intraperitoneal model of engraftment254. Additionally, their 

findings were based solely on the Wsh MC-deficient model, which carries MC-

independent abnormalities due to its reliance on a KIT mutation, which will be discussed 

later.  

In clinical samples, MCs are found within and around ovarian cancer tumors253–255. 

Chan and colleagues observed that MC accumulation around ovarian cancer tumors with 

high vessel density is associated with improved survival in advanced stages (III-IV)255. 

Conversely, another study linked tumor-infiltrating MCs in the ovarian cancer stroma to 

an immunosuppressive microenvironment, which was associated with poorer prognosis in 

HGSC and reduced response to ICB therapy253. These conflicting findings suggest that the 

localization of MCs within the tumor microenvironment influences their contribution to 

disease progression. 

In addition to variations in MC localization in tumors, MCs exhibit plasticity in 

their phenotype, which has subsequent effects on their association with clinical outcomes. 

Within ovarian cancer tumors, it was reported that tryptase- and carboxypeptidase A3-

positive MCs post-chemotherapy were associated with poorer outcomes in HGSC. 

However, a higher proportion of tryptase-positive-only MCs demonstrated association with 

improved overall survival252. This concept was further supported by a pan-cancer single-

cell RNA sequencing analysis across 15 types of cancer, where MCs were classified into 

two subtypes based on low or high expression of TNF or VEGFA. TNF-positive MCs were 

linked to better prognosis, while VEGFA expression was associated with poorer 

outcomes280.  
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Mast cells are well implicated in tumor angiogenesis by releasing several pro-

angiogenic factors including tryptase, VEGF, and heparin281. Several studies have 

demonstrated that higher serum-tryptase and MC density are significantly correlated with 

microvascular density in cancer patients, implicating an involvement of MC tryptase in 

angiogenesis282–284. However, appropriate MC activation can mediate antitumor functions 

by direct tumor cell cytotoxicity285,286, secreting chemokines that mobilize anti-tumor 

immune effector cells to tumor sites51,60,287, and modulating immune effector cell responses 

through the release of cytokines or cellular interactions288,289. Overall, these findings 

support the potential idea of skewing the MC phenotype to promote the activation and 

production of specific mediators that favor anti-tumorigenic functions. 

Interestingly, our results demonstrated significantly improved survival in MC-

deficient mice compared to wild-type mice treated with the STING agonist regimen. 

However, since MC-deficient mice exhibit MC-independent abnormalities, baseline 

differences between the groups may have influenced these outcomes78. Therefore, the use 

of MC-reconstitutions is an essential technique to determine whether the observed effects 

are specifically due to the absence of MCs. Given that MCs are involved in several 

physiological processes, their absence throughout development can contribute to these 

baseline differences. Using models of inducible MC-deficiency would reduce these 

limitations78. Alternatively, this may suggest another contribution of MCs in impairing the 

efficacy of STING agonist therapy by exerting immunosuppressive effects on other cells 

that are responding to the agonis. For example, MC-derived IL-10 has been shown to 

promote pancreatic cancer progression and resistance to immunotherapy290. 
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4.3 CRITIQUES AND LIMITATIONS 

Some limitations in our in vivo ID8 studies may contribute to the unexpected 

survival differences observed in reconstituted HK mice compared to wild-type littermates. 

One limitation is that the experiment with reconstituted HKs was not conducted in parallel 

with the other mice, meaning that different ID8 cells were used for injections. Although 

we strived to use the same batch of frozen ID8 cells to initiate culture, variations in passage 

numbers and health of ID8 cells can influence cellular proliferation and migration, which 

may impact metastasis and survival in vivo291. Additionally, there may be differences in 

the distribution of reconstituted MCs within tissues following intraperitoneal injections, 

compared to their native localization in wild-type mice. Increasing evidence suggests that 

the micro-localization of MCs in tumors plays a significant role in their prognostic value. 

For example, intratumoral MCs are associated with improved outcomes in prostate cancer, 

whereas peritumoral MCs often exert pro-tumorigenic effects, such as promoting 

angiogenesis, which can lead to impaired survival292.  

We utilized two MC-deficient models, termed HK and Wsh, to study the effects of 

MCs in ovarian cancer. While these models provide valuable insights into the role of MCs 

in biological settings, each comes with limitations that must be considered. The Wsh model 

carries a KIT mutation, which is essential for other cell types, including hematopoietic stem 

cells, germ cells, and melanocytes78. As a result, defects in these populations could lead to 

confounding results that are not specific to MCs. Additionally, increased neutrophil 

populations in this model may facilitate cancer progression293. On the other hand, the HK 

model is characterized by a partial reduction in basophil numbers, incomplete MC-

deficiency across tissues (ranging from 92-100%), and mild anemia80. These are all 
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potential confounding variables, making it more challenging to accurately determine the 

specific role of MCs in ovarian cancer. These limitations reinforce the need for MC 

reconstitutions to assess the specificity of results to the role of MCs. If reconstitutions of 

MCs into MC-deficient recapitulate the WT phenotype, it reaffirms the effects are MC-

dependent. 

A general limitation to consider for both models is compensatory mechanisms in 

MC-deficient models. The absence of MCs during development may trigger compensatory 

activity by other immune cells, which would mask the role of MCs78. There are other MC-

deficient models that involve inducible depletion before or during experimental timelines 

to circumvent this issue78. Given these limitations, it is ideal to conduct experiments using 

more than one MC-deficiency model to assess whether the outcomes are consistent. 

However, due to limitations in available mouse numbers, we were unable to repeat all 

experiments in both the Wsh and HK models. 

4.4 CLINICAL IMPLICATIONS 

Current literature on MC-associated immunotherapies primarily focuses on 

counteracting their pro-tumorigenic features through population depletion or inhibition of 

degranulation. While MCs are often associated with promoting tumor progression, it may 

be worth exploring strategies that polarize their phenotype to limit cancer growth. 

Selectively activating MCs to produce anti-tumor mediators could be a strategy to boost 

anti-tumor responses. This approach could be accomplished with the use of agonists 

targeting MC receptors, a method that has been applied to MC TLR signaling and 

demonstrated therapeutic potential. MC TLR2 activation was shown to inhibit tumor 

growth of melanoma by promoting MC production of IL-6 and CCL3, leading to the 
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recruitment of NK and T cells60. Similar findings were observed with TLR4 activation of 

MCs resulting in more effective tumor control, which was mediated by MC-derived 

CXCL10 production to recruit tumor-infiltration lymphocytes51. 

STING agonists are being explored as adjuvants to improve the immunogenicity of 

vaccines against infections and cancer due to their ability to boost immune responses103,294. 

For example, combining STING agonists with live-attenuated or inactivated viral vaccines 

can potentially increase the strength the immune response. This could occur through 

several mechanisms, one of which is the IFN-mediated activation and maturation of DCs, 

which are crucial for initiating adaptive immunity. Luo et al. demonstrated enhanced 

antibody titers and T cell responses when cGAMP was utilized as an adjuvant for Influenza 

vaccination295. Since MCs are key players in the immune system’s initial defense, they may 

be instrumental in boosting responses to vaccines. Mast cells have been recognized for 

their role in mobilizing immune cells to sites of infection and to draining lymph nodes, 

including DCs, which are critical for antigen presentation and T cell priming. Because of 

this, compounds that activate MCs such as compound 48/80 have been investigated as 

vaccine adjuvants296. This has demonstrated enhanced humoral responses296 and further 

suggests that MCs may play a functional role in improving vaccine efficacy by facilitating 

immune cell recruitment and activation. Since MCs are implicated in the response to 

STING agonists, we could speculate they may play a functional role in IFN production and 

promoting more effective vaccination responses.  

STING activation is linked to autoimmunity and interferonopathies, where 

excessive activation of the pathway can drive chronic inflammation and is typically seen 

in autoimmune conditions such as rheumatoid arthritis96,297. This heightened immune 
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response is attributed to DNA accumulation or deficiencies in nuclease activity, resulting 

in excessive type I IFN production96. MCs play a critical role in detecting PAMPs, 

including DNA. However, in autoimmune diseases, MCs can become activated by 

endogenous DAMPs such as self-DNA or other signals derived from tissue injury. This 

activation can perpetuate chronic inflammation. In fact, MCs are described to contribute to 

chronic inflammation in autoimmune diseases by releasing pro-inflammatory mediators 

and promoting angiogenesis298. If the STING pathway becomes overly activated or 

dysregulated in MCs, it could lead to exaggerated inflammatory immune responses that 

may contribute to pathological inflammation and tissue damage of these diseases.  

Mast cells, being long-lived and capable of promoting inflammatory responses, can 

persist at sites of infection for extended periods and continuously secrete pro-inflammatory 

mediators299. A persistent activation of the STING pathway in MCs could contribute to a 

sustained, low-grade inflammatory environment, which may exacerbate chronic infections 

and prevent proper resolution of inflammation. For example, in chronic viral infections 

such as those caused by herpesviruses, intermittent STING activation in MCs could result 

in prolonged inflammation and tissue damage. Because MCs are involved in the regulation 

of other immune cells, the persistent activation of the STING pathway in MCs may also 

influence the broader immune response, leading to dysregulated immunity. This could 

hinder the resolution of infection and emphasizes the need for balanced activation of the 

STING pathway to induce effective immune responses with the prevention of excessive 

inflammation. 

Our work has demonstrated that activation of STING is one potential approach to 

stimulate MC production of anti-tumorigenic type I IFNs. Given that MCs are long-lived49, 
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radio-resistant300, and increased at tumor sites48, they are an intriguing target for 

manipulation for immunotherapy. Although our transduced MCs did not exhibit 

therapeutic efficacy, investigating other systems of targeted MC-mediated STING therapy 

remains a valuable avenue for future research. 

Additionally, our work with Shigella has highlighted the role of MCs as key players 

in infection. This is clinically relevant since MCs are present in all layers of the 

gastrointestinal tract, including in substantial density in the submucosa where Shigella 

enters after passing through M cells301. We also demonstrated that MCs promote a type I 

IFN response; however, whether this response is beneficial or detrimental in physiological 

settings remains to be explored. 

4.5 FUTURE RESEARCH DIRECTIONS 

4.5.1 Characterization of STING signaling in mast cells 

Although IFN-β protein was detected in the supernatant of BMMCs following 

treatment with the STING agonist, the levels were low to modest. The cells were cultured 

in media containing protease inhibitors, making degradation by MC-proteases less likely. 

Therefore, it is possible that MCs are taking up IFN-β in an autocrine fashion, which could 

explain the lower levels detected in the supernatant. To further investigate this, MCs should 

be pre-treated with an IFN receptor antagonist to block autocrine IFN signaling. If larger 

amounts of IFN-β are detected in the supernatant upon receptor blockade, it would suggest 

an autocrine mechanism in which MCs respond to STING activation, potentially reflecting 

a relevant process in physiological settings. This could also be investigated through 

intracellular cytokine staining to assess IFN and CXCL10 production by flow cytometry. 
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Although we have characterized some aspects of MC responses to STING 

activation, other facets of MC biology could be influenced by this pathway that remain to 

be explored. To gain a more comprehensive understanding, an unbiased approach such as 

RNA sequencing would be highly beneficial. By analyzing MCs treated with STING 

agonists, this method would allow for the identification of both known and novel pathways 

that may be modified, shedding light on how STING activation broadly alters MC gene 

expression. It could also reveal potential crosstalk between STING and other immune 

receptors. These comprehensive analyses will further our understanding of how STING 

contributes to immune function and disease. 

4.5.2 Unraveling the role of mast cells in Shigella infection 

To investigate the contribution of TLRs in Shigella infection, MC responses to the 

mxiD mutant could be evaluated following inhibition of TLRs or using MCs derived from 

different TLR KO mice. If pro-inflammatory cytokine and chemokine expression is 

dampened following inhibition or in the absence of specific TLR signal transduction, we 

would be able to identify the other PRRs involved during the MC response to infection. 

Additionally, MC survival during Shigella infection may be influenced by IFN-induced 

promotion of self-survival, as previously described in S. aureus infection124. Blocking type 

I IFN binding to the IFNAR would provide insight into the impact of IFN signaling on cell-

autonomous host defenses. Furthermore, it would be valuable to characterize the 

mechanisms by which MCs manage and eliminate intracellular infection, such as ROS 

production302. 

Another avenue for exploration includes studying the impact of MCs in Shigella 

infection using in vivo infection models. One challenge is the lack of murine models that 
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recapitulate the hallmarks of Shigella disease, as reviewed by Alphonse & Odendall303. 

Mice are typically resistant to gut colonization by Shigella by oral challenge, making it 

difficult to establish murine models303. More recently, mice deficient in the NAIP–NLRC4 

inflammasome have been shown to be highly susceptible to oral Shigella infection and 

recapitulate the clinical features of human disease including colonization and replication 

within intestinal epithelial cells304. Another model includes intraperitoneal infection which 

results in a more systemic infection but mimics clinical dysentery with severe tissue 

destruction and inflammation269.  

To assess the role of MCs, these models of Shigella infection model could be 

utilized to compare infection between MC-deficient and WT mice. Parameters to assess 

include the production of pro-inflammatory mediators, immune cell recruitment, tissue 

pathology, and infection resolution. Since MCs are involved in tissue remodeling and 

inflammation, it would be important to assess the extent of tissue damage by cross-

sectional hematoxylin and eosin histological analyses of colon tissue sections, in addition 

to gross pathology. Furthermore, infection resolution could be examined by quantifying 

bacterial burden within the large intestine and feces to evaluate the ability of MCs to restrict 

bacterial propagation. Lastly, cytokine and chemokine expression in the intestines should 

be quantified to assess the contribution of MCs to the immune response. To further 

elucidate the role of MC-specific STING activation in this process, BMMCs could be 

cultured from STING KO mice and then used to reconstitute MC-deficient mice305. 

Overall, these assessments would provide further comprehensive analysis into the role of 

MCs in Shigella infection.  
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4.5.3 Elucidating the role of mast cells in ovarian cancer 

Although the ID8 model was well-suited for our studies due to its relatively rapid 

time course and ability to represent metastatic ovarian cancer behavior, our findings 

regarding the effects of MCs may differ in other models of ovarian cancer. This is 

particularly relevant given the highly heterogeneous nature of ovarian cancer, which 

encompasses distinct genetic profiles and immune microenvironments306. To fully 

understand the role of MCs in ovarian cancer, it would be important to investigate their 

function in other cancer models, as these variables may influence MC activity and 

subsequent survival. Intrabursal ID8 injections could be used to recapitulate the 

mechanisms of ovarian cancer progression and dissemination from the ovaries231. 

Additionally, there are altered ID8 cell lines possessing relevant mutations to the varying 

histological subtypes of ovarian cancer including Trp53, Brca1, Pten, or Nf1307. Perhaps 

the most clinically relevant model to explore would be PDXs, as they retain the molecular 

and genomic properties of ovarian cancer tumors that would reflect the complex 

relationship between tumor heterogeneity and responses to therapy. Overall, these factors 

can exhibit differing responses to immunotherapies306. Therefore, utilization of additional 

models would be beneficial to achieve a more accurate assessment of MCs in ovarian 

cancer. 

We observed that the WT STING-transduced MCs did not improve survival in the 

ID8 ovarian cancer model. Although we successfully reconstituted MCs into MC-deficient 

mice, the functionality of these transduced cells may have been impaired within the ovarian 

cancer environment. It would be valuable to investigate the functionality of the STING-

transduced MCs throughout the course of the ID8 model. This could be achieved by 
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collecting peritoneal cells at various time points during the experiment, including the 

endpoint, and performing flow cytometric analysis. Using intracellular FACS, the 

proportion of phosphorylated STING-positive cells within the MC population could be 

assessed to confirm their activation following DOX induction. This approach may provide 

greater sensitivity compared to evaluating changes in gene expression of STING 

(Tmem173) in peritoneal cells, especially since MCs typically comprise only 1-5% of the 

peritoneal cell population71. 

To address the potential reasons behind the improved survival observed in MC 

reconstitutions within the ID8 model, further investigation into the localization and 

phenotype of the MCs is necessary. While BMMCs are generally known to phenotypically 

adapt to their environment, there are still concerns about whether reconstituted MC 

populations fully replicate the characteristics, distribution, and functional responses of 

native MCs in WT mice256. It would be crucial to assess the localization of MCs following 

reconstitution in comparison to their native tissue sites. Luciferase-expressing MCs could 

be tracked using IVIS to monitor their distribution post-reconstitution. Additionally, tissue 

sections from the peritoneum, including the peritoneal wall, could be stained with toluidine 

blue308 to evaluate the relative abundance of MCs in these tissues. Another factor to 

consider is the potential phenotypic differences between reconstituted and native MC 

populations, which could influence survival outcomes. To explore this, MCs should be 

isolated from the peritoneum of both WT and reconstituted mice for comparative profiling. 

Following peritoneal lavages, cells could be isolated and sorted using a cell sorter to obtain 

an enriched MC population for single-cell RNA sequencing to identify differentially 

expressed genes. Given that MCs are present in lower numbers in the peritoneum, pooling 
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samples from multiple mice may be required to obtain enough cells. These results would 

provide insight into the fundamental differences between the native and reconstituted MC 

populations and suggest potential factors contributing to the opposing results we observed 

in our model.  

Alternative mechanisms for targeted activation of STING in MCs could be explored 

beyond tetracycline-dependent overexpression. One potential approach, independent of 

genetic modification, involves using targeted agonists for specific cell types. This can be 

achieved through antibody-drug conjugates, where a STING agonist is linked to a 

monoclonal antibody that selectively targets a receptor on MCs. Similar strategies have 

been used to direct STING agonists specifically to tumor cells and exhibited reduced tumor 

growth309,310. This approach could minimize the risk of hyperinflammation associated with 

systemic STING agonist administration, as well as avoid potential complications from 

genetic modifications affecting other cellular processes. 

4.6 CONCLUDING REMARKS 

In summary, I have characterized the response of MCs to STING activation and its 

implications on immune responses. This work highlights the role of MCs as sentinel 

immune cells and their response to invading pathogens, which we have investigated in the 

specific context of Shigella infection. Furthermore, the production of type I IFNs by MCs 

via the STING pathway represents a novel avenue for further exploration in cancer 

immunotherapy. Taken together, these results provide evidence and establish a foundation 

for future research, emphasizing the potential of previously unexplored mechanisms in 

MCs in the context of infection and cancer. 
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Figure 37. Schematic summary of findings on mast cell STING activation and the   
implications on bacterial and tumor immunity. 
This illustration depicts how stimuli within bacterial infections and the tumor 
microenvironment, including bacterial or endogenous DNA, can stimulate STING 
activation in mast cells. Activation of STING within mast cells leads to the production of 
type I IFNs and pro-inflammatory mediators that can directly influence bacterial or tumor 
cell death, while also contributing to the recruitment and activation of other immune cells 
to enhance the overall immune response. Overall, this highlights a mechanism by which 
MCs can promote anti-bacterial and anti-tumor immunity. 
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