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The power of T cells to detect and eliminate cancers has long been appreciated. Immune checkpoint therapy, which harnesses patient tumor-reactive T cells, is now part of the standard of care treatment for multiple cancer types, providing another line of therapy for cancers that are resistant to chemotherapy (Twomey and Zhang AAPS J 2021). Unfortunately, only a small subset of patients responds to immune checkpoint therapy (Haslam, Gill, and Prasad JAMA Netw Open 2020). CD8 T cells specific for mutated proteins expressed by cancer cells can be found in many tumors; however, in most patients these tumor-specific T cells (TST) are dysfunctional and do not eliminate cancer cells (Philip and Schietinger Nat Rev Immunol 2021). Therefore, to improve immunotherapy efficacy, we need to determine how TST become dysfunctional.

CD8 T cells can recognize and respond to tumor antigens arising from the aberrant expression of non-mutated genes (self/shared-antigens (SSA)); these antigens may also be expressed on non-cancerous/normal cells (reviewed in (Schietinger, Philip, and Schreiber Semin Immunol 2008; Leko and Rosenberg Cancer Cell 2020)). In addition to SSA, cancer cells often express tumor-specific antigens (TSA) caused by mutations unique to the tumor and not expressed on normal tissue. T cell responses to SSA may differ in tumors versus normal tissue as SSA might be distinctly regulated or presented in cancer cells. ICB can unleash anti-tumor T cell responses but also initiate immune related adverse effects (IrAE), mediated by self-reactive T cells (Postow, Sidlow, and Hellmann N Engl J Med 2018; Johnson et al. Nat Rev Clin Oncol 2022).
TST dysfunction was long thought to arise late during carcinogenesis due to the immunosuppressive tumor microenvironment. Recent studies have demonstrated that TST rapidly differentiate to a dysfunctional state, long before the emergence of a pathologically defined tumor (Schietinger et al. Immunity 2016; Philip et al. Nature 2017). Bystander non-tumor specific T cells activated in the premalignant liver remain functional effector cells; thus, the tumor microenvironment is not the primary driver of TST dysfunction (Schietinger et al. Immunity 2016). Blocking TST expression of multiple inhibitory receptors (e.g. PD1, LAG3, 2B4) fails to prevent dysfunction (Scott et al. Nature 2019a). 

These observations suggest that TST dysfunction might be driven by signals from the transformed cells themselves. There is growing awareness that oncogenes not only promote cancer cell proliferation and survival but also have immunomodulatory effects. Currently, little is known about the early cell-intrinsic and cell-extrinsic immunomodulatory effects downstream of oncogene activation and their impact on TST differentiation.

Additionally, the rapid onset of dysfunction before a tumor microenvironment has been established leads to the question of whether these T cells are undergoing a tolerance program upon activation toward cognate antigen. The relationship of tolerance and dysfunction is not well known, except that the end result is T cell hypofunction. Thus, if there are different mechanisms and phenotypes associated with both states, there may be additional or alternative therapeutics required to reactivate T cell function in tumors. 

Thus, investigating how T cell responses to self and tumor antigens is a key aspect of deepening the current understanding of T cell biology and methods to harness the power of CD8 T cells to destroy cancer cells. This dissertation will primarily focus on the impact of oncogene activation on T cell responses, the characterization of a novel mouse liver model to study both self- and tumor-reactive T cell responses, and the identification of a novel subset of self-reactive T cells. 

[bookmark: _Toc136004277]Overview of CD8 T cell function and dysfunction
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CD8 T cells contain enormous power to protect the host from intracellular pathogens. The development of CD8 T cells begins in the bone marrow as hematopoietic cells that then migrate to the thymus for further maturation. T cell maturation stages are named for the expression of glycoproteins CD8 and CD4. The first stage is known as the double negative (DN) stage, where first the β chain of the TCR undergoes somatic DNA rearrangement followed by proliferation and DNA rearrangement of the α chain (Hwang et al. Exp Mol Med 2020). The rearrangement of the β and α chains occurs through a process known as V(D)J recombination. During formation of the β chain, segments of the V-gene, D-gene, and J-gene located within the beta gene locus are randomly chosen, and the intervening, non-chosen DNA segments form hairpin loops that are then ligated out of the locus (Russell et al. Elife 2022). The alpha chain is formed similarly at the TCR alpha locus, except without a D-gene segment (Russell et al. Elife 2022). Another T cell subset known as γδ T cells also form through V(D)J recombination at the gamma and delta locus (Legut, Cole, and Sewell Cell Mol Immunol 2015). γδ T cells are not the focus of this dissertation and constitute <5% of all T cells in humans, but they represent an important component of immunity that are still understudied (Fonseca et al. Cells 2020).  

Once the TCR chains are formed, T cells enter a double positive (DP) stage by expressing both CD4 and CD8 glycoproteins (Kumar, Connors, and Farber Immunity 2018). DP T cells are exposed to a variety of antigens by thymic epithelial cells expressing peptide on the major histocompatibility complex (MHC) as a peptide-MHC (pMHC) complex. DP cells that bind too strongly to self-antigen undergo negative selection via apoptosis to avoid self-reactivity (central tolerance, described below) (Xing and Hogquist Cold Spring Harb Perspect Biol 2012). Those that bind appropriately to foreign antigen undergo positive selection and further differentiate into mature T cells. After DP cells undergo this selection, they undergo MHC restriction where those that bind to MHC-I lose CD4 expression and retain CD8 while cells that bind MHC-II retain CD4 and lose CD8 expression (Kumar, Connors, and Farber Immunity 2018). 

These mature SP T cells must finally acquire the ability to egress from the thymus and enter the periphery to enact their cytotoxic capabilities upon antigen counter. Chemokine receptor expression as well as other surface markers denote cells in the final maturation stage. CCR4+CCR7-CCR9+ with CD69+CD62L- expression has been revealed as the expression pattern in newly generated SP cells (James, Jenkinson, and Anderson J Leukoc Biol 2018). SP T cells that have further matured to leave the thymus subsequently invert this expression pattern, becoming CCR4-CCR7+CCR9-CD69-CD62L+. Cells expressing this phenotypic second stage also express the sphingosine-1-phosphate receptor 1 (S1PR) (James, Jenkinson, and Anderson J Leukoc Biol 2018). Mature T cells use S1PR to follow an increasing gradient of sphingosine-1-phosphate (S1P), which is expressed by endothelial cells in blood vessels (Aoki et al. Mediators Inflamm 2016), to leave the thymus as a fully mature, naïve T cell.

Once in the periphery, T cells circulate through secondary lymphoid organs (SLO). Antigen presenting cells (APC), especially dendritic cells (DC), will enter SLO upon taking up an antigen and present antigen to T cells that migrate through the organ (Krummel, Bartumeus, and Gerard Nat Rev Immunol 2016). These T cells will scan the presented antigens, and if the TCR and the CD8 co-receptor binds to the pMHC complex, the T cell begins an activation signaling cascade to migrate and respond to its cognate antigen.  

Antigen recognition initiates a complex signaling cascade that activates the MAPK pathway and Ras/Erk signaling pathways (Courtney, Lo, and Weiss Trends Biochem Sci 2018). TCR signaling also causes calcium influx from stores in the endoplasmic reticulum (ER) and from outside the cell. Co-receptors such as CD28 recognize CD80/CD86 on APC or cytokines from helper CD4 T cells provide a secondary signal for CD8 T cell activation and initiates more signaling through mTOR and NF-κB pathways. These signaling pathways activate a variety of transcription factors such as NFAT (calcium signaling), Fos (calcium and MAPK signaling), Jun (MAPK), and NF-κB (Courtney, Lo, and Weiss Trends Biochem Sci 2018) (Fig 1.1). Each transcription factor plays a role in T cell differentiation to an effector state. 

[image: Graphical user interface, diagram

Description automatically generated with medium confidence]Once a T cell is activated, it utilizes multiple routes to lyse and kill its target cell. Perforin is released into the immunological synapse and forms a lytic pore in the target cell (Trapani and Smyth Nat Rev Immunol 2002; Voskoboinik, Whisstock, and Trapani Nat Rev Immunol 2015). Granzymes, also released into the synapse, enter the cell through these pores and activate apoptosis pathways by cleaving proteins at the same sites that activated caspases can cleave  (Voskoboinik, Whisstock, and Trapani Nat Rev Immunol 2015). Granzymes also cleave pro-caspases to induce caspase activity (Li et al. J Immunol 2014). The gold standard for assessing CD8 function is the release of effector cytokines IFNγ and TNFα upon stimulation with cognate antigen. IFNγ can induce apoptosis in target cells through a yet-undefined mechanism (Jorgovanovic et al. Biomark Res 2020), and also acts on T cells themselves to improve activation, differentiation, and proliferation (Bhat et al. Cell Death Dis 2017). IFNγ binding to the receptor IFNγR1 also stimulates increased expression of both MHC-I and MHC-II to enhance T cell recognition of target cells (Tau and Rothman Allergy 1999). TNFα binds to TNFα Receptor 1 (TNFR1), which includes a death domain that drives apoptosis upon activation (Schievella et al. J Biol Chem 1997). Thus, with a wide variety of routes to kill target cells, CD8 T cells represent a powerful arm of the adaptive immune system that can directly respond to both foreign and tumor antigens presented on MHC-I. Figure 1.1| Schematic of T cell receptor signaling. Activation signals from TCR upon pMHC encounter activates multiple downstream signaling pathways in T cells with (1) NFAT, (2) NF-κB, (3) MAPK and (4) mTOR pathways. These pathways lead to nuclear translocation of NFAT, NF-κB and AP1 transcription factors and IL-2 transcription. IL-2 binds to its receptor on the cell surface and initiates mTOR pathway. TCR activating signals induce the expression of Nlrp12 that consequently inhibits NF-κB and MAPK signaling pathways, which suppress IL-2 production.
Adapted from Gharagozloo et al. 2018 (Gharagozloo et al. Cells 2018), created in BioRender.


[bookmark: _Toc136004279]Tumor-specific CD8 T cell dysfunction 
Tumor specific CD8 T cells (TST) have an enormous power to detect and destroy transformed cells. However, despite being found in tumors, CD8 T cells fail to respond to and kill the cancerous cells. This loss of CD8 T cell function in tumors contributes to immune escape and allows for progression of disease. Recent studies on CD8 T cells’ role in tumors and chronic viral infections have begun to unravel T cell exhaustion and dysfunction mechanisms and differentiation states (Philip and Schietinger Nat Rev Immunol 2021). There is currently debate on the language regarding exhaustion versus dysfunction – this dissertation will define exhaustion as T cell nonfunction (i.e. the inability to produce effector cytokines IFNγ and TNFα upon restimulation) in the context of chronic viral infection while dysfunction will be defined as T cell nonfunction in tumor settings. 

T cell activation and trafficking in tumor-bearing hosts is different from activation when the host is infected by a pathogen/virus. Cancer cells can cause abnormal vascularization and can compromise vascular integrity, leading to compromised trafficking to the site of the tumor (Nagy et al. Br J Cancer 2009). In addition, cancer cells secrete a wide variety of chemokines that can prevent T cells from trafficking to the site of the tumor. Chemokine CXC ligand (CXCL) 9 and 10 are prominent chemokines involved in promoting T cell trafficking to the site of infection or tumor. VEGF secreted by cancer cells can prevent the induction of CXCL9 and CXCL10 (Huang et al. FASEB J 2015). Regulatory T cells (T regs) recruited to the tumor can secrete IL35, which prevents TST recruitment (Pylayeva-Gupta et al. Cancer Discov 2016). 

If TST do make it into an established tumor, they will encounter a tumor microenvironment filled with suppressive factors and immune suppressive cells such as T regs and myeloid derived suppressor cells (MDSC) (McLane, Abdel-Hakeem, and Wherry Annu Rev Immunol 2019) that are often upregulated or trafficked to the tumor by signaling provided by an oncogene (further explained in the following section). 

T cell inhibitory receptors, including PD1, CTLA4, LAG3, TIM3, 2B4, CD38, CD39, and CD101 (Philip et al. Nature 2017; Schietinger et al. Immunity 2016), are often found on TST. These receptors dampen T cell activation by blocking ligation or signaling of CD28, CTLA4 (Krummel and Allison J Exp Med 1995) and PD1 (Hui et al. Science 2017) respectively, or decreasing immediate TCR signaling via LAG3 (Guy et al. Nat Immunol 2022). The past decade has seen a major increase in the use of checkpoint blockade to stimulate nonfunctional T cells in tumors, especially using anti-CTLA-4 or anti-PD1/PDL1 antibodies to block T cell inhibitory receptors from inhibiting T cell activity (Twomey and Zhang AAPS J 2021). The popular thought regarding this mechanism of action has been that the blockade of these inhibitory signals can reinvigorate already exhausted or dysfunctional T cells (Lee et al. For Immunopathol Dis Therap 2015; Viramontes et al. Front Immunol 2022). However, recent studies have suggested that inhibitory blockade merely acts on naïve, still-functional T cells that have recently entered the tumor environment (Kurtulus et al. Immunity 2019; Sade-Feldman et al. Cell 2018), coinciding with the massive epigenetic changes seen in fixed, profoundly dysfunctional, antigen-experienced T cells. 

Studies on dysfunctional T cells by our group have shown that T cells rapidly undergo dysfunction within the first few hours to days of encountering cognate tumor antigen (Schietinger et al. Immunity 2016; Philip et al. Nature 2017). This dysfunction is characterized by massive epigenetic remodeling that is initially plastic and can be reversed by ICB, but between 7-14 days in the tumor, another wave of epigenetic remodeling occurs, setting T cells into a fixed, non-reversable state in which T cells remain in the tumor but without the ability to produce effector cytokines TNFα or IFNγ or granzyme and perforin (Philip et al. Nature 2017). 

It is likely that TCR signaling following recognition of a tumor antigen plays a role in driving T cell dysfunction, especially early in antigen encounter before the formation of a suppressive tumor microenvironment. Our group has shown that the initiation of dysfunctional states requires TCR signaling, and bystander T cells are still able to function, even though they have been exposed to the tumor environment (Schietinger et al. Immunity 2016; Mognol et al. Proc Natl Acad Sci U S A 2017). A study using subcutaneous tumors injected into MHC-I knockout mice showed that tumors can directly activate CD8 T cells, and their activation does not solely rely on APC in the spleen or other lymphoid tissues (Thompson et al. J Exp Med 2010). Thus, in pre-malignant lesions, it is possible that TST are undergoing a form of self-tolerance toward tumor antigen, explaining why we see such early T cell dysfunction despite the absence of an immunosuppressive environment.  

[bookmark: _Toc136004280]Self-specific CD8 T cells and tolerance
During T cell development, T cell receptors can arrange to recognize an enormous variety of both foreign antigens (expressed on pathogens) and self-antigens (expressed normally in the host’s tissues). These self-specific T cells, if allowed to leave the thymus as mature, functional T cells, have the potential to cause damage to tissues, known as autoimmunity. The first line of defense against self-reactive T cells is central tolerance, which occurs in the thymus during development. Peripheral tolerance acts as a second line of defense once a self-specific T cell has developed and enters circulation.

Central tolerance initiates when single positive (SP) T cells developing in the thymus begin to undergo testing of their newly arranged TCR (Kumar, Connors, and Farber Immunity 2018). Thymic epithelial cells (TEC) express a variety of self-antigens due to the autoimmune regulator (AIRE) transcription factor, and they present these self-antigens to developing T cells. If a T cell can bind MHC with a foreign or mutated peptide, it will pass positive selection by receiving survival signals; however, if a T cell binds both MHC and self-antigen presented on MHC, it will receive signals to undergo apoptosis to remove it from the T cell repertoire, a process known as negative selection (Xing and Hogquist Cold Spring Harb Perspect Biol 2012). T cells that successfully pass this testing selection migrate out of the thymus and enter circulation to secondary lymphoid organs as mature, naïve T cells (Xing and Hogquist Cold Spring Harb Perspect Biol 2012). 

Central tolerance only eliminates about 70% of self-reactive T cells, due to variations in TCR affinity as well as the incomplete presentation of every self-antigen in the body (ElTanbouly and Noelle Nat Rev Immunol 2020). Peripheral tolerance mechanisms curb self-specific T cell responses in mature T cells after egress from the thymus. Self-reactive T cells undergo peripheral tolerance in several forms. Ignorance occurs when the affinity of TCR to cognate pMHC is too low to initiate activation signaling, essentially keeping the T cell naïve (Mueller Nat Immunol 2010). Anergy is a state in which T cell becomes unresponsive in the periphery without the capacity to respond to cognate antigen and arises due to the lack of costimulation upon TCR activation, preventing the activation of the MAPK signaling pathway to fully activate effector responses (Macian et al. Cell 2002). Anergy is thought to be reversible; however, massive epigenetic remodeling does occur in this state, and several studies have shown anergic T cells cannot be permanently rescued (ElTanbouly and Noelle Nat Rev Immunol 2020; Schietinger et al. Science 2012). Finally, deletional tolerance causes the T cell to undergo apoptosis and remove it from the T cell repertoire (Redmond and Sherman Immunity 2005). Deletional tolerance is often mediated by the upregulation of pro-apoptotic Bcl-2 Interacting Mediator of cell death (BIM) (Mueller Nat Immunol 2010). The signals leading to anergy versus deletional tolerance are unclear but are thought to involve the balance between BIM and anti-apoptotic protein BCL-2 (ElTanbouly and Noelle Nat Rev Immunol 2020). It has been difficult to study deletional tolerance mechanisms due to the rapid death and clearance of T cells undergoing this program. 

While tolerance mechanisms are important for the prevention of autoimmunity, they also hinder immunotherapeutic efforts to activate T cells in the context of cancer. Cancers express both tumor neoantigens as well as self-antigens, leading to the prevention of self-reactive T cell activation. While it is important to reinvigorate T cells to fight cancer, scientists must also keep in mind the potential of activated T cells to cause immune released adverse effects (IrAE), in which activated self-reactive T cells cause autoimmune damage to healthy tissues. Thus, the development of T cell therapies that mitigate IrAE has been challenging. 

[bookmark: _Toc136004281]Liver mouse models of peripheral tolerance
Several different mouse models of liver self-antigen have been utilized to study self-reactive T cells, especially in the context of graph versus host disease (GVHD) or chronic viral liver infections. This dissertation focuses on the Albumin-GAG (Alb-GAG) model, and this section will discuss known observations in this model as well as other liver tolerance models. 

Alb-GAG mice contain the Friend murine leukemia virus (FMLuV) GAG antigen under the albumin promoter, expressing GAG as a liver-specific self-antigen expressed from birth. Previous work with the Alb-GAG model examined GAG-specific CD8 T cells (TCRGAG) that escaped central tolerance. The self-specific T cells  (TCRGAG/SST) in this model reacquire function when transferred into a lymphopenic host; however, they reestablish tolerance quickly and do not respond to acute Listeria infection (Schietinger A Science 2012). There is likely an epigenetic signature that keeps TCRGAG in a tolerized state. Another study has shown that tolerant TCRGAG can be stimulated by pMHC on hepatocytes without the need for Kupffer cells or other APC in the liver to cross-present GAG antigen (Morimoto et al. J Immunol 2007). Finally, TCRGAG crossed with P14 T cells, which are specific for the lymphocytic choriomeningitis virus antigen gp33, expressed both TCR types (dual TCR T cells) and displayed a nonfunctional tolerant phenotype and proximal TCR signaling defects only when stimulated by the GAG self-antigen, while stimulation with viral gp33 allowed for functional responses (Teague et al. Immunity 2008). Stimulation of dual TCR T cells with tolerizing GAG antigen followed by viral gp33 rescued T cell function, but only temporarily (Teague et al. Immunity 2008), indicating that some antigens may confer tolerogenic signals and that tolerance is imprinted and cannot be permanently reversed. 

Other models looking at T cell tolerance in the liver have shown that self-specific T cells were generated via cross-presentation in secondary lymphoid tissues but became hyporesponsive. One study found that the level of hepatocyte-expressed antigen is a dominant parameter in determining long-term CD8 T-cell functional outcome (Tay et al. Proc Natl Acad Sci U S A 2014). When primed by HBV protein-expressing hepatocytes, T cells proliferated but differentiated into a dysfunctional phenotype (Benechet et al. Nature 2019). Another study found that T cells activated in the liver undergo tolerance differentiation while those activated in the lymph nodes differentiate into functional effectors (Bowen et al. J Clin Invest 2004). However, T cells activated by HCV-expressing hepatocytes responded with proliferation and functional cytokines (Wuensch, Pierce, and Crispe J Immunol 2006). Thus, the hyporesponsiveness of liver-specific T cells can be influenced by antigen level or antigen presenting cell; however, what signals are needed or what parameter is dominant in this differentiation is unknown.  

[bookmark: _Toc136004282]ONCOGENE INFLUENCE ON THE IMMUNE SYSTEM
[bookmark: _Toc136004283]Overview
Over a century ago Peyton Rous identified that viruses could cause cancer (Rous J Exp Med 1911), and since then, seven human cancer-causing viruses have been identified: Epstein-Barr Virus (EBV), Human Papilloma Virus (HPV), Kaposi sarcoma-associated Herpesvirus (KSHV), Hepatitis B Virus (HBV), Hepatitis C Virus (HCV), Human T-lymphotropic Virus-1 (HTLV-1), and Merkel cell polyomavirus (MCPyV) (Krump and You Nat Rev Microbiol 2018). While many of these viruses are widely endemic in humans, relatively few infected individuals go on to develop cancer, indicating that other factors in addition to viral infection are required for cancer induction. Nevertheless, virus-associated cancers account for a significant fraction (13%) of the global cancer burden worldwide, particularly in the developing world (de Martel et al. Lancet Glob Health 2020). Viral oncoproteins such as the Simian Virus 40 (SV40) Large T Antigen (TAG) are also used in tumor models to understand oncogene functions and cancer progression. This dissertation utilizes the TAG oncoprotein as well as the viral GAG protein from the Friend murine leukemia virus (FMLuV); thus, it is important to consider the effects of both human cellular oncoproteins and viral oncoproteins in immune modulation. 

Initially, it was thought that viral oncoproteins served mainly to bypass cell cycle checkpoints such as p53 and pRB, driving host cell proliferation to facilitate viral genome replication and leading to eventual cancer in some cases (Gaglia and Munger Curr Opin Virol 2018). However, oncogenic viral replication and transmission does not require host cell transformation, evidenced by the fact that most people infected with oncogenic viruses do not develop virus-associated cancers (Pandey Virusdisease 2020). If oncogenic viruses do not need to cause cancer to replicate, the question arises why human tumor viruses encode viral oncogenes? Our growing knowledge of anti-viral immunology suggests an alternative explanation, elegantly put forward by Drs. Patrick Moore and Yuan Chang: viral oncogenes prevent innate immune-induced cell death or cell cycle arrest (Moore and Chang Nat Rev Cancer 2010).

The adaptive immune system is critical to control viral infection, including infection by oncogenic viruses, evidenced by the increased incidence of viral-associated cancers in immunocompromised individuals (Arroyo Muhr et al. Int J Cancer 2017). On first infection, T and B cells specific for a particular virus take several days to emerge, expand, eliminate infected cells, and neutralize virus; a subset of these virus-specific T and B cells differentiate into memory cells that can then respond more rapidly and robustly to viral re-challenge. The ability of adaptive cells to form memory has motivated efforts to develop vaccines against oncogenic viruses. Successful vaccines have been developed against HPV and HBV, significantly decreasing the incidence of HPV- and HBV-associated cancers (Stanley Philos Trans R Soc Lond B Biol Sci 2017).

It is becoming increasingly clear that TP53 coordinates responses to multiple cellular stresses, including viral infection (Rivas, Aaronson, and Munoz-Fontela Viruses 2010). Thus, viral oncoproteins, by inhibiting critical cell regulators such as p53 and pRB, may serve to prevent virus-trigged innate immune signaling and cell cycle arrest or apoptosis, allowing viral persistence and/or latency. It is long-term persistence that is crucial for viral replication. One hypothesis is that larger DNA viruses, which rely on high-fidelity cellular replication machinery, cannot use antigenic drift to evade immune responses but must rather become latent in hosts, re-activating periodically to allow infection of naïve hosts from generation to generation (Pandey Virusdisease 2020). Given that orthologs of TP53 exist in organisms in which cancers do not occur (Lu and Abrams Cell Death Differ 2006), TP53 likely initially evolved not primarily to prevent cancers, but to respond to cellular stresses such as viral infection (Munoz-Fontela et al. Nat Rev Immunol 2016; Rivas, Aaronson, and Munoz-Fontela Viruses 2010).

This section discusses several major pathways of viral and non-viral cancer immune evasion with the goal of using selected viral and cellular oncogenes to illustrate specific mechanisms and further describe the immune modulatory effects cancer cells and oncoproteins can exert. Similar to viral oncoproteins, several oncogenes mutated in non-viral cancers not only function to drive proliferation and cell survival but also enhance immune evasion. With the growing clinical use of cancer immunotherapies such as immune checkpoint blockade (ICB), understanding immune evasion strategies in both viral and non-viral cancers will provide important insights into immunotherapy resistance.

[bookmark: _Toc136004284][bookmark: _Hlk84408025]Preventing immune cell recruitment: oncogenes alter cytokine/chemokine production
Upon viral infection, infected cells and their surrounding cells release inflammatory cytokines and chemokines (Fig 1.2). Chemokines induce immune cell migration to sites of infection, while cytokines regulate immune cell differentiation and activity. Thus, viruses have evolved several mechanisms to alter cytokine/chemokine production to evade both the innate and adaptive immune response.

[image: Diagram

Description automatically generated]Kaposi’s sarcoma-associated herpesvirus (KSHV) is primarily known for causing Kaposi Sarcoma but also causes primary effusion lymphoma and multicentric Castleman’s disease, both B-cell malignancies (Schneider and Dittmer Am J Clin Dermatol 2017). Transmission occurs primarily through repeated exchange of [image: Diagram

Description automatically generated]saliva or sexual contact. KSHV-associated malignancies are most frequently observed in patients infected with human immunodeficiency virus (HIV) and patients on immunosuppression after organ transplant, indicating that KSHV transformation is prevented by the immune system. The KSHV protein Kaposin B promotes pro-tumorigenic angiogenesis by partnering with MYC to inhibit expression of anti-angiogenic miRNAs (Chang et al. BMC Syst Biol 2016). In addition, Kaposin B activates the kinase MK2, which phosphorylates and deactivates AU-rich-binding proteins that normally degrade cytokine mRNAs such as granulocyte-macrophage colony-stimulating factor (GM-CSF) (McCormick and Ganem Science 2005) (Fig 1.2C). GM-CSF attracts myeloid-derived suppressor cells (MDSC), which in turn induces T cell dysfunction/exhaustion through engagement of inhibitory receptors (described below) and production of inhibitory cytokines such as transforming growth factor-β (TGFβ) (Pylayeva-Gupta et al. Cancer Cell 2012).  TGFβ inhibits proliferation of activated B cells, prevents T cell function through inhibition of both IL-2-induced proliferation and production of cytotoxic molecule perforin, and promotes regulatory T cell differentiation, which further suppress effector T cell function (Li et al. Annu Rev Immunol 2006). Figure 1.2| Viral and cellular oncoproteins modulate cytokine production to change the immune landscape.  A) HPV E2 upregulates IL-10 to inhibit DCs and macrophages. B) E7 upregulates TGF-β to inhibit B cells and effector T cells and promote regulatory T cell infiltration. C) KSHV Kaposin B activates MK2, which inhibits proteins that promote the degradation of cytokine RNAs such as GM-CSF that recruits MDSC. D) β-catenin upregulates ATF3 that acts as a negative regulator for CCL4. E) MYC upregulates both CCL9 and IL-23, cytokines that inhibit T cells and NK cells. F) KRAS promotes GM-CSF production. G) Oncogene-induced senescence (OIS) induces the upregulation of IL-6 or IL-8, which promotes SASP. (Reviewed in Roetman et al 2022 Oncogene).
 


The HPV E2 protein is expressed early during HPV infection. E2 binds to E2-binding sites to drive transcription of viral genes and as well as several cellular genes. E2 transactivates expression of interleukin-10 (IL-10), an anti-inflammatory cytokine that can suppress the function of both macrophages and dendritic cells (Couper, Blount, and Riley J Immunol 2008; Bermudez-Morales et al. Mol Med Rep 2011) (Fig 1.2A). E6 and E7 have also been shown to upregulate TGFβ expression (Alcocer-Gonzalez et al. Viral Immunol 2006) (Fig 1.2B). 

In non-viral cancers, oncogenes have also been shown to alter cellular cytokine production. EPHA2 works through the SMAD4/TGFβ signaling pathway to exert immune inhibitory effects in the tumor microenvironment. In a model of pancreatic ductal adenocarcinoma, expression of EPHA2 and SMAD4 increases the expression of TGFβ as well as Ptgs2, encoding COX-2, which increases the levels of PGE2, a proinflammatory prostaglandin. TGFβ and Ptgs2 in turn act as a positive regulator for EPHA2 and SMAD4 expression, further driving PGE2 expression and inhibiting T cell response in the tumor microenvironment (Markosyan et al. J Clin Invest 2019). 
 
β-catenin plays a dual role in driving proliferation and immune evasion. Increased β-catenin in human melanomas correlates with a decrease in tumor-infiltrating T cells, and activated β-catenin in a mouse model of melanoma induces expression of the transcriptional repressor ATF3 (Spranger, Bao, and Gajewski Nature 2015). ATF3 suppresses chemokine (C-C motif) ligand 4 (CCL4) expression, a cytokine that recruits dendritic cells (DC) and is required for T cell infiltration and elimination of melanomas (Spranger, Bao, and Gajewski Nature 2015) (Fig 1.2D). 

In a KRASG12D-driven model of lung adenocarcinoma, MYC activation drives expression of CCL9, a chemokine that recruits macrophages and plays a role in programmed death ligand-1 (PD-L1) upregulation (Kortlever et al. Cell 2017). In the same model, co-expression of KRAS and MYC upregulated interleukin-23 (IL-23), which suppresses innate immune cells such as natural killer (NK) cells and reduces CTL infiltration (Kortlever et al. Cell 2017; Langowski et al. Nature 2006) (Fig 1.2E). In pancreatic ductal epithelial cells, KRASG12D drives production of GM-CSF (Pylayeva-Gupta et al. Cancer Cell 2012) (Fig 1.2F).

A critical determinant of immune cell recruitment to tumors is the manner in which cancer cells die and release antigens. Cells undergoing immunogenic cell death (ICD) release potent immune-stimulatory factors such as DAMPs and antigens, which can robustly activate the adaptive immune response (Galluzzi et al. J Immunother Cancer 2020). On the other side of the spectrum is tolerogenic cell death, which prevents dying cells from eliciting an unwanted immune response (i.e. autoimmunity or organ-damaging inflammation in an immune-privileged site). Early on, the main recognized forms of cell death were apoptosis, considered a form of tolerogenic cell death, and necrosis, an ICD mechanism, but since then many other cell death pathways have been described (Galluzzi et al. Cell Death Differ 2018).  For further discussion of immunogenic and tolerogenic cell death, see (Green et al. Nat Rev Immunol 2009).

Given that ICD is a powerful activator of immune responses, it is perhaps not surprising that oncogenes have been found to inhibit ICD. Anaplastic lymphoma kinase (ALK) is one such oncogene (Wang et al. Genes Dis 2018), and ALK promotes survival and proliferation of anaplastic large cell lymphoma (ALCL) by signaling through several major downstream pathways, including phosphatidylinositol 3-kinase (PI3K), extracellular signal-regulated kinase (ERK), and signal transducer and activator of transcription (STAT) pathways (Petrazzuolo et al. Cell Death Dis 2021). In a mouse model of ALCL, inhibition of ALK induces ICD, and pharmacologic inhibition of downstream ALK pathways, particularly PI3K, also induces ICD (Petrazzuolo et al. Cell Death Dis 2021). 

[bookmark: _Hlk85699983]While ICD is an inflammatory cell death, oncogene-induced senescence (OIS) prevents death of cells harboring oncogenic mutations through cell cycle arrest. OIS can induce IL-6 and IL-8 production, cytokine components of the senescence-associated secretory phenotype (SASP). SASP can be anti-tumorigenic through anti-tumor immune cell recruitment or pro-tumorigenic through promotion of inflammation-driven carcinogenesis (Eggert et al. Cancer Cell 2016). In a model of radiation-induced tumorigenesis, IL-6 promoted NKT cell infiltration and inflammation, and IL-6 knockout mice had accelerated development of osteosarcoma (Kansara et al. J Clin Invest 2013). In a hepatocellular carcinoma model driven by NRASG12V, NOTCH1 drove malignant hepatocytes to secrete TGFβ, suppressing the SASP response and causing decreased T cell recruitment and proliferation (Hoare et al. Nat Cell Biol 2016). In contrast, mice with Pten-/- prostate cancer exhibited constitutively active JAK2/STAT3 signaling and upregulated SASP, leading to MDSC recruitment and decreased T cell infiltration (Toso et al. Cell Reports 2014) (Fig 1.2G). Clearly, the impact of SASP on cancer development is complex and context dependent, and further studies using different in vitro and in vivo models of oncogene activation are needed to dissect the cell-intrinsic and cell-extrinsic impact of SASP on cancer development and immune responses. 

[bookmark: _Toc136004285]Evading adaptive immunity: oncogenes inhibit MHC Class I antigen presentation
While the innate immune system provides the first line of defense for both oncogenic viral infection and cancer induction, adaptive immune cells subsequently mount antigen-specific responses and form long-lasting memory immunity. Thus, both viral and cellular cancers have evolved mechanisms to avoid the activation of the adaptive immune response. 

Cytotoxic CD8 T lymphocytes (CTL) recognize and kill virally infected cells through recognition of viral peptides presented on major histocompatibility complex class I (MHC-I), found on all nucleated cells. Oncogenic viruses frequently evade CTL responses through MHC-I downregulation. Viral proteins in the cytosol are processed by proteasomes to generate short peptides that are then transported into the endoplasmic reticulum by the transporter associated with antigen processing (TAP; Fig 1.3). These viral peptides are loaded onto MHC-I, and the peptide/MHC-I (pMHC-I) complex is transported to the plasma membrane for presentation to T cells. CTL with T cell receptors specific for the viral pMHC-I become activated, proliferate, and directly lyse infected cells and secrete cytotoxic cytokines (Hansen and Bouvier Nat Rev Immunol 2009). 

Epstein-Barr Virus (EBV), the first human oncogenic virus discovered in 1964, is a large DNA herpesvirus that is nearly ubiquitous in humans (Young, Yap, and Murray Nat Rev Cancer 2016). EBV is transmitted through contact with bodily fluids and infects both epithelial and lymphoid cells, establishing latency most commonly in B cells. While EBV infection is generally asymptomatic, it has been linked to epithelial and lymphoid cancers, including gastric cancer, nasopharyngeal cancer, Burkitt lymphoma, and Hodgkin lymphoma, with these 4 cancer types responsible for about 17% of global cancer deaths each year  (Khan et al. BMJ Open 2020). EBV undergoes several different latent stages as well as a lytic phase in which it actively replicates and packages its genome into virions to infect other cells (Tsurumi, Fujita, and Kudoh Rev Med Virol 2005). Because actively replicating EBV results in host cell lysis, EBV-driven malignancies mainly occur in latently-infected cells (Paulsen et al. J Virol 2005).Figure 1.3| Viral and cellular oncoproteins inhibit MHC class I and antigen processing/presentation. A) EBV BNFL2a binds to TAP and inhibits the transport of peptides into the ER. B) EBV BILF1 promotes the degradation of surface MHC-I and can also prevent MHC-I from reaching the cell surface. C) Mutated BRAF can promote degradation of surface MHC-I. Non-viral cancers D) exhibit methylation of the promoter of TAP to prevent expression, E) LOH of β2-microglobulin (β2M), and F) downregulate NF-kB to lower the expression of MHC-I. (Reviewed in Roetman et al 2022 Oncogene).
 


The presentation of viral peptides on MHC-I is a critical signal to the adaptive immune system as to whether a cell is healthy or has been virally infected. Melanoma cells were transduced to express the EBV protein BamHI-N leftward frame 2a (BNLF2a) (Strong et al. J Virol 2015), resulting in T cells failing to recognize and lyse BNLF2a-expressing cells (Hislop et al. J Exp Med 2007). BNLF2a’s cytosolic domain associates with TAP to inhibit ATP and peptide binding and prevent viral peptide transport into the ER (Strong et al. J Virol 2015; Hislop et al. J Exp Med 2007) (Fig 1.3A). 

Even during EBV infection stages when BNLF2a is not expressed, T cell recognition of EBV-infected cells is poor, indicating that other proteins may be involved in immune evasion during EBV infection (Croft et al. PLoS Pathog 2009). BILF1, an EBV lytic phase protein, functions as a constitutively-active G-protein coupled receptor (GPCR) and oncogene (Paulsen et al. J Virol 2005). Independent of its GPCR activity, BILF1 associates with MHC-I molecules at the cell surface and rapidly enhances MHC-I internalization and degradation (Zuo et al. PLoS Pathog 2009). In addition, BILF1 can divert MHC-I molecules from being transported to the plasma membrane, further inhibiting viral peptide presentation on MHC-I to T cells (Zuo et al. J Virol 2011) (Fig 1.3B). Thus, the lack of viral peptides on MHC-I prevents CD8 T cells from recognizing the EBV-infected cell.

Many non-viral cancers also employ the strategy of downregulating MHC-I presentation of neoepitopes generated from mutated proteins. An estimated 40-90% of human tumors present with MHC-I downregulation (Cornel, Mimpen, and Nierkens Cancers (Basel) 2020). BRAF, a serine/threonine protein kinase, is mutated in 50% of melanoma patients and induces downstream mitogen-activated protein kinase (MAPK) signaling to activate the cell cycle. More recent studies have shown that BRAFV600E has a secondary function: driving internalization and sequestration of MHC-I into endocytic compartments (Bradley et al. Cancer Immunol Res 2015) (Fig 1.3C). Treatment with the BRAF inhibitor vemurafenib increased MHC-I expression on the cell surface and led to increased T cell recognition (Bradley et al. Cancer Immunol Res 2015; Sapkota, Hill, and Pollack Oncoimmunology 2013). Expression of the breast cancer oncoprotein HER2, an upstream receptor in the MAPK pathway, is inversely correlated with MHC-I expression (Inoue et al. Oncoimmunology 2012). While the mechanism of HER2 and BRAFV600E internalization of MHC-I is not yet known, a screening study showed that other components of the MAPK pathway, namely MAP kinase/ERK kinase 1 (MEK1) and epithelial growth factor receptor (EGFR), negatively regulate MHC-I expression in a mesothelioma cell line (Brea et al. Cancer Immunol Res 2016). 

Non-viral cancer cells can also block T cell pMHC-I recognition by interfering with peptide processing and presentation. A subset of primary triple-negative breast cancer cells exhibits TAP downregulation along with MHC-I downregulation, and this phenotype is strongly associated with poor clinical outcome (Pedersen et al. Oncoimmunology 2017). In addition, some cervical cancers exhibit promoter methylation and downregulated expression of multiple genes encoding antigen presentation proteins, including TAP (Hasim et al. PLoS ONE 2012) (Fig 1.3D). The inflammation-induced transcription factor NF-κB directly binds to the HLA gene promoters (encoding MHC-I in humans) to induce MHC-I expression (Forloni et al. Cancer Res 2010). In neuroblastoma tumors, downregulation of the NF-κB subunit p65 occurs frequently, reducing MHC-I expression (Forloni et al. Cancer Res 2010) (Fig 1.3E). Patients with metastatic melanoma often undergo loss of heterozygosity (LOH) in the locus encoding β2-microglobulin (B2M). β2-microglobulin is an essential subunit of MHC-I molecule; therefore, loss of β2-microglobulin prevents pMHC-I complex formation (del Campo et al. Int J Cancer 2014) (Fig 1.3F). 

Studies have also uncovered MHC-I downregulation as a common response in ICB resistance. Metastatic melanoma patients with B2M LOH had reduced response to ICB and worse overall survival (Sade-Feldman et al. Nat Commun 2017). Additionally, B2M LOH was found in lung tumor samples from patients that had acquired resistance to checkpoint immunotherapies (Gettinger et al. Cancer Discov 2017). Thus, more research into the restoration of MHC-I is needed to boost the immune response and for effective ICB treatment. 

[bookmark: _Toc136004286]Dampening T cell responses: oncogenes upregulate checkpoint molecules 
[bookmark: _Hlk85700880][bookmark: _Hlk85700979][bookmark: _Hlk85701241][bookmark: _Hlk85701275]Immune checkpoint molecules, such as programmed death-1 (PD-1) and cytotoxic T-lymphocyte associated protein 4 (CTLA-4), are expressed on T lymphocytes and other immune cells and negatively regulate TCR and immune receptor-driven signaling. As mentioned above, inhibitory receptors are a hallmark of T cell dysfunction/exhaustion. Inhibitory ligands such as PD-L1 are expressed on immunosuppressive cells, including regulatory T cells as well as on non-immune tissues in response to inflammatory cytokines such as interferon gamma (IFNγ) (Mandai et al. Clin Cancer Res 2016). Immune checkpoints are an essential dampening mechanism that prevent autoimmune disease or excessive immunopathology during chronic viral inflammation (Havel, Chowell, and Chan Nat Rev Cancer 2019). However, these inhibitory mechanisms can prevent effective anti-cancer immune responses, prompting intense interest in immune checkpoint blockade (ICB) therapy (reviewed in (Havel, Chowell, and Chan Nat Rev Cancer 2019)).

Patients with chronic HBV infection have been shown to have higher percentages of PD-1+ T cells in peripheral blood, and infected cells have lower levels of CD274 (encoding PD-L1) methylation (Jiao et al. J Gene Med 2020). There is evidence that a higher EBV load correlates with an increase in PD-L1 expression in gastric carcinomas and non-small cell lung cancer (Nakayama et al. PLoS ONE 2019; Sugiyama et al. Sci Immunol 2020). One of the first proteins expressed in EBV infection is Epstein-Barr virus nuclear antigen 2 (EBNA2), which is capable of immortalizing B cells (Zimber-Strobl et al. Curr Top Microbiol Immunol 1999). In Burkitt lymphoma cells, EBNA2 forms a complex with Early B-cell Factor 1 (EBF1), a transcription factor important in B cell signal transduction and differentiation (Anastasiadou et al. Leukemia 2019). The EBNA2-EBF1 complex binds to the microRNA mir-34a promoter and downregulates its expression. miR-34a binds to the 3’UTR of the CD274 mRNA, preventing PD-L1 translation (Wang et al. Cell Signal 2015). Thus, EBNA2 inhibition of miR-34a leads to high PD-L1 expression and T cell inhibition (Anastasiadou et al. Leukemia 2019) (Fig 1.4A). 

Non-viral cancers make use of several mechanisms to upregulate PD-L1. An inverse correlation between miR-34a and PD-L1 expression has been found in Acute Myeloid Leukemia (AML), and downregulation of miR-34a is associated with poor clinical outcomes (Wang et al. Cell Signal 2015). The highest response rate to PD-1/PD-L1 ICB occurs in patients with Hodgkin Lymphoma (HL) (Ansell et al. N Engl J Med 2015). HL cases often have a copy number gain of chromosome 9p, containing CD274 (Roemer et al. J Clin Oncol 2016; Green et al. Blood 2010), which leads to increased PD-L1 expression (Fig 1.4B). The gene encoding Janus kinase 2 (JAK2) is also located on 9p, and increased JAK2 signaling was shown to drive further upregulation of PD-L1 (Green et al. Blood 2010). Additionally, dysregulation of other pathways such as κB (NF-κB), JAK/STAT, and PI3K may also contribute to the upregulation of inhibitory molecules (Wienand et al. Blood Adv 2019) within malignant cells. 

Several oncogenes have been shown to regulate PD-L1 expression. Lung cancers with mutated EGFR exhibit increased PD-L1 as compared to EGFR wild-type lung cancers. EGFR inhibition abrogated the increased PD-L1, indicating that mutant EGFR signals through a yet-unknown mechanism to contribute to the immunosuppressive environment of lung cancer, in addition to its role in driving growth and proliferation (Akbay et al. Cancer Discov 2013). Oncogenic MYC can bind directly to the CD274 promoter to drive PD-L1 expression in T cell acute lymphoblastic leukemia (T-ALL; Fig 1.4C). MYC inhibition in T-ALL cells lowered PD-L1 expression and improved T cell responses against these cancers (Casey et al. Science 2016). FGFR amplification or mutation in colorectal cancer causes downstream proliferation and transformation through the activation of the MAPK and PI3K pathways. In addition, FGFR signals through the JAK/STAT pathway, which causes upregulation of PD-L1 expression (Li et al. J Immunol 2019).  

Analyses of lung and colon adenocarcinomas in TCGA suggest an association between RAS activation and PD-L1 upregulation (Coelho et al. Immunity 2017). Studies in a human epithelial cell model with inducible RASG12V expression showed that RAS regulates PD-L1 expression through tristetraprolin (TTP), an RNA-binding protein that binds to AU-rich elements. PD-L1 mRNA contains AU-rich regions, and TTP binding causes degradation of PD-L1 mRNA. However, aberrant RAS signaling activates the kinase MAPK-activated protein kinase 2 (MK2), which directly phosphorylates and inhibits TTP, stabilizing PD-L1 mRNA, increasing PD-L1 expression, and inhibiting T cell responses (Coelho et al. Immunity 2017) (Fig 1.4D).

Clinically, ICB has been a substantial advancement in cancer treatment. However, primary non-responsiveness to ICB therapies as well as secondary resistance (reviewed in (Schoenfeld and Hellmann Cancer Cell 2020)) in patients who initially respond remains a significant clinical obstacle. We are just beginning to understand the mechanisms for ICB treatment failures, paving a clear direction for future research. By studying mechanisms of resistance in both viral and non-viral cancers, we can develop strategies to make ICB therapy effective in more patients.Figure 1.4| Viral and cellular oncoproteins upregulate checkpoint molecules such as PD-L1. A) EBV EBNA2 stabilizes PD-L1 mRNA by forming a complex with EBF1 to downregulation miR-34a, a microRNA that promotes the degradation of PD-L1 mRNA. Some non-viral cancers have B) copy number gains in the PD-L1 gene. C) Oncogenic MYC drives upregulation of PD-L1. D) Mutated RAS activates MK2, which promotes the phosphorylation of TTP to inhibit the degradation of PD-L1 mRNA. (Reviewed in Roetman et al 2022 Oncogene).
 
 


[bookmark: _Toc136004287]Clinical therapeutics: oncoprotein inhibitors enhance the immune response 
While the effects of oncoproteins on the immune system described above prevent efficient activation of the immune system, therapeutic oncoprotein inhibition can not only lead to slowed cancer cell growth and death but can boost immune responses by bypassing or counteracting the oncogene-induced immune evasion strategies discussed above.

Inhibitors of cell surface growth factor receptors have been part of cancer therapy for well over a decade.  For example, lapatinib inhibits both EGFR and HER2 intracellular tyrosine kinase domains. This inhibition prevents downstream signaling while also preventing the ubiquitination and downregulation and HER2. The accumulation of HER2 promotes antibody-dependent cellular cytotoxicity, which increases cancer cell lysis, typically by NK cells. Lapatinib also promotes infiltration of T cells and their subsequent production of IFNγ through a STAT1-dependent expression of T-cell chemotactic cytokines, including CXCL9, CXCL10, and CXCL11 (Griguolo et al. J Immunother Cancer 2019; Hannesdottir et al. Eur J Immunol 2013). 

CDK4/6 inhibitors used to treat breast cancers have been shown in both mice and humans to recruit T cells to otherwise immunologically cold tumors. Inhibitors palbociclib, ribociclib, and abemaciclib all enhance the production of CCL5, CXCL9, and CXCL10, cytokines that attract T cells (Uzhachenko et al. Cell Rep 2021). When treated with only CDK4 or CDK6 inhibitors, this effect was abrogated, suggesting that both cyclins need to be inhibited to produce these cytokines. Patients with these cytokines present have also shown better prognoses than those without (Uzhachenko et al. Cell Rep 2021). Further improving our understanding of how oncogenes alter immune responses will allow clinicians and researchers to design synergistic combinations of oncogene-targeted therapies and immunomodulatory agents. 

[bookmark: _Hlk85701519]The study of oncogenic viruses historically provided many valuable insights and paved the way for our understanding of cellular oncogenes and tumor suppressor genes. In 2000, Hanahan and Weinberg described six hallmark pathways altered in cells that lead to carcinogenesis, including many pathways first identified through the study of viral oncogenes such as evading apoptosis and growth factor-independent proliferation. In the years since then, the critical role of the immune system in carcinogenesis has become clear, and in 2011, Hanahan and Weinberg added a new hallmark pathway: evasion of the immune system (Hanahan and Weinberg Cell 2011). As we have learned more about how oncogenes alter key hallmark pathways in cells to cause cancer, it has become clear that oncogenes can impact several pathways at once. 

	Oncogene
	Role in Immune Evasion
	References

	ALK
	Inhibits immunogenic cell death 
	(Wang et al. Genes Dis 2018; Petrazzuolo et al. Cell Death Dis 2021)

	β-catenin
	Represses the expression of CCL4, which recruits DCs and T cells
	(Spranger, Bao, and Gajewski Nature 2015)

	BRAF
	Drives internalization and sequestration of MHC-I
	(Bradley et al. Cancer Immunol Res 2015; Sapkota, Hill, and Pollack Oncoimmunology 2013)

	EGFR
	Contributes to increased PD-L1 expression
	(Brea et al. Cancer Immunol Res 2016; Akbay et al. Cancer Discov 2013)

	EPHA2
	Increases TGFB signaling and COX-2 expression, causing increased proinflammatory PGE2 
	(Markosyan et al. J Clin Invest 2019)

	FGFR
	Drives PD-L1 expression 
	(Li et al. J Immunol 2019)

	HER2
	Binds to STING to prevent immune sensing
Internalization of MHC-I
	(Moasser Oncogene 2007; Wu et al. Nat Cell Biol 2019; Inoue et al. Oncoimmunology 2012)

	MYC
	Induces expression of CCL9 to recruited macrophages
Acts with KRAS to upregulate IL-23 to suppress innate immune cells and reduce CTL infiltration
Drives PD-L1 expression
Inhibits immunogenic cell death
	(Kortlever et al. Cell 2017; Langowski et al. Nature 2006; Chang et al. BMC Syst Biol 2016; Casey et al. Science 2016)

	NOTCH
	Suppresses SASP, causing decreased T cell recruitment
	(Hoare et al. Nat Cell Biol 2016)

	RAS
	Drives OIS and SASP expression
	(Pylayeva-Gupta et al. Cancer Cell 2012; Kortlever et al. Cell 2017; Langowski et al. Nature 2006; Coelho et al. Immunity 2017)

	SMAD4
	Drives TGFB signaling, which inhibits adaptive immune response 
	(Markosyan et al. J Clin Invest 2019)


Table 1. Role of cellular oncogenes in immune evasion.





[bookmark: _Toc136004288][bookmark: _Hlk85701592]Summary and study design
Tumor-specific CD8 T cell dysfunction has been well-characterized through analyses of protein and RNA expression as well as epigenic landscapes. However, analyses of self-specific T cells recognizing antigens overexpressed by tumors but also shared as normal, “self” antigen in other parts of the body are not well understood in the tumor context. This dissertation will present findings that will address some of the current gaps in knowledge pertaining to CD8 T cell dysfunction/exhaustion, with particular focus on persistence of self-specific T cells recognizing self-antigen on oncogene-transformed hepatocytes. To accomplish this work, a novel mouse model combining liver tumor neoantigen expression with liver self-antigen expression was created. Chapter II will detail the research methods used. 

Tumors express both tumor-specific antigens (TSA) and self/shared-antigen antigens (SSA). It is unknown whether T cells that respond to these antigens undergo the same signals to become functionally unresponsive. Chapter III will highlight the creation of liver ductal organoids and attempts to differentiate stem cells in liver ducts into hepatocytes to create a liver cancer organoid model that could be used to dissect direct interactions of oncogenic neoantigens on CD8 T cell differentiation. Chapter IV will discuss the characterization of self- vs tumor-specific T cell responses to liver cancer in a novel mouse model in which hepatocytes express both self and tumor antigens as well as a novel self-specific T cell subset that is phenotypically memory-like but do not function upon secondary stimulation or ICB. Chapter V will include further probes into the mechanism by which CD8 T cell fail to persist and leave cell cycle prematurely after recognition of self/shared antigen. Finally, Chapter VI will discuss implications and future directions of this work.


CHAPTER II

[bookmark: _Toc136004289]MATERIALS AND METHODS

[bookmark: _Toc136004290]Mice. All mice were bred and maintained in a specific pathogen free barrier facility at Vanderbilt University Medical Center. Experiments were performed in compliance with the Institutional Animal Care and Use Committee regulations. Mice were age- and sex-matched, between 6 and 12 weeks old when used for experiments and assigned randomly to experimental groups. Both female and male mice were used. TCRGAG transgenic mice and Albumin-GAG (Alb-GAG) mice have been previously described (Ohlen et al. J Exp Med 2002; Ohlen et al. J Immunol 2001). TCRTAG transgenic mice (Stock No 005236), Cre-ERT2 (Stock No 008463), and C57BL/6J Thy1.1 mice (Stock No. 000406) mice were purchased from The Jackson Laboratory. TCRTAG and TCRGAG mice were crossed to Thy1.1 mice to generate TCRTAG;Thy1.1 and TCRGAG;Thy1.1 mice, respectively. AST (AlbuminfloxStop-SV40 large T antigen (TAG)) (Stahl et al. Immunol Lett 2009) were crossed to Cre-ERT2 mice to generate AST;Cre-ERT2. Alb-GAG mice were crossed to Cre-ERT2 to generate Alb-GAG;Cre-ERT2 mice, which were then crossed with AST mice to generate Alb-GAG;AST;Cre-ERT2 mice. 

[bookmark: _Toc136004291]Liver ductal cell isolation. Livers were manually minced, and the resulting supernatant and liver pieces were then transferred to a 50 mL conical tube containing a dissociation cocktail consisting of collagenase IV, dispase, and DMEM/F-12 with 15 mM HEPES (StemCell) and incubated for 20 minutes at 37°C. The supernatant was discarded, and additional dissociation media was added and incubated at 37°C 3 times. The resulting supernatant was then passed through a 70 µm cell strainer and then through a 37 µm cell strainer. The strainer was then reversed and passed with DMEM/F-12 into a pre-wetted tube to prevent ductal cells from adhering to tube. 

[bookmark: _Toc136004292]Organoid initiation. Isolated ductal cells were resuspended in 50 µl of cold Matrigel® and plated in a bubble on a warm 24-well plate. After allowing Matrigel to solidify, HepatiCult™ (STEMCELL Technologies) was added and incubated at 37°C with 5% CO2. Organoids were split every 3 days. 

[bookmark: _Toc136004293]Organoid differentiation. Organoid expansion media was replaced with two different differentiation medias for 15 days with media replenished every 2-3 days. One media contained Williams E, 1% pen/strep, 1% GlutaMAX, 1% NEAA, 2% B27 supplement, 1% N2 supplement, noggin-conditioned medium, 0.2% normocin, 3 uM ChIR99021, 1.25 mM N-acetylcysteine, 10 mM nicotinamide, 25 ng/mL recombinant EGF, 50 ng/mL recombinant human HGF, 100 ng/mL TNFa, 1 uM A83-01, and 10 uM Y-27632 (Peng et al. Cell 2018). The second media contained Advanced DMEM/F-12, 1% B27 supplement, 1% N2 supplement, 10 nM recombinant gastrin, 50 ng/mL recombinant EGF, 100 ng/mL recombinant human FGF19, 25 ng/mL recombinant human HGF, 500 nM A83-01, 10 uM DAPT, 25 ng/mL BMP7, and 30 uM dexamethasone (Huch et al. Cell 2015). 

[bookmark: _Toc136004294]Organoid imaging. Matrigel domes were formed on glass wells and allowed to form overnight. CellTracker Orange-labelled TCRTAG splenocytes were then added to surrounding media and incubated for 3 days at 37°C with 5% CO2. This culture was then live imaged using an LSM 710 confocal microscope at the Vanderbilt Cell Imaging Shared Resource. 

[bookmark: _Toc136004295]RNA extraction. For liver RNA, liver sections were placed in ceramic bead tubes with TRIzol™ reagent and vigorously shaken. Using Phasemaker™ tubes (Thermo-Fisher), chloroform was then added to isolate the RNA. The PureLink® RNA Mini Kit (Thermo-Fisher) was then used to purify the RNA extraction according to manufacturer instructions. For organoid RNA, organoids were first dissociated with DMEM/F-12 and spun down. RNA was then extracted and purified using the RNeasy kit (Qiagen).

[bookmark: _Toc136004296]RT-qPCR. RNA from the organoids and cell lines were reverse transcribed into cDNA using the SuperScript™ IV kit (Invitrogen) and diluted in range of the standard curve. PowerUp™ SyBR® Green Master Mix was used according to manufacturer instructions, and 18S, Alb, Sox9, and Krt19 genes were amplified using QuantStudio 3 (Applied Biosciences). Fold change was then calculated using ΔCt values and the Pfaffl method (Pfaffl Nucleic Acids Res 2001). 

[bookmark: _Toc136004297]Antibodies and reagents. Fluorochrome-conjugated antibodies were purchased from BD Biosciences, eBioscience, Biolegend, Tonbo Biosciences, and Cell Signaling Technology (Table 2 and 3). Tamoxifen (Sigma) solution was prepared by warming tamoxifen at 50°C for 1 h in sterile corn oil with 5% absolute ethanol. Tamoxifen (1 mg) was administered i.p. into AST;Cre-ERT2 or Alb-GAG;AST;Cre-ERT2 mice.

[bookmark: _Toc136004298]Cell isolation. Spleens were mechanically disrupted to a single-cell suspension with the back of a 3 mL syringe plunger, passed through a 70 μm strainer, and lysed with ammonium chloride potassium (ACK) buffer. Cells were washed once with cold RPMI 1640 media supplemented with 10% FCS. Livers were mechanically disrupted to a single-cell suspension using a glass pestle against a 150 μ metal mesh in cold PBS containing 2% FCS (FCS/PBS) and filtered through a 100 μm strainer. The liver homogenate was spun down at 400g for 5 min at 4°C, and the pellet was resuspended in 15 mL FCS/PBS, 500 U heparin, and 10 mL PBS Buffered Percoll (GE), mixed by inversion, and spun at 500g for 10 min at 4°C. Pellets were lysed with ACK buffer, and cells were resuspended in RPMI 1640 containing 10% FCS for downstream analysis.




	Antibody
	Fluorophore
	Clone
	Dilution
	Source
	Identifier

	Anti-BCL-2
	PE-Cy7
	BCL/10C4
	1:200
	BioLegend
	Cat# 633512

	Anti-BIM
	AF488
	C34C5
	1:200
	Cell Signaling Technology
	Cat# 94805S

	Anti-CD8a
	BV605
	53-6.7
	1:250
	BioLegend
	Cat# 100744

	Anti-CD8a
	PE-Cy7
	53-6.7
	1:800
	BioLegend
	Cat# 100722

	Anti-CD38
	PcP-Cy5.5
	90
	1:200
	BioLegend
	Cat# 102721

	Anti-CD39
	PcP-eF710
	242DMS1
	1:200
	Invitrogen
	Cat# 46-0391-80

	Anti-CD44
	PcP-Cy5.5
	IM7
	1:200
	Tonbo
	Cat# 65-0441

	Anti-CD44
	FITC
	IM7
	1:200
	BioLegend
	Cat# 103006

	Anti-CD44
	APC
	IM7
	1:200
	Tonbo
	Cat# 20-0441

	Anti-CD62L
	BV785
	MEL-14
	1:300
	BioLegend
	Cat# 104440

	Anti-CD90.1
	BV421
	OX-7
	1:800
	BioLegend
	Cat# 202529

	Anti-CD90.1
	BV510
	OX-7
	1:600
	BioLegend
	Cat# 202535

	Anti-CD90.1
	PcP-Cy5.5
	HIS51
	1:800
	eBioscience
	Cat# 45-0900-80

	Anti-CD90.1
	APC
	HIS51
	1:800
	eBioscience
	Cat# 17-0900-82

	Anti-CD90.1
	APC-eF780
	HIS51
	1:800
	eBioscience
	Cat #47-0900-82

	Anti-CD90.2
	BV421
	53-2.1
	1:800
	BioLegend
	Cat# 140327

	Anti-CD127
	PE-Cy7
	A7R34
	1:200
	BioLegend
	Cat# 135013

	Anti-IFNγ
	APC
	XMG.12
	1:1600
	BioLegend
	Cat# 505810

	Anti-Ki67
	FITC
	SolA15
	1:300
	eBioscience
	Cat# 11-5698-80

	Anti-Ki67
	PcP-Cy5.5
	16A8
	1:200
	BioLegend
	Cat# 652423

	Anti-Ki67
	AF700
	16A8
	1:400
	BioLegend
	Cat# 652419

	Anti-PD1
	PcP-eF710
	RMP1-30
	1:200
	eBioscience
	Cat# 46-9981-80

	Anti-PD1
	APC
	RMP1-30
	1:200
	BioLegend
	Cat# 109112

	Anti-TCF1
	AF647
	C63D9
	1:400
	Cell Signaling Technology
	Cat# 6709S

	Anti-TCR Vα7
	FITC
	TR310
	1:100
	BioLegend
	Cat# 118305

	Anti-TCR Vβ12
	PE
	MR11-1
	1:100
	BioLegend
	Cat# 139703

	Anti-TNFα
	PE
	MP6-XT22
	1:800
	Life
	Cat# 12-7321-82

	Anti-TOX
	PE
	REA473
	1:400
	Miltenyl Biotec
	Cat# 130-120-716


Table 2. Flow cytometry antibodies.


	Dye Name
	Dilution/Concentration
	Source
	Identifier

	Annexin V-PE
	1:200
	BioLegend
	Cat# 640908

	CFSE
	5 µM
	Tonbo
	Cat# 13-0850

	DAPI
	50 ng/mL
	BioLegend
	Cat# 422801

	Ghost Dye Violet 450 Viability Dye
	1:1000
	Tonbo
	Cat# 13-0863

	Ghost Dye Violet 780 Viability Dye
	1:2000
	Tonbo
	Cat# 13-0865






Table 3. Flow cytometry cell dyes.





[bookmark: _Toc136004299]Intracellular cytokine staining. T cells were mixed with 2x106 congenically marked splenocytes and incubated in RPMI 1640 containing 10% FCS for 4 h at 37oC in the presence of GolgiPlug (brefeldin A) and peptide at the following concentrations: GAG peptide (1.5 µM), TAG peptide (0.5 µM). Cells were stained for surface molecules and then fixed and permeabilized using the FoxP3 Transcription Factor Fix/Perm (Tonbo Biosciences) per the manufacturer’s instructions before staining for intracellular molecules. 

[bookmark: _Toc136004300]Flow cytometric analysis. Flow cytometric analysis was performed using an Attune NxT Acoustic Focusing Cytometer (ThermoFisher). Flow data were analyzed with FlowJo v.10 software (Tree Star Inc.).

[bookmark: _Toc136004301]Listeria infection. The Listeria monocytogenes (Lm) ΔactA ΔinlB strain expressing the GAG epitope (CCLCLTVFL, FMuLV GAG75-83) or Tag-I epitope (SAINNYAQKL, SV40 large T antigen206–215) were generated by Genscript and stored at −80°C. Mice were infected with 3x107 c.f.u. LmGAG and 5x106 c.f.u. of LmTAG via i.v. injection. 

[bookmark: _Toc136004302]Adoptive T cell transfer. To transfer naive TCRGAG T cells into Alb-GAG and Alb-GAG;AST;Cre-ERT2 mice or naïve TCRTAG T cells into AST;Cre-ERT2 or Alb-GAG;AST;Cre-ERT2, 2x106 CD8+ splenocytes from TCRGAG;Thy1.1 or TCRTAG;Thy1.1 transgenic mice were adoptively transferred via retroorbital i.v. injection. For the generation of effector and memory TCRGAG CD8+ T cells or TCRTAG;Thy1.1 CD8+ T cells, 5x105 CD8+ splenocytes from TCRGAG;Thy1.1 or TCRTAG;Thy1.1 transgenic mice were adoptively transferred into B6 (Thy1.2) mice. Mice were infected the following day with Listeria as described above. TCRGAG or TCRTAG CD8+ T cells were isolated from the spleens of B6 host mice and analyzed 5 days after Listeria immunization for effector T cells and at least 21 days after Listeria immunization for memory T cells. 

[bookmark: _Toc136004303]CFSE labeling. To assess cellular proliferation, splenocytes were incubated with 5 µM CFSE at 37oC. Remaining extracellular dye was quenched with cold FCS, and cells were washed twice with serum-free RPMI before transfer into hosts. 

[bookmark: _Toc136004304]Cell cycle analysis. T cells were stained for surface and intracellular markers as described above. Samples were suspended in FoxP3 Fix/Perm buffer (Tonbo Biosciences), and DAPI was added to sample immediately prior to flow cytometric analysis. 

[bookmark: _Toc136004305]Immune checkpoint blockade. Anti-PD1 (clone RMP1-14) and anti-PDL1 (clone 10.F.9G2) antibodies or isotype control (clone LTA-2) were purchased from BioXcell. Antibodies were injected intraperitoneally five times, every other day, at 200 µg per antibody per mouse. 

[bookmark: _Toc136004306]In vitro hepatocyte culture. ASTxGAG and C57BL/6 mice were perfused under anesthesia with liver perfusion medium (Gibco) and liver digestion medium (Gibco). Primary hepatocytes were isolated using Percoll gradient purification (GE) at low grade centrifugations (50g) and incubated on collagen I-precoated plates (Gibco) as previously described (Dijkstra et al. Cell 2018). Hepatocytes were incubated in low-glucose DMEM (Gibco) supplemented with 5% fetal bovine serum and 1% penicillin/streptomycin at 37oC with 5% CO2. The following day, splenocytes from TCRGAG;Thy1.1 or TCRTAG;Thy1.1 transgenic mice were labeled with CFSE as described above, and 100,000 CD8+ T cells were added to hepatocyte culture for 3 days. 

[bookmark: _Toc136004307]Gene set enrichment analysis. Previously published microarray data (Schietinger et al. Science 2012; Schietinger et al. Immunity 2016) were analyzed using Broad Institute’s Gene Set Enrichment Analysis software (GSEA; http://www.broadinstitute.org/gsea) to determine whether predefined gene sets showed enrichment in T cell sample groups “GAG” versus “TAG.” Statistical significance was determined by permutation testing and normalized enrichment score (NES).

[bookmark: _Toc136004308]Statistics. GraphPad Prism V9 was used for all statistical analyses. Unless otherwise stated, a one-way ANOVA was performed followed by a Tukey’s test to correct for multiple comparisons. The significance level was set at 0.05. Equal variances were verified by the Brown-Forsythe Test. 



CHAPTER III
[bookmark: _Toc136004309]IN VITRO ORGANOID MODEL TO STUDY T CELL RESPONSES TO ONCOGENICALLY TRANSFORMED HEPATOCYTES

[bookmark: _Toc136004310]Overview
Not only do oncogenes provide signals to a transformed cell to proliferate and survive, but they can also exert immune modulatory effects. These modulatory effects can recruit or inhibit certain types of immune cells, release cytokines to exert signaling alterations, or stimulate the transformed cell to express ligands of inhibitory receptors expressed on immune cells. (For more detail, see Chapter I). A wide variety of oncogenes have immunomodulatory effects, and both viral and cellular oncogenes have been observed to promote immune modulation. Previous studies have shown that CD8 T cells that enter a tumor environment very rapidly undergo loss of function and enter a dysfunctional state characterized by the lack of effector cytokines IFNγ and TNFα. This dysfunction is not only seen in an established tumor with a complex microenvironment but also in premalignant lesions in which cells have only recently transformed and a tumor microenvironment has not yet formed (Schietinger et al. Immunity 2016; Philip et al. Nature 2017). Without a tumor microenvironment, we hypothesized that the oncogene itself was exerting an immune modulatory effect on the CD8 T cells and rendering them dysfunctional. 

Lgr5+ liver stem cells were first thought to be a valuable source of regenerative cells that could form organoids via the stimulation of Wnt-signaling through a Rspo-1 agonist (Huch et al. Nature 2013). Based on these findings, Broutier, et. al., 2016 suggested that ductal cell-derived cells could be isolated, expanded in Matrigel, and differentiated under favorable conditions to form hepatocyte-like organoids that upregulated hepatocyte markers such as Alb (Broutier et al. Nat Protoc 2016), and we aimed to adapt this protocol  to generate  liver organoids with an inducible oncogene. 


We used our AST;Cre-ERT2 (Albumin-Stop-Large T Antigen) mouse model in which the viral SV40 large T antigen (TAG) is induced by Tamoxifen (TAM) and acts as a potent oncogene by inhibiting both p53 and pRB and promoting cell proliferation under a liver-specific promoter (Fig. 3.1). Because it is difficult to ascertain whether a component of the tumor microenvironment or the transformed cell itself is the culprit of immune modulation, we turned to the new organoid technology to create an in vitro environment in which a pseudo-liver with transformed cells could interact with TAG-specific CD8 T cells (TCRTAG). Thus, we could determine if and how the TAG oncogene was responsible for CD8 T cell dysfunction, or we could add in components of the tumor microenvironment to determine what was necessary to act on the T cells.

[bookmark: _Toc136004311]Results
[bookmark: _Toc136004312]2D culture system to assess T cell culture with transformed hepatocytes
To determine whether the TAG oncogene is responsible for the differentiation of CD8 T cells to dysfunction, we wanted to generate liver organoids using our AST;Cre-ERT2 TAM-inducible model. We would generate these organoids from uninduced livers to propagate, and then treat organoids at a specific time to turn on TAG oncogene expression. We could then co-culture these organoids with TCRTAG T cells to assess their function after contact with the organoids. 

To first assess the validity of these experiments, I generated a cell line derived from AST;Cre-ERT2 mice by disrupting a liver from one of these mice and culturing the resulting slurry in cell culture medium. The cells that grew out were named ACE1825 and provided us with a liver cell line as a 2D culture (Fig 3.2A). ACE1825 were TAG positive and expressed H-2Kb, the MHC-I in which TAG is restricted to (Fig 3.2B). I then co-cultured ACE1825 with TCRTAG T cells for 3, 5, and 7 days and assessed inhibitory receptor expression as well as effector cytokine production. The longer T cells remained cultured with ACE1825, the higher the expression levels of both PD-1 and LAG3 (Fig 3.2C). Already by day 3 in culture, T cells could no longer produce TNFα and INFγ, replicating what we see in vivo with the AST;Cre-ERT2 model (Fig 3.2D). Figure 3.1| A. Inducible AST;Cre-ERT2 HCC model induces CD8 T cell dysfunction. CD8 T cell TAG epitope shown in red. B. H&E staining of liver sections from AST;Cre-ERT2. C. Naïve TCRTAG (N) were transferred into B6 mice and inoculated with LmTAG one day later to model infection. D. Transferred TCRTAG were reisolated from the spleen at different time points. Flow analysis shows efficient production of effector cytokines (assessed by intracellular cytokine staining after 4-hour ex vivo TAG peptide stimulation). E. Naïve TCRTAG (N) were transferred into ASTxCre-ERT2 mice, and Cre activated by TAM one day later to induce liver carcinogenesis. F. Transferred TCRTAG were reisolated from the liver at different time points (L5-60). Flow analysis shows rapid PD1 upregulation (top) and loss of effector cytokine production (bottom; assessed by intracellular cytokine staining after 4-hour ex vivo TAG peptide stimulation). 
From Schietinger 2016 Immunity and Philip 2017 Nature. 


[bookmark: _Toc136004313]Liver organoid generation
To generate the liver organoid system, we turned to a series of recently published papers from the Hans Clevers lab in which the authors generated organoids from liver stem cells (Huch et al. Nature 2013; Huch et al. Cell 2015) and commercialized through STEMCELL Technologies. These stem cells are found primarily in the ductal cells of the liver. Thus, to isolate these ductal cells we followed the paper and manufacturer protocols to digest an AST;Cre-ERT2 mouse liver and dissociate pieces into ductal cells. These ducts were then cultured in Matrigel domes (Fig 3.3). 

To determine if T cells could access the Matrigel dome to contact the liver organoids, we peptide-pulsed ductal organoids with TAG peptide and embedded these cells in Matrigel, allowing them to re-form their spheroid structure overnight. I then added CellTracker Orange-labelled TCRTAG splenocytes to the media surrounding the Matrigel dome. Confocal microscopy revealed that the T cells had migrated into the Matrigel domes and contacted the ductal organoid cells (Fig 3.4). 

[bookmark: _Toc136004314]Differentiation of liver ductal cells to hepatocytes
The cells that made up these organoids were liver ductal cells filled with stem cells that do not express albumin, the promoter in which our TAG-oncogene is under, but mature hepatocytes should express albumin. In addition, we wanted to replicate our AST;Cre-ERT2 hepatocellular carcinoma model as closely as possible in the dish. Thus, we next sought to differentiate the stem cells within the liver ducts to hepatocytes to generate a mini-liver organoid. Figure 3.2| HCC mouse cell line to study in vitro CD8 T cell responses. A. Experimental scheme. B. ACE1825, a cell line derived from AST;Cre-ERT2 tumors, expresses TAG and MHC class I H-2Kb (MHC polymorphism on which TAG is presented) as compared to 293T and Hepa1-6 cell lines. C, D. TCRTAG co-cultured with ACE1825 upregulate inhibitory receptors PD1 and LAG 3 (C) and lose effector cytokine production (D) assessed by intracellular cytokine staining after 4-hour ex vivo TAG peptide stimulation).
 
Figure 3.3| Liver organoids can be derived from liver ductal stem cells and then differentiated into functional hepatocytes. A. Methods from Biofabrication and Nature Protocols provide a way to culture liver primary cells. Organoids derived from the AST;Cre-ERT2 model can then be treated with TAM to induce TAG expression. B. Left, brightfield microscopy of liver ductal organoids. Right, confocal microscopy of liver ductal organoids expressing mTomato.
 
Figure 3.4| T cells can migrate into organoid Matrigel domes and contact liver cells. Confocal imaging of TAG peptide-pulsed AST;Cre-ERT2 organoids cultured with CellTracker Orange-labeled naïve TCRTAG CD8 T cells. The rightmost panel shows z-stack with orthogonal projections showing that TCRTAG in contact with cells on the exterior surface of the organoids. Scale bar (50µ).
 


The Clevers lab published the components they used in differentiating the ductal cells to hepatocytes (Huch et al. Nature 2013). Another group (Nusse) found that the use of TNFα improved the long-term expansion of hepatocellular organoids (Peng et al. Cell 2018). According to published protocol, we swapped out the basal medium with differentiation medium from either group for 15 days (Table 4). We then isolated RNA from these organoids to determine albumin expression for cell maturity and possible TAG expression by RT-qPCR. We also included RNA from a WT C57/BL6 liver and hepatocyte cell lines Hepa1-6 and ACE1825. Albumin expression in the two cell lines had approximately a log lower baseline albumin expression than a WT liver, suggesting that cultured cells may intrinsically express lower levels of albumin (Fig 3.5). However, organoids that had been cultured with or without the differentiation medium showed significantly lower albumin expression and showed no increase in albumin expression after culture with differentiation medium (Fig 3.5). Thus, in our hands, liver ductal stem cells could not be differentiated into albumin-expressing hepatocytes.  

[bookmark: _Toc136004315]Conclusions
The ability to simplify the study of a tissue down to the most crucial components has been a huge advantage of organoid technology for research into the biology of the cells and tissue. Organoids provide a 3D aspect that traditional 2D culture cannot provide; for example, intestinal organoids can form crypts and villi as well as produce mucus, providing an invaluable in vitro model of the organ (Hofer and Lutolf Nat Rev Mater 2021). 

We utilized this premise to create a liver organoid model using cells derived from our TAM-inducible liver cancer mouse model driven by the TAG oncogene. Since we have previously seen that TAG-specific T cells rapidly become dysfunctional in vivo before the establishment of a tumor microenvironment, we wanted to co-culture inducible liver cancer organoids with TAG-specific T cells to determine if recognizing an oncogene alone could drive CD8 T cell dysfunction, and if not, what components of the premalignant microenvironment were needed to push these T cells into dysfunction. 

One of the key components of establishing liver organoids is the differentiation of the ductal stem cells to functional hepatocytes. We required the derivation of functional hepatocytes to 1) accurately model hepatocellular carcinoma in a dish and 2) drive the expression of the TAG oncogene, which is under the hepatocyte-specific Albumin promoter. This endeavor, however, proved difficult. We undertook several different methods to differentiate the ductal stem cells to hepatocytes, but we never observed an increase in albumin expression as compared to undifferentiated organoids and hepatocyte cell lines. Because the focus of our studies was intended to study the function and dysfunction of CD8 T cells, we turned to the lab’s in vivo mouse models to ask whether the early T dysfunction is a form of self-tolerance.








	Components
	Role in media or differentiation
	Hep-Medium Expansion (Peng et al. Cell 2018)
	Hep-Differentiation
(Broutier et al. Nature Protocols 2016)

	Williams E
	Base medium
	+
	-

	Advanced DMEM/F-12
	Base medium
	-
	+

	1% penicillin/streptomycin
	Culture antibiotics
	+
	

	1% GlutaMAX
	L-glutamine alternative, prevents ammonia generation
	+
	-

	1% NEAA
	Increase cell growth/viability
	+
	-

	10 mM HEPES
	Cell culture buffer
	-
	-

	B27 supplement
	Serum-free supplement
	2%
	1%

	N2 supplement
	Serum-free supplement
	1%
	1%

	Noggin-conditioned medium
	Bone Morphogenetic Proteins (BMP) signalling inhibitor
	50 ng/mL (after 2nd passage)
	-

	Normocin
	Culture antibiotics
	0.2%
	-

	ChIR99021
	Wnt activator
	3 uM
	-

	N-acetylcysteine
	anti-oxidant, prevents apoptosis
	1.25 mM
	-

	nicotinamide
	PARP inhibitor
	10 mM
	-

	recombinant gastrin
	CCK2 receptor agonist
	-
	10 nM

	recombinant EGF
	Activator of RAS, PKC pathways
	25 ng/mL
	50 ng/ml

	recombinant human FGF7
	Induction of MAPK, PI3K signaling
	-
	-

	recombinant human FGF10
	Induction of Ras-ERK, MAPK, PI3K, PKC signaling
	-
	-

	recombinant human FGF19
	activates mTOR,
inhibits GSK3α/β
	-
	100 ng/ml

	recombinant human HGF
	Induction of Ras-ERK, PI3K signaling
	50 ng/mL
	25 ng/ml

	TNFa
	Activator of NF-kB
	100 ng/mL
	

	A83-01
	TGFβ inhibitor
	1 µM
	500 nM

	DAPT
	NOTCH inhibitor
	-
	10 uM

	dexamethasone
	Apoptosis inhibitor
	-
	30 uM

	Y-27632
	ROCK inhibitor
	10 µM
	-

	BMP7
	Activates BMP and Smad pathways
	-
	25 ng/ml


Table 4. Media components for ductal organoid differentiation to liver hepatocyte organoids



 
Figure 3.5| Organoids cultured in differentiation media do not express albumin. RT-qPCR of Albumin expression in Hepa 1-6 liver cancer cell line, ACE1825 AST;Cre-ERT2 cell line, organoids incubated in differentiation media, and organoids not incubated in differentiation media. Albumin expression is normalized to WT C57/BL6 liver expression. 
 

CHAPTER IV

[bookmark: _Toc136004316]SELF-REACTIVE T CELLS STOP PROLIFERATING PREMATURELY AND ENTER A MEMORY-LIKE TCF1+ DYSFUNCTIONAL STATE

[bookmark: _Hlk119508581]This chapter is adapted from “Self/tumor-reactive CD8 T cells enter a memory-like TCF1+ PD1- dysfunctional cell state” accepted in Cancer Immunology Research and has been reproduced in line with publisher policies.
Jessica J. Roetman, Megan M. Erwin, Michael W. Rudloff, Natalie R. Favret, Carlos R. Detrés Román, Minna K. I. Apostolova, Kristen Murray, Ting-Fang Lee, Youngmin A. Lee, Mary Philip. (2023), “Self/tumor-reactive CD8 T cells enter a memory-like TCF1+ PD1- dysfunctional cell state,” Accepted in Cancer Immunology Research

[bookmark: _Toc136004317]SUMMARY
T cells recognize several types of antigens in tumors, including aberrantly expressed, non-mutated proteins (self/shared-antigens; SSA) and mutated proteins or oncogenic viral proteins (tumor-specific antigens; TSA). Immunotherapies such as immune checkpoint blockade (ICB) can activate T cell responses against TSA, leading to tumor control, but also against SSA, causing immune related adverse events (IrAE). To improve anti-TSA immunity while limiting anti-SSA autoreactivity, we need to understand how tumor-specific CD8 T cells (TST) and SSA-specific CD8 T (SST) cells differentiate in response to cognate antigens during tumorigenesis. Therefore, we developed a novel genetic cancer mouse model in which we can track TST and SST differentiation longitudinally as liver cancers develop. We found that both TST and SST lost effector function, but while TST persisted long term and had a dysfunctional/exhausted phenotype (including expression of PD1, CD39, and TOX), SST exited cell cycle prematurely and disappeared from liver lesions. Interestingly, SST persisted in spleens in a TCF1+ PD1- state. Memory-like SST were not only unable to produce effector cytokines, but surprisingly, these TCF1+ SST failed to proliferate in response to anti-PD1/anti-PDL1 immune checkpoint blockade (ICB). Our studies identify a novel dysfunctional T cell state occupied by self/tumor-reactive T cells: a TCF1+ PD1- state lacking in effector function, demonstrating that the type/specificity of tumor antigen may determine tumor-reactive T cell differentiation.
[bookmark: _Toc136004318]INTRODUCTION
CD8 T cells can recognize and respond to tumor antigens arising from the aberrant expression of non-mutated genes (self/shared-antigens (SSA)); these antigens may also be expressed on non-cancerous/normal cells (reviewed in (Schietinger, Philip, and Schreiber Semin Immunol 2008; Leko and Rosenberg Cancer Cell 2020)). In addition to SSA, cancer cells often express tumor-specific antigens (TSA) caused by mutations unique to the tumor and not expressed on normal tissue. ICB can unleash anti-tumor T cell responses but also initiate immune related adverse effects (IrAE), mediated by self-reactive T cells (Postow, Sidlow, and Hellmann N Engl J Med 2018; Johnson et al. Nat Rev Clin Oncol 2022). Patients who experience ICB-induced IrAE have been shown to have better anti-tumor responses and survival (Petrelli et al. J Immunother 2020). Interestingly, the target tissue of IrAE can correlate with the cancer tissue origin, suggesting that T cells reacting against SSA in tumors also cause IrAE. For example, patients with melanoma are more likely to develop vitiligo (Rosenberg and White J Immunother Emphasis Tumor Immunol 1996; Byrne and Fisher Cancer 2017), while patients with lung cancer treated with ICB are more likely to develop pneumonitis (Nishino et al. JAMA Oncol 2016), likely due to T cell recognition of SSA expressed in normal and malignant lung tissue (Berner et al. Sci Immunol 2022).

Much of our understanding of the differentiation, fate, and molecular regulation of tumor-reactive T cells has come from studying preclinical cancer mouse models of CD8 T cell responses against TSA (reviewed in (Philip and Schietinger Nat Rev Immunol 2022)). Tumor-specific T cells (TST) differentiate to a dysfunctional (exhausted) state, lacking effector function, expressing multiple inhibitory receptors such as PD1 and CD39 (Thommen et al. Cancer Immunol Res 2015; Schietinger et al. Immunity 2016), and harboring characteristic transcriptional and epigenetic programs (Baitsch et al. J Clin Invest 2011; Philip et al. Nature 2017; Li et al. Cell 2019). In contrast, the fate of CD8 T cells reactive against self-antigens varies widely (reviewed in (Redmond and Sherman Immunity 2005; Schietinger and Greenberg Trends Immunol 2014; Nussing, Trapani, and Parish Front Immunol 2020)). SSA-reactive T cells (SST) can remain ignorant of cognate antigen, undergo peripheral deletion, or be rendered anergic/self-tolerant, depending on antigen affinity, abundance/persistence, or tissue expression patterns (Redmond, Marincek, and Sherman J Immunol 2005; Schietinger et al. Science 2012; Bettini et al. J Immunol 2014; Smith et al. J Immunol 2014). Moreover, T cell responses to SSA may differ in tumors versus normal tissue as SSA might be distinctly regulated or presented in cancer cells. In addition, oncogenic transformation not only transforms cells but impacts inflammatory/immune signaling by transformed cells and surrounding stromal cells (reviewed in (Roetman, Apostolova, and Philip Oncogene 2022)). The unique tumor microenvironment, as compared to normal tissue, can impact CD8 T cell differentiation (Anderson, Stromnes, and Greenberg Cancer Cell 2017).

[bookmark: _Hlk135124300]The dysfunctional TST population in tumor-bearing hosts is spatially heterogeneous, with progenitor/stem-like TST expressing the naive/memory-associated transcription factor TCF1 localizing to secondary lymphoid organs and tertiary lymphoid structures within tumors, and terminally-differentiated TCF1- dysfunctional/exhausted TST in the tumor parenchyma (reviewed in (Philip and Schietinger Curr Opin Immunol 2019; Tooley, Escobar, and Anderson Trends Cancer 2022)).  In contrast, less is known about how SST differentiate in tumor-bearing hosts over time and in different tissues. Therefore, we developed a preclinical mouse model in which we could assess CD8 T cell responses to SSA and TSA in parallel in an autochthonous liver cancer model, in which tumors develop slowly over weeks to months. We found that both SST and TST lost effector function rapidly upon antigen encounter in hosts with progressing liver lesions. However, while TST persisted within progressing liver lesions, SST did not persist, in large part due to premature cell cycle exit. Unexpectedly, we found a population of persisting TCF1+ PD1- memory-like SST in the spleen, which were nevertheless unable to proliferate or produce effector cytokines even after ICB treatment. T cell dysfunction has mainly been associated with TCF1- terminally-differentiated T cells in tumors and during chronic infection, but we now identify a novel TCF1+ PD1- nonfunctional CD8 differentiation state in SST in normal tissues and tumor-bearing hosts.

[bookmark: _Toc136004319]RESULTS
[bookmark: _Toc136004320]SST and TST lack effector function but have distinct immunophenotypes and persistence patterns
We previously developed an autochthonous mouse model of liver cancer (AST;Cre-ERT2), in which we can study TST differentiation and function from the initiation of carcinogenesis onward (Schietinger et al. Immunity 2016). After a single dose of tamoxifen (TAM), AST;Cre-ERT2 hepatocytes undergo Cre recombinase-mediated induction of the SV40 large T antigen (TAG), under the control of the albumin promoter/enhancer. TAG acts as both an oncogene (inhibiting tumor suppressors TP53 and RB (Comerford et al. Oncogenesis 2012) to drive liver carcinogenesis), and a tumor-specific antigen (TAG=TSA). By 5-7 days post-TAM, most AST;Cre-ERT2 hepatocytes express TAG, and features of premalignant lesions are evident during the first 30-40 days post-TAM with development of full-blown hepatocellular carcinoma by 3 months (Fig. 2 of (Schietinger et al. Immunity 2016)). By adoptively transferring naive TAG epitope I-specific transgenic CD8 T cells (TCRTAG) (Staveley-O'Carroll et al. J Immunol 2003) into AST;Cre-ERT2, we can study TST responses throughout carcinogenesis. To compare TSA- to SSA-specific responses, we turned to a model of liver self-antigen developed by Phil Greenberg’s lab: the Alb-GAG mouse (Alb-GAG) (Ohlen et al. J Immunol 2001). Alb-GAG express the Friend murine leukemia virus gag gene under control of the albumin promoter/enhancer, leading to hepatocyte-specific gPr75gag protein (GAG=SSA) expression from birth on. Adoptively transferring GAG-specific transgenic CD8 T cells (TCRGAG) (Ohlen et al. J Exp Med 2002) into Alb-GAG allows liver SSA responses to be studied.

[bookmark: _Hlk120285149][bookmark: _Hlk117773051]We adoptively transferred naive TCRTAG into AST;Cre-ERT2 5 days after TAM-treatment, just as premalignant lesions were beginning. In parallel, we transferred naive TCRGAG into Alb-GAG and analyzed T cell numbers, cytokine production, and immunophenotype 5 and 21 days later (Fig. 4.1A). Both TCRTAG/TST and TCRGAG/SST were similarly unable to produce IFNg and TNFa at 5 and 21 days (assessed by ex vivo re-stimulation with cognate peptide (TAG and GAG)) (Fig. 4.1B). While both TCRTAG/TST and TCRGAG/SST initially upregulated the activation/inhibitory marker PD1, TST continued to increase PD1 expression over time, while SST PD1 expression dropped at the later time point (Fig. 4.1C). By day 21 post-transfer, TST upregulated CD39, a marker of late/terminal T cell dysfunction/exhaustion (Gupta et al. PLoS Pathog 2015), whereas SST did not (Fig. 4.1C). TCRGAG and TCRTAG transferred into C57BL/6 mice (B6) infected with attenuated Listeria monocytogenes expressing either TAG (LMTAG) or GAG (LMGAG) epitopes (Fig. 4.2A) differentiated into highly functional effector and memory T cells, producing high levels of both IFNg and TNFa (Fig. 4.1B and 4.2B), demonstrating that SST/TST functional deficits in AST;Cre-ERT2 and Alb-GAG were context-dependent. Notably, TCRGAG/SST had markedly impaired persistence as previously observed (Morimoto et al. J Immunol 2007), with fewer SST found in non-malignant livers as compared to TST in premalignant livers at early and late timepoints (Fig. 4.1D).Figure 4.1| SST and TST lack effector function but have distinct immunophenotypes and persistence patterns. A. Experimental scheme: naive TCRTAG (Thy1.1) were adoptively transferred into TAM-treated AST;Cre-ERT2 mice (Thy1.2), and naive TCRGAG (Thy1.1) were adoptively transferred into Alb-GAG mice (Thy1.2). TCRTAG (blue) and TCRGAG (orange) were re-isolated from recipient livers 5 and 21 days later for flow cytometric analysis. B. Upper, TNFα and IFNγ production following 4h ex vivo peptide stimulation with % TNFα+ IFNγ+ shown in insets and lower graph. Memory TCRTAG (M-TAG) and memory TCRGAG (M-GAG) generated after Listeria infection (as in Fig. S1A; green) and no peptide-stimulated cells (gray) are shown for comparison. Each symbol represents an individual mouse. ns=not statistically significant, ****p<0.0001 (one-way ANOVA).  C. Left, histograms of PD1 and CD39 expression. Right, % marker+ as compared to naive; each symbol represents an individual mouse. **p<0.01, ***p<0.001, ****p<0.0001 (one-way ANOVA). D. Absolute cell numbers recovered from liver. Each symbol represents an individual mouse. ****p<0.0001 (one-way ANOVA). Data is representative of three independent experiments. All flow plots are gated on live CD8+ Thy1.1+ cells, and flow data for each time point is concatenated from individual biological replicates. n=3-5 mice per group.
 


[bookmark: _Hlk133932095]We also carried out a peptide stimulation dose response (Fig. 4.3) and demonstrated that both TCRTAG and TCRGAG have functional avidity (EC50) in the nanomolar range. The TAG EC50 was ~102 fold lower than GAG (Fig. 4.3). The higher functional avidity of the tumor-specific antigen TAG as compared to the SSA GAG is in line with what has been observed with human tumor antigens: a recent study found that the functional avidity of melanoma neoantigens/tumor-specific antigens was in the range of 0.1-100 nM, while self/shared antigens had EC50 ranging from 100 – 1000 nM (Oliveira et al. Nature 2021), similar to what we observed for TAG and GAG. 
Figure 4.2| SST and TST are functional in the acute infection context. A. Experimental scheme: naive TCRTAG (Thy1.1) or TCRGAG (Thy1.1) were adoptively transferred into B6 immunized with Listeria expressing either TAG antigen (LMTAG) or GAG antigen (LMGAG). TCRTAG and TCRGAG were re-isolated from recipient spleens 5 (effector timepoint; E-TST and E-SST) and 21+ days (memory timepoint; M-TAG and M-GAG) later for flow cytometric analysis. B. TNFα and IFNγ production following 4h ex vivo peptide stimulation with % TNFα+ IFNγ+ shown in insets. No peptide-stimulated cells (gray) are shown for comparison.
 


Figure 4.3| Naive TST and SST are activated in response to cognate peptide. Naive TCRTAG (blue) and TCRGAG (orange) splenocytes were stimulated in vitro for 48 hours with TAG and GAG peptide, respectively. % CD69+ in the CD8+ Thy1.1+ population is plotted versus cognate peptide concentration, normalized to min-max (non-linear regression). 
 

Figure 4.4| SST and TST upregulate CD69 upon co-culture with ASTxGAG hepatocytes. A. Experimental scheme: Hepatocytes from TAM-treated ASTxGAG or B6 were isolated, plated on collagen, and co-incubated in vitro with naive TCRTAG (Thy1.1) or TCRGAG (Thy1.1) for 3 days ± TAG and GAG peptide, respectively. TCRTAG and TCRGAG were analyzed by flow cytometric analysis. B. Left, Histograms of CD69 expression. Right, % marker+ as compared to naive; each dot represents an individual mouse, statistical testing by one-way ANOVA. Data pooled from two independent experiments. Flow plots gated on live CD8+ Thy1.1+ cells.
 

[bookmark: _Toc136004321]Oncogenic transformation does not impact SST differentiation or persistence
The improved persistence of TST in liver lesions as compared to SST in normal liver could be due to increased inflammation or other signals present in progressing tumors. To test this idea, we crossed AST;Cre-ERT2 to Alb-GAG to create ASTxGAG. In ASTxGAG, hepatocytes express GAG constitutively from birth and TAG only after TAM-induction. To confirm that both antigens were expressed, we isolated hepatocytes from TAM-treated ASTxGAG and B6, for control, and co-incubated them with naive TCRGAG and TCRTAG (Fig. 4.4A). Both TCRTAG and TCRGAG robustly upregulated CD69 in response to ASTxGAG but not B6 hepatocytes (Fig. 4.4B), demonstrating that TAM-treated ASTxGAG hepatocytes similarly activate TCRTAG and TCRGAG. 

[bookmark: _Hlk119938166][bookmark: _Hlk119938489]We transferred TCRTAG and TCRGAG into ASTxGAG (5 days post-TAM) and into B6 (antigen-free) (Fig. 4.5A). TCRTAG/TST and TCRGAG/SST rapidly lost the ability to produce effector cytokines in ASTxGAG mice (Fig. 4.6A and B), similar to what we observed in Alb-GAG and AST;Cre-ERT2 (Fig. 4.5B). Surprisingly, oncogene induction in ASTxGAG livers did not restore the numbers of TCRGAG/SST to the level of TCRTAG/TST (Fig. 4.5B). By day 21 post-transfer, few TCRGAG/SST remained in ASTxGAG livers, though they did persist in the livers of antigen-free B6 (Fig. 4.5B), demonstrating that presence of the cognate GAG/SSA led to SST disappearance. TCRTAG/TST expressed high levels of PD1 and TOX, a DNA-binding protein highly expressed in exhausted/dysfunctional CD8 T cells (Scott et al. Nature 2019b), while TCRGAG/SST in the same premalignant environment only transiently expressed low levels of PD1 and TOX (Fig. 4.5C). In contrast, BCL2, a pro-survival/anti-apoptosis factor, was similarly downregulated at day 5 and upregulated at day 21 in both TST and SST (Fig. 4.5D), unexpected given the failure of TCRGAG/SST to persist at day 21. However, fewer SST than TST were MKI67+ at days 5 and 14 (Fig. 4.5D), suggesting impaired proliferation by SST. 
Figure 4.5| Oncogenic transformation does not impact SST differentiation or persistence. A. Experimental scheme: naive TCRTAG (Thy1.1) or naive TCRGAG (Thy1.1) were adoptively transferred into C57BL/6 (B6) (Thy1.2) or Alb-GAG;AST;Cre-ERT2 (ASTxGAG) mice (Thy1.2). TCRTAG (blue) and TCRGAG (orange) were re-isolated from recipient livers 5, 14, and 21 days later for flow cytometric analysis. B. Cell numbers recovered from livers. Each symbol represents an individual mouse. *p<0.05 (one-way ANOVA). C. Left, histograms of PD1 and TOX expression. Right, % marker+ as compared to naive; each symbol represents an individual mouse. *p<0.05 (one-way ANOVA). D. Left, histograms of BCL2 and MKI67 expression. Right, % marker+ as compared to naive; each symbol represents an individual mouse. *p<0.05, **p<0.01 (one-way ANOVA). Data representative of three independent experiments. All flow plots are gated on live CD8+ Thy1.1+ cells and flow data for each timepoint is concatenated from all biological replicates. n=1-3 mice per group.
 
Figure 4.6| SST in ASTxGAG mice with premalignant liver lesions lose effector function. A. Naive TCRTAG  (Thy1.1) or naive TCRGAG (Thy1.1) were adoptively transferred into B6 (Thy1.2) or Alb-GAG;AST;Cre-ERT2 (ASTxGAG) mice (Thy1.2) as in Fig. 2A. TCRTAG (blue) and TCRGAG  (orange) were re-isolated from recipient livers 5, 14, and 21 days later for flow cytometric analysis. TNFα and INFγ production following 4h ex vivo peptide stimulation with % TNFa+ IFNg+ shown in insets. Memory TCRTAG (M-TAG) and memory TCRGAG (M-GAG) isolated from spleens of LMTAG or LMGAG infected-mice (as in Fig. S1; green) and no peptide-stimulated cells (gray) are shown for comparison. B. % TNFα+ IFNγ+ with each symbol representing an individual mouse. ****p<0.0001 (unpaired Student’s t-test). All flow plots are gated on live CD8+ Thy1.1+ cells, and flow data for each time point is concatenated from 3 biological replicates. n=3 mice per group.
 

Figure 4.7| SST stop proliferating prematurely. A. Experimental scheme: naive TCRTAG (Thy1.1) or naive TCRGAG (Thy1.1) were adoptively transferred into Listeria-immunized B6 or TAM-treated ASTxGAG (Thy1.2). TCRTAG (blue) and TCRGAG (orange) were reisolated from recipient livers 3 days later for flow cytometric analysis. B. Cell numbers recovered from liver. Each symbol represents an individual mouse. ****p<0.0001 (one-way ANOVA). C. Left, histograms of Annexin V staining. Right, % Annexin V+ as compared to naive; each symbol represents an individual mouse. **p<0.01, ***p<0.001 (one-way ANOVA). D. Upper, CFSE histograms showing cell proliferation. Lower, percentage of cells by cell division. *p<0.05, ***p<0.001, ****p<0.0001 (two-way ANOVA). E. Upper, histograms of DAPI staining/DNA content in divisions 4+. Lower, % division 4+ cells in G1, S, G2 phase of cell cycle. ****p<0.0001 (two-way ANOVA). Data representative of four independent experiments. All flow plots are gated on live CD8+ Thy1.1+ cells and show data concatenated from all biological replicates. n=3-4 mice per group. 
 

[bookmark: _Toc136004322]SST stop proliferating prematurely 
We next sought to determine why SST failed to persist in ASTxGAG. We labeled TCRTAG/TST and TCRGAG/SST with carboxyfluorescein succinimidyl ester (CFSE) and adoptively transferred CFSE-labeled T cells into untreated B6, LMTAG or LMGAG-infected B6, or ASTxGAG treated with TAM 5 days prior. TCRTAG and TCRGAG were reisolated from premalignant livers 3d post-transfer for flow cytometric analysis (Fig. 4.7A). Even at this early time point, fewer TCRGAG/SST than TCRTAG/TST were found in ASTxGAG livers (Fig. 4.7B). To assess cell death, we stained T cells with annexin V and DAPI and, surprisingly, found similar proportions of total apoptotic (Annexin V+), early apoptotic (Annexin V+), and late apoptotic (Annexin V+ DAPI+) SST and TST in the liver (Fig. 4.7C and Fig. 4.8A, B). Notably, infection-activated TCRGAG and TCRTAG underwent apoptosis at a much higher rate than SST and TST in ASTxGAG (Fig. 4.7C and Fig. 4.8A, B), despite the fact that infection-activated TCRTAG and TCRGAG accumulated in higher numbers (Fig. 4.7B). While apoptosis has been thought to be the main driver of deletional tolerance (Redmond and Sherman Immunity 2005), this has mainly been inferred from cell numbers (Redmond, Marincek, and Sherman J Immunol 2005) because quantifying apoptosis in vivo is challenging due to rapid clearance of apoptotic cells (Bahl et al. J Virol 2010). 

Given the lack of correlation between apoptosis rates and persistence, we next examined proliferation by assessing CFSE dilution. TCRGAG/SST were mainly found in earlier divisions (divisions 4-6), in contrast to TCRTAG/TST, which accumulated in the later divisions (divisions 7-8+) (Fig. 3D). Given that SST failed to proliferate to the same extent as TST, we analyzed cell cycle distribution on later division TST and SST using DAPI/DNA content staining. While TST in cell divisions 4+ were actively cycling, as shown by the high proportion of TST in S and G2/M, SST were nearly all in G0/G1 (Fig. 3E). Thus, SST proliferated initially but stopped cycling prematurely, leading to decreased numbers of SST in the liver/tumor lesions. 
Figure 4.8| SST and TST undergo apoptosis at similar rates. A. Annexin V and DAPI staining on naive TCRTAG (N-TST) and TCRGAG (N-GAG) (gray), TCRTAG (E-TAG) and TCRGAG (E-GAG) activated during Listeria infection (green), TCRGAG (orange) and TCRTAG (blue) from ASTxGAG livers (as in Fig. 3A). B. % early apoptotic (Annexin V+ DAPI–) and late apoptotic (Annexin V+ DAPI+). Each symbol represents an individual mouse. ***p<0.001 (one-way ANOVA). All flow plots are gated on live CD8+ Thy1.1+ cells and data for each timepoint is concatenated from biological replicates. n=3 mice per group.
 

[bookmark: _Toc136004323]Persistent SST in the spleen are memory-like but lack effector function
[bookmark: _Hlk118820104][bookmark: _Hlk120195137]Given the failure of TCRGAG/SST to persist in normal and premalignant liver lesions, we next asked whether SST could home to and/or persist at other sites, including secondary lymphoid organs. We carried out adoptive transfers of TCRTAG/TST and TCRGAG/SST into Listeria-infected B6 or TAM-treated (5 days prior) ASTxGAG mice (Fig. 4.9A). 30 days post transfer, we recovered similar numbers of TST and SST from the spleens of ASTxGAG mice (Fig. 4.9B). TCRGAG/SST in ASTxGAG spleens were immunophenotypically indistinguishable from memory TCRGAG generated in LMGAG-infected B6, having a central memory immunophenotype (CD44+ CD62L+) (Fig. 4.10A) with upregulation of IL7R/CD127, TCF1 (Fig. 4.9C), and BCL2 (Fig. 4.10B), and low PD1, TOX (Fig. 4.9C), and CD39 (Fig. 4.10B) expression. In contrast, TCRTAG/TST in ASTxGAG spleens expressed high levels of PD1, TOX (Fig. 4.9C), and CD39 (Fig. 4.10B) and low levels of CD127 and TCF1 (Fig. 4.9C). Surprisingly, though TCRGAG/SST in ASTxGAG spleens appeared memory-like, they were incapable of producing effector cytokines (Fig. 4.9D). 

We next wanted to determine whether non-transgenic tumor-reactive CD8 T cells undergo similar differentiation as TCRTAG /TST or TCRGAG /SST. Given that endogenous TAG- or GAG-specific CD8 T cells are absent from ASTxGAG due to central tolerance (Ohlen et al. J Immunol 2001; Stahl et al. Immunol Lett 2009), we examined endogenous PD1+ CD8 T cells, enriched for T cells reactive to other tumor antigens (Gros et al. J Clin Invest 2014) arising in TAG-transformed hepatocytes. Notably, we found that endogenous PD1+ CD8 T cells were heterogeneous, including three subsets: TCF1+TOX- (similar to memory-like TCRGAG/SST), TCF1+TOX1+ (similar to early TCRGAG/SST or TCRTAG/TST), and TCF1-TOX+ (similar to late TCRTAG/TST) (Fig. S5C, D). These data suggest that some endogenous non-transgenic tumor-reactive PD1+ CD8 T cells also enter the TCF1+ memory-like state.

To test whether the induction of the memory-like dysfunctional state was specific to premalignant/malignant hosts, we adoptively transferred TCRGAG into Alb-GAG hosts and into LMGAG-infected B6 (Fig. 4.11A). As late as 55 days post-transfer, memory-like dysfunctional SST were found in the spleens of Alb-GAG (Fig. 4.11B) expressing TCF1, CD44, CD62L, and CD127 (Fig. 4.11C), and unable to produce effector cytokines (Fig. 4.11D). Figure 4.9| Persistent SST in the spleen are memory-like but lack effector function. A. Experimental scheme: naive TCRTAG (Thy1.1) or naive TCRGAG (Thy1.1) were adoptively transferred into Listeria-immunized B6 (memory) or into ASTxGAG (Thy1.2). TCRTAG (blue) and TCRGAG (orange) were re-isolated from recipient spleens 30+ days later for flow cytometric analysis. B. Absolute cell numbers recovered from spleen. *p<0.05 (one-way ANOVA). C. Left, histograms of CD127, TCF1, PD1, and TOX expression. Right, % marker+ as compared to naive; each dot represents an individual mouse. **p<0.01, ****p<0.0001 (one-way ANOVA). D. Upper, TNFα and IFNγ production following 4h ex vivo peptide stimulation. Memory TCRTAG (M-TAG) and memory TCRGAG (M-GAG) generated after Listeria infection (as in Fig. S1A; green) and no peptide-stimulated cells (gray) are shown for comparison. % TNFα+ IFNγ+ shown in insets and lower graph. Each symbol represents an individual mouse. ****p<0.0001 (one-way ANOVA). Data representative of at least two independent experiments. All flow plots are gated on live CD8+ Thy1.1+ cells, and flow data for each time point is concatenated from individual biological replicates. n=4-5 mice per group.
 
Figure 4.10| Persistent SST in spleens of tumor-bearing hosts have memory-like immunophenotype, and a subset of endogenous PD1+ CD8 T cells share the SST-like TCF1+TOX- profile. A. Left, CD44 and CD62L expression of naive (gray), memory (green) and TCRTAG/TST (blue) and TCRGAG/SST (orange) (as in Fig. 4A). Right, % CD44+CD62L+ and CD44+ CD62L–, each symbol represents an individual mouse. ****p<0.0001 (one-way ANOVA). B. Left, histogram BCL2, CD39 expression. Right, % marker+ as compared to naive; each dot represents an individual mouse. Naive (gray), memory (green), TST (blue), SST (orange). ****p<0.0001 (one-way ANOVA). C, D. Right, TCF1 and TOX expression of TCRTAG/TST (blue), TCRGAG/SST (orange), and endogenous PD1+ CD8 T cells (gold) in spleens (C) and livers (D). Left, % cells TCF1+TOX- (light pink), TCF1+TOX+ (pink), and TCF1-TOX+ (dark pink), bars show standard error of the mean (SEM). Data representative of two independent experiments. All flow plots are gated on live CD8+ Thy1.1+ cells, and data is concatenated from biological replicates. n=4-5 mice per group.
 
Figure 4.11| SST persisting in non-tumor bearing mice are memory-like but lack effector function. A. Experimental scheme: naive TCRGAG (Thy1.1) were adoptively transferred into B6 infected with LMGAG or into Alb-GAG (Thy1.2). TCRGAG (orange and brown) were re-isolated from recipient spleens 5 and 55 days later for flow cytometric analysis. B. Absolute cell numbers recovered from spleen ***p<0.001, ****p<0.0001 (one-way ANOVA). C. Left, histograms of CD44, CD127, TCF1, CD62L, PD1, and TOX expression. Right, % marker+ as compared to naive; each dot represents an individual mouse. D. TNFα and IFNγ production following 4h ex vivo peptide stimulation with % TNFa+ IFNg+ shown in insets and graph on right. Each symbol represents an individual mouse. ****p<0.0001 (one-way ANOVA). Data representative of two independent experiments. All flow plots are gated on live CD8+ Thy1.1+ cells, and data for each time point is concatenated from biological replicates. n=2-5 mice per group.
 


[bookmark: _Toc136004324]SST and TST have distinct underlying transcriptional programs
[bookmark: _Hlk135732402]We next asked which transcriptional features were associated with this novel TCF1+           dysfunctional state and how they compared to TCF1- dysfunctional TST by using our previously described transcriptional profiling data obtained in late TCRTAG/TST transferred into AST;Cre-ERT2 (Schietinger et al. Immunity 2016) and TCRGAG into Alb-GAG hosts (Schietinger et al. Science 2012). We found that 628 probes mapping to 535 unique genes were differentially expressed in TCRTAG/TST as compared to TCRGAG/SST (Fig. 4.12A). Dysfunction/exhaustion-associated genes such as Ctla4, Gzmk, Lag3, Epntpd1 (encoding CD39), and Rgs16, recently shown to promote inhibit ERK1 activation in exhausted T cells (Weisshaar et al. Sci Immunol 2022), were upregulated in TCRTAG/TST (Fig. 4.12A). In contrast, genes associated with stem-like/progenitor T cell states and lymphoid homing (Lef1, Tcf7 (encoding TCF1), Sell (encoding CD62L), Ccr7, Klf2, and Bach2) were upregulated in TCRGAG/SST (Fig. 4.12A). We carried out Gene Set Enrichment Analysis (GSEA) (Mootha et al. Nat Genet 2003; Subramanian et al. Proc Natl Acad Sci U S A 2005) to identify pathways associated with TCRGAG /SST and interestingly, found enrichment in genes associated with oxidative phosphorylation (Fig. 4.12B), also enriched in memory T cells and other quiescent T cells (Chapman, Boothby, and Chi Nat Rev Immunol 2020).  TCRGAG/SST were also enriched in gene sets associated with memory CD8 T cells (Fig. 4.12C) in contrast to exhausted or effector CD8 T cells gene sets, which were enriched in TCRTAG/TST (Fig. 4.12D). Thus, while both TCRTAG/TST and TCRGAG/SST lack effector function and are unable to prevent tumor outgrowth, the underlying transcriptional programs controlling their function and phenotype markedly differ.

[bookmark: _Toc136004325][bookmark: _Hlk135834943]TCF1+ memory-like SST do not respond to immune checkpoint blockade
[bookmark: _Hlk135835140][bookmark: _Hlk135746273]In hosts with tumors and chronic infection, TCF1+PD1low stem/progenitor-like exhausted CD8 T cells localized in secondary lymphoid organs and tertiary lymphoid structures preferentially proliferate and respond to anti-PD1/PDL1 ICB (He et al. Nature 2016; Im, Hashimoto, Gerner, Lee, Kissick, Burger, et al. Nature 2016; Utzschneider et al. Immunity 2016; Jansen et al. Nature 2019; Miller et al. Nat Immunol 2019; Siddiqui et al. Immunity 2019; Eberhardt et al. Nature 2021). Thus, we asked whether persistent TCF1+ memory-like SST would respond better to ICB than TCF1- TST. We co-transferred TCRTAG/TST and TCRGAG/SST into TAM-treated ASTxGAG mice (5 days post-TAM), waited 21+ days, by which point SST have entered the TCF1+ PD1-/low state, and treated ASTxGAG with combination anti-PD1/anti-PDL1 antibodies or isotype control (Fig. 4.13A). Surprisingly, not only did TCRGAG fail to regain effector function in response to ICB (Fig. 4.13B), TCRGAG did not significantly upregulate MKI67 in response to ICB (Fig. 4.13C), and we did not observe increased TCRGAG numbers (Fig. 4.13D). TCRTAG also failed to regain effector function in response to ICB (Fig. 4.13B), consistent to what we previously observed (Schietinger et al. Immunity 2016), though TCRTAG did proliferate and show lower PD1 staining in ICB-treated ASTxGAG (Fig. 4.13C). Accordingly, we did not observe any slowing of ASTxGAG tumor progression, as measured by liver weight (Fig. 4.13E). 

Figure 4.12| SST and TST have distinct underlying transcriptional programs. We analyzed our previously published Illumina microarray data obtained from TCRTAG adoptively transferred into TAM-treated AST;Cre-ERT2 mice for 35 days (n=4; blue) [12] and from tolerant TCRGAG from Alb-GAGxTCRGAG (n=3, orange). A. Volcano plot showing differences in gene expression in TCRTAG as compared to TCRGAG. Each dot represents one probe, and dots colored in red had |log2 (ratio)| >0.585 (±1.5-fold) and false discovery rate (FDR; Benjamini-Hochberg) <0.05. 635 probes associated with 528 unique genes met significance criteria. Selected dysfunction/exhaustion genes upregulated in TCRTAG or quiescence/lymphoid-homing genes upregulated in TCRGAG are shown. For genes with multiple significant probes, the probe with highest -log10(FDR) is shown. B,C,D. Selected gene sets identified using Gene Set Enrichment Analysis are shown for the comparison of TCRTAG versus TCRGAG; heatmaps shows the top 50 enriched genes from each gene set. NES=normalized enrichment score.
 

Figure 4.13| TCF1+ memory-like SST do not respond to immune checkpoint blockade. A. Experimental scheme: naive TCRTAG (Thy1.12) and naive TCRGAG (Thy1.1) were co-adoptively transferred into TAM-treated ASTxGAG (Thy1.2), and 21 days later, mice were treated with αPD1/PD-L1 antibodies in combination (ICB; purple) or isotype control antibody (iso) every other day. TCRTAG (blue) and TCRGAG (orange) were isolated from recipient livers 2 days following the final treatment for flow cytometric analysis. B. Left, TNFα and IFNγ production following 4h ex vivo peptide stimulation. Memory TCRTAG (M-TAG) and memory TCRGAG (M-GAG) generated after Listeria infection (as in Fig. S1A; green) and no peptide-stimulated cells (gray) are shown for comparison. % TNFα+ IFNγ+ shown in insets and graph. Each symbol represents an individual mouse. ****p<0.0001 (one-way ANOVA). C. Left, histograms of PD1 and MKI67 expression. Right, MFI or % marker+ as compared to naive; each dot represents an individual mouse. *p<0.05, **p<0.01, ***p<0.001 (one-way ANOVA). D. Absolute cell numbers recovered from liver. *p<0.05, **p<0.01 (one-way ANOVA). E. Liver weights (g) of ASTxGAG at analysis (36 days post-TAM; analyzed by unpaired t-test). Data representative of two independent experiments. All flow plots are gated on live CD8+ Thy1.1+ cells, and flow data for each time point is concatenated from individual biological replicates. n=3-4 mice per group.
 

To determine if the continued dysfunction was specific to tumor-bearing ASTxGAG hosts, we adoptively transferred TCRGAG/SST into Alb-GAG and treated with anti-PD1/anti-PDL1 or isotype control after TCRGAG had reached a memory-like timepoint (Fig 4.14A). As seen in ASTxGAG hosts, neither TCRGAG/SST and endogenous T cells produced effector cytokines upon restimulation with GAG peptide (Fig 4.14B). Neither TCRGAG/SST nor endogenous CD8+CD44+ T cells expresses PD1 in either group, as expected at a late timepoint for TCRGAG (Fig 4.14C), and cell numbers did not increase with treatment of ICB (Fig 4.14D). Thus, despite the memory-like TCF1+ phenotype of SST, ICB treatment does not rescue their function. 

The unexpected failure of TCF1+ TCRGAG/SST to proliferate or regain effector function in response to ICB suggests that TCF1 expression and/or associated memory-like transcriptional and phenotypic programs are not sufficient to enable ICB-mediated T cell rescue. 

Figure 4.14| SST persisting in non-tumor bearing mice do not rescue with immune checkpoint blockade. A. Experimental scheme: naive TCRGAG (Thy1.1) were adoptively transferred into Alb-GAG (Thy1.2). TCRGAG (orange) and endogenous CD8+CD44+ (gold) were re-isolated from recipient spleens 5 and 55 days later for flow cytometric analysis. B. Absolute cell numbers recovered from spleen. ns=not significant, ****p<0.0001 (one-way ANOVA). C. Left, histograms of PD1 expression. Right, PD1 MFI as compared to naive level; each dot represents an individual mouse. ns=no significance (one-way ANOVA). D. Left, effector cytokine TNFα and INFγ expression following 4h ex vivo peptide stimulation (gray, no peptide control). Insets and graph at right shows % INFγ+TNFα+. Each symbol represents an individual mouse. ****p<0.0001 (one-way ANOVA). All flow plots are gated on live CD8+ Thy1.1+ cells, and data for each time point is concatenated from biological replicates. n=3-4 mice per group.
 

[bookmark: _Toc136004326]DISCUSSION
To characterize human tumor-reactive T cells from patients, where T cell specificities are usually unknown, researchers have adopted dysfunctional hallmarks identified from studying tumor-specific or viral-specific T cells, including expression of inhibitory receptors such as PD1 and CD39, downregulation of TCF1, and upregulation of TOX (van der Leun, Thommen, and Schumacher Nat Rev Cancer 2020; Tooley, Escobar, and Anderson Trends Cancer 2022). However, we now find that CD8 T cells specific for SSA enter a previously uncharacterized dysfunctional state immunophenotypically indistinguishable from central memory T cells. Persisting memory-like SST were CD44+ CD62L+ CD127+ TCF1+, and they did not express PD1, CD39, or TOX. Surprisingly, unlike classical memory T cells generated during acute infection, memory-like SST were unable to produce effector cytokines in response to stimulation with cognate antigen, similar to TCF1- TOX+ terminally-differentiated TST. Interestingly, we found that the endogenous tumor-reactive PD1+ CD8 T cell population in ASTxGAG was heterogeneous, with TCF1+TOX1-, TCF1+TOX+, and TCF1-TOX+ subsets present, suggesting that the TCF1+ memory-like state is not unique to TCRGAG but present in T cells specific for other SSA/tumor antigens. In line with this, a recent study profiled the immunophenotype and specificity of tumor-reactive CD8 T cells in patients with melanoma and found that T cells with a memory-like phenotype (PD1-TCF1+TOX-) were present in tumors. These memory-like tumor-infiltrating T cells had specificity for patient-derived melanoma cells but also reacted to non-melanoma cells lines (Oliveira et al. Nature 2021), suggesting SSA-specificity. Thus, our findings on TCRGAG/SST in the ASTxGAG model may be applicable to other tumor types and to human patients with cancer. 

Our findings have important implications for cancer immunology, demonstrating that (i) tumor antigen type (TSA or SSA) can be an important determinant of tumor-reactive T cell differentiation, (ii) tumor-reactive T cells can lose effector function via classical exhaustion/dysfunction pathways or through differentiation to a memory-like PD1-TCF+TOX- non-functional state, and (iii) the presence of dysfunctional/exhausted markers (PD1, CD39) or absence of functional/memory-associated transcription factors (TCF1) does not predict whether tumor-reactive CD8 T cells are functional. 

Interestingly, CD8 T cell differentiation in response to SSA was conserved whether the antigen was expressed in the context of transformed hepatocytes or non-transformed hepatocytes, suggesting that CD8 T cell differentiation, functional status, and persistence are driven by the nature of the antigen (self/shared- versus tumor-specific) and not by the tumor microenvironment. The failure of self/shared-antigen-reactive T cells to persist has long been attributed to deletional tolerance (Redmond and Sherman Immunity 2005). To our surprise, we did not see an increase in the number of apoptotic SST as compared to either TST or to SST responding to their cognate antigen in the context of acute infection. Rather, SST failed to sustain the initial robust proliferation in response to antigen and exited cell cycle prematurely, in contrast to TST or infection-activated SST. Future studies are needed to determine the mechanism by which SST leave cell cycle prematurely while TST do not.

The important question arising is what drives the divergent differentiation paths of TST and SST in our model. Dysfunctional hallmarks such as PD1, CD39, and TOX, are driven by persistent TCR signaling in the setting of tumors or chronic viral infection and dependent on the transcription factor NFAT (Martinez et al. Immunity 2015). TCRGAG encounter their cognate GAG antigen in both the spleen and liver of Alb-GAG mice, as suggested by the presence of early division TCRGAG in both organs. However, TCRGAG persisting in the spleen downregulate PD1, maintain TCF1 expression, re-express CD127 and BCL2, and harbor gene expression profiles of quiescent T cells, similar to CD8 T cell differentiation to the memory state during acute infection following pathogen/antigen clearance. Taken together, these findings suggest that SST are not receiving persistent TCR stimulation, in contrast to TST. TCRGAG may persist in an antigen-free or antigen-low niche within the spleen or other secondary lymphoid organs, though this remains to be investigated. Another determinant of T cell differentiation in tumors is TCR affinity/avidity (Shakiba et al. J Exp Med 2022). Comprehensive profiling of TCR affinity/avidity of TIL in patients with melanoma revealed that CD8 T cells specific for neoantigens had higher avidity than SSA specific T cells (Oliveira et al. Nature 2021). A recent study using a murine colorectal cancer model found that lower-affinity tumor-infiltrating CD8 T cells have a progenitor phenotype (TCF1+TOX-) while higher affinity T cells maintain a more exhausted phenotype (TCF1-TOX+) with higher proliferation (Hay et al. Cancer Immunol Res 2023). Future studies are needed to determine whether it is the lower affinity/avidity of SSA that skews responding T cells to a memory-like state, or whether other differences between SSA and TSA, such as tissue distribution or expression in secondary lymphoid organs, play a role.

Surprisingly, despite having a memory-like phenotype and TCF1 expression, SST failed to regain effector function or even proliferate in response to ICB. Another recent study in a murine lung cancer model found that even though lower-affinity CD8 T cells had a memory-like phenotype (TCF1+) as compared to higher-affinity CD8 T cells, they did not have improved responses to ICB (Burger et al. Cell 2021). The failure of SST/TCRGAG to mediate anti-tumor or autoimmune effects with ICB in ASTxGAG demonstrates that TCF1 expression alone does not predict responsiveness to ICB, but it does leave the question open as to why some patients with SST go on to develop irAE after ICB therapy. A recent large retrospective analysis of patients treated with pembrolizumab (anti-PD1) found that those diagnosed with infection were 80% more likely to develop an immune-related adverse event (irAE), though it was not possible to establish whether the infection preceded the irAE or vice versa (Makunts et al. PLoS One 2022). Another study in mouse tumor models showed that dendritic cell production of IL12 was required for successful ICB-mediated T cell responses (Garris et al. Immunity 2018), suggesting that concurrent inflammation or infection may determine whether ICB unleashes SST-mediated autoimmune and/or anti-tumor responses. Work from our group suggests that there is a “Goldilocks” range for T cell affinity, in which too high affinity leads to dysfunction while too low affinity induces not dysfunction but functional inertness (Shakiba et al. J Exp Med 2022). Lower affinity memory-like SST may not proliferate in the presence of ICB alone but require inflammatory cytokines/dendritic cell priming to push them over the proliferation/effector differentiation threshold.

While many studies have focused on the impact of ICB on tumor-specific CD8 T cell responses in murine cancer models, the ASTxGAG system, in which we can concurrently study tumor-specific and self/shared-antigen specific CD8 T cell responses, allows for the study of ICB-induced anti-tumor responses and irAE. In future studies with the ASTxGAG and similar models, we can dissect antigen-dependent determinants of CD8 T cell differentiation in tumors and determine what regulates ICB efficacy and toxicity.



CHAPTER V
[bookmark: _Toc136004327]MECHANISMS AFFECTING SELF SPECIFIC T CELL FAILURE TO PERSIST

[bookmark: _Toc136004328]Overview
The lack of T cell persistence is an important aspect of peripheral tolerance and the prevention of autoimmunity. However, self-specific T cells that can recognize self-antigen overexpressed on tumors represent an untapped potential for immunotherapies. In the previous chapter, self-specific T cells (SST) in the novel ASTxGAG featuring liver self/shared tumor antigen failed to persist in comparison to tumor neoantigen-specific T cells (TST), regardless of a tumor environment or not. Further probing revealed that SST initially activate and proliferation upon recognition of cognate antigen, but prematurely leave cell cycle after only a few divisions. SST do not undergo increased apoptosis in comparison to TST. This observation suggests that the nature of the antigen affects downstream TCR signaling that influences T cell persistence, proliferation, and/or survival. Thus, we asked several questions in regards to T cell persistence and proliferation to determine the cause of this premature cell cycle exit: lack of optimal priming, failure to express TOX, self-antigen as a tumor antigen, and lower levels of tumor antigen. 


[bookmark: _Toc136004329]Results
[bookmark: _Toc136004330]Optimal priming of liver self-antigen-specific T cells provides an initial, transient boost in proliferation 
To determine if the lack of persistence is due to suboptimal priming of SST, we infected Alb-GAG mice with Listeria expressing the GAG antigen (LMGAG) or empty Listeria (LM0) 12 hours before adoptively transferring SST (Fig 5.1A). At 3 days post-transfer, the presence of LM0 allowed SST in both wild-type and Alb-GAG mice to divide more than those without LM0; however, without the expression of cognate antigen, SST exited cell cycle as previously seen (Fig 5.1B and 5.1C). SST within Alb-GAG that had received LMGAG were cycling more than those in Alb-GAG without LMGAG and were able to continue proliferation with an increase in cell numbers. However, after two weeks, SST were not cycling and had consistent numbers between the two groups (Fig 5.1D). Thus, the optimal priming provided by LMGAG is transient, and the signal SST receive to leave cell cycle is dominant over those signals in an acute infection. 

[bookmark: _Toc136004331]TOX overexpression does not rescue liver self-specific T cell persistence 
TOX is a DNA binding factor that is required for T cell differentiation during chronic antigen stimulation, such as in tumors or chronic infection (Scott et al. Nature 2019a; Khan et al. Nature 2019; Wang et al. J Hepatol 2019). In these settings, TOX is required for T cell survival and sustained expression of inhibitory receptors, and we have previously seen that TCRTAG upregulate TOX in the tumor environment (Scott et al. Nature 2019a). The lack of sustained TOX expression in TCRGAG and the high levels of TOX in TCRTAG (Fig 4.2B) led us to hypothesize that TOX plays a role in the lack of TCRGAG persistence and subsequent deletion. 

We transduced TCRGAG with a retroviral vector to overexpress TOX-EFGP in TCRGAG and adoptively transferred these T cells into Alb-GAG mice along with EGFP-expressing control TCRGAG (Fig 5.2A). TCRGAG overexpressing TOX in WT mice had higher cell numbers than EGFP control counterparts, indicating that TOX played a role in T cell survival (Fig 5.2C). Surprisingly, however, TCRGAG within Alb-GAG mice had no significant cell number difference whether they received TOX overexpression or control (Fig 5.2B). This finding indicates that the survival signals induced by TOX are not enough to overcome the tolerance phenotype. 

Figure 5.1| Optimal priming does not fully rescue SST function. A. Experimental scheme: naive TCRGAG (Thy1.1) were adoptively transferred into B6 or into Alb-GAG (Thy1.2) following LMGAG 12 hours prior. TCRGAG were re-isolated from recipient spleens 2.5 and 14 days later for flow cytometric analysis. B. CFSE levels at 2.5 days. Naïve (gray), Alb-GAG (orange), Alb-GAG+LM0 (light pink), and Alb-GAG+ LMGAG (dark pink). C. Percent cells in S/G2 phase by division number at 2.5 days. D. Numbers of TCRGAGrecovered from spleens at day 2.5 and 14. All flow plots are gated on live CD8+ Thy1.1+ cells, and data for each timepoint is concatenated from biological replicates. n=2-3 mice per group.

Figure 5.2| TOX overexpression does not overcome tolerogenic signals. A. Experimental scheme. Naïve TCRGAG (Thy1.1) were transduced with retroviral vectors containing TOX-EGFP or control EGFP and adoptively transferred into Alb-GAG or B6 (Thy1.2). TCRGAG were re-isolated from spleens 10 days later. B. Left, histogram TOX and PD1 expression. Right, %marker+ as compared to naive level; each dot represents an individual mouse. naïve (gray), EGFP cells in B6 (green), TOX-EGFP cells in B6 (cyan), EGFP in Alb-GAG (orange), TOX-EGFP in Alb-GAG (brown). ns=no significance, *p<0.05, **p<0.01 (one-way ANOVA). C. Cell numbers recovered from spleens of WT B6 or Alb-GAG mice. ***P<0.001 (Student’s t-test). All flow plots are gated on live CD8+ Thy1.1+GFP+ cells, and data for each timepoint is concatenated from biological replicates. n=2-3 mice per group.
 

[bookmark: _Toc136004332]TST do not express higher levels of MYC than SST
c-MYC is well-known as a potent oncogene controlling proliferation and survival in tumor cells (Kortlever et al. Cell 2017). In T cells, nonmutated c-MYC is activated downstream of TCR signaling and plays a large role in activating T cell metabolism to support rapid proliferation as well as survival during the effector phase of T cell responses (Gnanaprakasam and Wang Genes (Basel) 2017; Rathmell Immunity 2011). Previous analyses of the TCRTAG by our group has found that TST have an increase in MYC RNA (data not shown). We thus hypothesized that TST express higher levels of MYC than SST to support proliferation and persistence while the failure to express MYC in SST leads to the exit of cell cycle and the lack pf persistence. 
We adoptively transferred CFSE-labeled TCRGAG or TCRTAG into ASTxGAG mice and assessed spleens and livers 60 hours later for MYC expression (Fig 5.3A), before we see a dramatic drop in TCRGAG in the spleens (Fig. 4.3). Interestingly, even at 60 hours when we see TCRGAG/SST already leaving cell cycle, MYC expression is the same between TCRGAG and TCRTAG (Fig 5.3B), indicating that the lack of MYC is not the explanation behind TCRGAG/SST’s failure to continue to proliferate and persist in high numbers.
 Figure 5.3| SST and TST have similar MYC expression. A. Experimental scheme: naive TCRTAG (Thy1.1) or naive TCRGAG (Thy1.1) were adoptively transferred into TAM-treated ASTxGAG (Thy1.2). TCRTAG (blue) and TCRGAG (orange) were reisolated from recipient spleens and livers 3 days later for flow cytometric analysis. B. Histograms of phosphorylated S6 in spleen and liver. Endogenous CD8+, open. All flow plots are gated on live CD8+ Thy1.1+ cells. All flow plots are gated on live CD8+ Thy1.1+ cells and show data concatenated from all biological replicates. n=3-4 mice per group.
 

[bookmark: _Toc136004333]Tumor vs. self-antigen role in persistence
The tumor and self-antigens used in these studies have thus far been different peptides. These antigens are both derived from viral proteins and evoke a TCR cell response in the micromolar range of peptide concentrations; however, there are likely varying degrees of MHC binding and TCR affinity. To address this discrepancy, we sought to utilize the GAG antigen as both a self-antigen and a tumor-specific antigen through a subcutaneous tumor model. 

EL-4 cells are a mouse lymphoma cell line on a C57BL/6 background. We transduced a vector expressing the GAG antigen fused to EGFP for simple identification of cells that had taken up the vector. We  then sorted these cells by EGFP expression for a homogenous population of EL4-GAG-expressing cells (Fig 5.4A). These cells then were injected subcutaneously into WT or Alb-GAG mice and monitored for tumor development before subsequent adoptive transfer of CFSE-labeled TCRGAG and analysis 60 hours post-adoptive transfer (Fig 5.4B). 

Within the spleen, there were no differences in cell numbers regardless of subcutaneous tumor. However, in the liver, TCRGAG cell numbers were slightly increased with the addition of GAG-expressing tumor (Fig 5.4C). Even within the tumor, TCRGAG in B6 mice had much higher cell numbers than those from the self-antigen Alb-GAG environment (Fig 5.4C). Having GAG as both the self- and tumor-antigen in this model did not increase the proliferation of TCRGAG in the spleen or liver but did seem to somewhat increase proliferation in the tumor itself (Fig 5.4D). PD1 expression did not increase anywhere in the assessed organs (Fig 5.4D). Finally, GAG as a shared self/tumor antigen did not rescue effector cytokine function (Fig 5.4E). Thus, at an early timepoint of TCRGAG in a shared self/tumor environment, the presence of the tumor antigen only somewhat boosts numbers and proliferation but does not provide additional signals to increase effector function. As the tumors grew quickly in the Alb-GAG mice, it was necessary to perform this experiment at an early timepoint following adoptive transfer. Further studies on this type of model would be needed to ascertain how T cells persist long-term in a shared self/tumor model using subcutaneous EL4-GAG.Figure 5.4| GAG as self-antigen and subcutaneous tumor antigen does not improve SST function but does increase proliferation. A. Experimental scheme. EL-4 cells transduced with GAG-EGFP were subcutaneously injected into B6 (green) or Alb-GAG (brown) flanks and allowed to grow for 15 days. CFSE-labelled TCRGAG were then adoptively transferred, and cells recovered 60 hours later from spleens, livers, and tumors. B. Tumor volumes of subcutaneous EL-4-GAG tumors. TCRGAG were adoptively transferred on d15. C. Absolute cell numbers recovered from spleen, liver, and tumor. SC=subcutaneous tumor. ***p<0.001 (one-way ANOVA). D. Histograms of CFSE (top) and PD1 expression (bottom) in spleen, liver, and tumor. E. TNFα and INFγ production following 4h ex vivo peptide stimulation with % TNFa+ IFNg+ shown in insets. No peptide-stimulated cells (gray) are shown for comparison. All flow plots are gated on live CD8+ Thy1.1+ cells and show data concatenated from all biological replicates. n=1-4 mice per group.
 


[bookmark: _Toc136004334]TST do not all activate with lower levels of TAG antigen but still proliferate more than SST 
We wondered whether the ability of TST to proliferate faster than SST was due to a greater expression of the TAG antigen upon TAM treatment as compared to the GAG antigen. Unfortunately, there is no antibody available to detect FMLuV GAG antigen to make a direct comparison of the antigen expression levels. Instead, we used the T cells as a readout in the ASTxGAG mice without treatment of TAM. Even without TAM to splice the STOP codon, there are a few cells that still spontaneously express the antigen. 

I adoptively transferred CFSE-labelled TCRTAG and TCRGAG into ASTxGAG without treatment of TAM and assessed cell proliferation after 60 hours in the spleen and liver (Fig 5.5A). Without high levels of TAG antigen, not all TCRTAG activated as seen by no proliferation. Nearly all TCRGAG were able to proliferate. However, despite fewer activated TCRTAG, these TST were still able to proliferate further than TCRGAG, which still stalled and failed to continue to proliferate after just a few divisions (Fig 5.5B). Thus, the amount of antigen expressed in ASTxGAG is not the reason for the failure of TCRGAG/SST to proliferate. 
Figure 5.5| TST proliferate better than SST even with lower tumor antigen. A. Experimental scheme: naive TCRTAG (Thy1.1) or naive TCRGAG (Thy1.1) were adoptively transferred into Listeria-immunized B6 or ASTxGAG (Thy1.2) without TAM treatment. TCRTAG (blue) and TCRGAG (orange) were reisolated from recipient spleens and livers 3 days later for flow cytometric analysis. B. CFSE histograms showing cell proliferation. Data representative data of two independent experiments. All flow plots are gated on live CD8+ Thy1.1+ cells and show data concatenated from all biological replicates. n=3-4 mice per group. 
 
Figure 5.6| SST and TST upregulate BIM at similar levels. Experimental scheme: naive TCRTAG (Thy1.1) or naive TCRGAG (Thy1.1) were adoptively transferred into Listeria-immunized B6 or ASTxGAG (Thy1.2) 5 days after TAM treatment. TCRTAG (blue) and TCRGAG (orange) were reisolated from recipient spleens and livers 2 days later for flow cytometric analysis. B. Left, histograms of BIM staining. Right, BIM MFI as compared to naive; each symbol represents an individual mouse. *p<0.05, ***p<0.001 (one-way ANOVA). Data representative data of two independent experiments. All flow plots are gated on live CD8+ Thy1.1+ cells and show data concatenated from all biological replicates. n=2-3 mice per group. 
 

[bookmark: _Toc136004335]Conclusions
This chapter posed several questions to probe the mechanism behind the lack of SST persistence following encounter with self-antigen. The results regarding the lack of SST persistence posed in this chapter do not fully address the reason why SST fail to persist in comparison to TST in the same tumor environment. However, the results indicate that the premature cell cycle exit is not due to the lack of transcription factor TOX expression or the lack of optimal priming. Rather, it is likely that a complex signaling network is initiated upon self-antigen encounter that requires multiple factors to initiate. 

Previous work has shown that deletional tolerance requires the pro-apoptotic protein BIM, and knockout of BIM abrogates apoptosis of SST (Davey et al. J Exp Med 2002; Suen and Baldwin Proc Natl Acad Sci U S A 2012). However, BIM does not seem to be the driving factor in T cells toward tissue-specific antigen (Suen and Baldwin Proc Natl Acad Sci U S A 2012) and we did not see an upregulation of BIM in my studies (Fig 5.6), suggesting a much more complicated route to SST disappearance.

Likewise, MYC is expressed in both TST and SST, which even a slightly higher MYC expression in SST than TST (Fig 5.3). This finding suggests that MYC expression is not the sole contributor to TST persistence over SST. Confoundingly, a recent study using CRISPR screens found that MYC and the transcription factor cBAF physically interact with each other to promote a more effector-like phenotype while MYClocBAFlo T cells differentiated toward a more memory-like phenotype (Guo et al. Nature 2022). However, the fate of MYC-expressing T cells within a tumor environment is much less clear, and indeed, by the results found in our SST/TST model, MYC may play a contrary role in the differentiation to dysfunctional and tolerant states. 

Finally, the antigen itself does not seem to be the sole determinant of T cell fate and persistence. Even when GAG acted as a tumor antigen or when the expression levels of GAG were higher in relation to TAG, we did not see a dramatic increase in SST persistence. Further studies using other tumor and self-antigens will be required to ascertain what factors are required and what factors are model or tissue specific. 

To design more effect immunotherapies that harness the power of a patient’s T cells, we must further understand how the nature of antigens affect T cell fate and differentiation. The mechanisms involved in the disappearance of tissue specific self-reactive T cells are complex and involve several interweaved factors to become hypofunctional. 


CHAPTER VI
[bookmark: _Toc136004336]CONCLUSIONS AND FUTURE DIRECTIONS

[bookmark: _Toc136004337]Conclusions
Tumor neoantigens, derived from mutated or fused proteins, are not expressed elsewhere in the host, and T cells with a TCR specific for the mutated peptide should respond toward this neoantigen as if it is foreign. However, we do not see TST respond to our TAG oncogene/neoantigen in our AST;Cre-ERT2 mouse model, and several other models and human data show similar T cell hyporesponsiveness with a lack of effector function. On the other hand, cancer cells express self-antigens that can be found elsewhere in the host, such as overexpressed but not mutated proteins. T cells with a TCR specific for the self-antigen should undergo a form of peripheral tolerance in response to recognition of a self-antigen to prevent autoimmune pathology. However, these self-specific T cells represent a ready cytotoxic population that could be harnessed to use a patient’s own immune system against their tumors. The work presented in this dissertation has sought to shed further light on T cell responses toward self-antigens and tumor neoantigens. 

In chapter III, we attempted to create an in vitro model of hepatocellular carcinoma so that we harness our liver cancer mouse model AST;Cre-ERT2 and TCRTAG to identify what factors, including the TAG oncogene itself, drove TST dysfunction. Existing 2D methods of generating a cell line from AST;Cre-ERT2 mice yielded a cell line that expressed SV40 and could activate TCRTAG. We also found that T cells can migrate into the Matrigel matrix and contact peptide-pulsed cells within, indicating that organoid technology could eventually be utilized to study T cell interactions with particular tissue types. However, the organoid technology for livers needs to be advanced further before we can utilize such a model due to the inability to fully differentiate ductal stem cells into hepatocytes that can express albumin. 
 
In chapter IV, we identify that SST and TST responses toward liver self-antigen or liver tumor neoantigen both result in T cell nonfunction; however, SST fail to persist in high numbers in the liver. This failure to persist does not seem to be a massive upregulation of apoptosis in comparison to persistent TST but rather a premature exit in cell cycle soon after recognition of cognate self-antigen. 

SST that do remain in the spleen display a memory-like phenotype with high TCF1 and no PD1 expression. Despite this memory-like phenotype, these SST do not respond to ICB, indicating that TCF1 may not be the sole factor in identifying what T cell subset can respond to immune therapies and that memory-like SST might need further priming or activation signals to rescue function and target tumor-associated antigens. In chapter V, we assess other possible mechanisms that might play a role in the premature cell cycle exit of SST. These mechanisms include the use of GAG-expressing Listeria to provide an optimal priming condition for SST within the Alb-GAG mice. This optimal priming does transiently rescue the initial proliferation of SST but does not recover higher numbers of SST at later timepoints. This result indicates additional priming may indeed be a way to unleash T cell responses with ICB treatment; however, further studies on this are needed to assess which signals are needed. 

In addition to optimal priming, we assessed the expression levels of TOX and MYC in SST versus TST. Overexpression of TOX did not rescue the cell numbers of SST, indicating that the survival and persistence promotion induced by TOX in TST are not enough to override the signals initially received upon recognition of a self-antigen. TST and SST express similar levels of MYC, suggesting MYC is not solely involved in the persistence of TST. Finally, levels of antigen expressed in the ASTxGAG liver do not affect the ability of TST to out proliferate SST. 
The results described in this dissertation have contributed to our understanding of T cell responses toward self-antigen and tumor neoantigen in the context of liver mouse models. However, the work presented also raises additional questions and avenues for further research. 

[bookmark: _Toc136004338]Future Directions
[bookmark: _Toc136004339]What is the mechanism behind self-reactive T cell exit of cell cycle? 
Chapter V addressed several questions regarding the mechanism behind the premature cell cycle exit of SST: lack of optimal priming, failure to express TOX, self-antigen as a tumor antigen, and lower levels of tumor antigen. However, the experiments performed found that not just one of these factors are required for the cell cycle exit of SST. Rather, it is likely that multiple factors, including the induction of transcription factors by TCR signaling after antigen recognition, play a complex, interrelated role in stopping T cell proliferation. Thus, the question remains: what is the mechanism behind self-reactive T cell exit of cell cycle?

One way to address this question could be to use a library of known apoptosis or survival genes to see what gene, if any, is responsible for the striking lack of persistence in SST. Knocking out certain apoptosis proteins in SST or survival proteins in TST would give clear readouts of T cells surviving or dying. However, given the vast complexity of T cell signaling and fate differentiation and the incomplete answers addressed in Chapter V, it is likely that there is not just one protein responsible for the observed phenotype. 

The answer could potentially lie in the downstream signaling that is activated by the individual TCR upon antigen encounter. We probed the upstream signaling briefly in the form of phosphorylated S6 (pS6). pS6 is downstream of the PI3K signaling pathway that is activated upon TCR stimulation.  There is no difference between the phosphorylation of pS6 in TCRTAG and TCRGAG after 60 hours in the premalignant liver environment (Fig 6.1), a timepoint when TCRGAG proliferation is already beginning to stop. 

[bookmark: _Toc136004340]What cell is presenting antigen to self- and tumor-reactive T cells? 
One factor behind the striking difference in SST and TST persistence may be due to which cell is presenting antigen and providing signals to the T cells. Brief studies looking at the responses of TST and SST upon isolated ASTxGAG hepatocytes show that both SST and TST can activate after three days in culture in vitro (Fig 4.5); therefore, hepatocytes are capable of presenting antigen directly to SST and TST in our model. However, we did not investigate further as to whether in vitro culture alone is sufficient to induce TST and/or SST dysfunction, leaving the ability of hepatocyte signaling effects on TST and SST an open question. 

In vivo, T cells are likely to first traffic to the spleen after intravenous adoptive transfer, since transferred cells are detectable in this organ and have upregulated CD44, indicating antigen recognition has occurred. We adoptively transferred CSFE-labeled TCRTAG or TCRGAG into TAM-treated ASTxGAG and analyzed spleens and livers after 3 days (Fig. 6.2A). CFSE dilution suggests that it is plausible that TST are activated and begin proliferating and undergoing cell cycle in the spleen and then traffic to the liver, where they continue to proliferate (Fig 6.2B, C). SST, on the other hand, see antigen in the spleen and both begin and end proliferation in the spleen with a handful of cells trafficking to the liver, where they may divide once more before exiting cell cycle (Fig 6.2B, C).

Figure 6.1| SST and TST have similar upstream signaling. Top, Experimental scheme: naive TCRTAG (Thy1.1) or naive TCRGAG (Thy1.1) were adoptively transferred into TAM-treated ASTxGAG (Thy1.2). TCRTAG (blue) and TCRGAG (orange) were reisolated from recipient spleens and livers 3 days later for flow cytometric analysis. Bottom, Histograms of phosphorylated S6 in spleen and liver. Endogenous CD8+, open. All flow plots are gated on live CD8+ Thy1.1+ cells.


Since GAG is a self-antigen, it could be expressed in thymic epithelial cells and splenic dendritic cells. We find very few TCRGAG/SST in Alb-GAG livers, in contrast to TCRTAG/TST, which primarily localize to the liver. To determine if priming location (e.g. liver vs. spleen) plays a role in TCR-TAG and TCRGAG/SST persistence and deletion, a splenectomy could be performed on TAM-treated ASTxGAG mice before adoptively transferring both T cells and subsequent analysis cell numbers as well as effector cytokine production and exhaustion markers could be performed. Combination of this method with a thymectomy can for the evaluation of both thymic epithelial cells and splenic dendritic cells (DC). To eliminate antigen presentation by splenocytes, a bone marrow transplant of β2-microglobulin knockout mice into lethally irradiated ASTxGAG mice could 
be performed so that GAG antigen will only be presented in hepatocytes and Kupffer cells.

Previous studies have shown that tolerizing DC interact with CD4+ T cells through Fas and TRAIL pathways to induce apoptosis (Qian et al. J Biol Chem 2013; Hasegawa and Matsumoto Front Immunol 2018). Tolerogenic DC are CD11bHIIalow and are characterized by low expression of co-stimulatory receptors CD80 and CD86. Enzyme-mediated proximity cell labeling (EXCELL) (Ge et al. J Am Chem Soc 2019) can be used to assess which DC populations interact with TCRGAG/SST. This technique relies on the transpeptidase sortase A, which is transduced into cells of interest, such as TCRGAG. Sortase A then transfers biotin-LPETG onto the cell surface of an interacting cell, allowing for the detection of cells that have interacted with TCRGAG/SST by flow cytometry.
 Figure 6.2| SST stop proliferating prematurely. A. Experimental scheme: naive TCRTAG (Thy1.1) or naive TCRGAG (Thy1.1) were adoptively transferred into TAM-treated ASTxGAG (Thy1.2). TCRTAG (blue) and TCRGAG (orange) were reisolated from recipient spleens and livers 3 days later for flow cytometric analysis. B. CFSE histograms showing cell proliferation. C. Top, histograms of DAPI staining/DNA content by CFSE dilution/cell division. Data representative data of four independent experiments. All flow plots are gated on live CD8+ Thy1.1+ cells and show data concatenated from all biological replicates. n=3-4 mice per group. 
 
 


[bookmark: _Toc136004341]What is the role of TCF1 in SST?
TCF1 is a high mobility group DNA binding protein/transcription factor critical for thymic T cell development. Mice lacking TCF1 have stunted growth of the thymus and greatly reduced T cell numbers (Verbeek et al. Nature 1995). Tcf7-/- T cells fail to survive and expand during re-infection, suggesting that TCF1 is critical for CD8 memory development (Jeannet et al. Proc Natl Acad Sci U S A 2010; Zhou et al. Immunity 2010). More recently, TCF1 been shown to be a marker and regulator of long-lived exhausted T cell precursor populations in chronic viral infection and tumor contexts, and TCF1+ T cell populations are thought to be responsible for response to checkpoint blockade (Im, Hashimoto, Gerner, Lee, Kissick, Urger, et al. Nature 2016; Wang et al. Front Immunol 2019; Siddiqui et al. Immunity 2019). 

TCF1 is downregulated in terminally differentiated effectors and terminally exhausted CD8+ T cells. However, previous studies suggest that low-affinity peptide ligands induce a lower level of proliferation (Goldrath and Bevan Immunity 1999) and a more sustained level of TCF1 (Shakiba et al. J Exp Med 2022). The unique phenotype of memory-like SST with TCF1 expression but without effector function despite immune checkpoint blockade treatment is an interesting, previously undescribed subset of T cells. It does appear that ICB downregulates the expression of TCF1 in both TCRGAG/SST and endogenous T cells in the spleen and liver of both tumor-bearing ASTxGAG and non-tumor bearing Alb-GAG mice (Fig 6.3A, B); however, MKI67 does not increase to indicate an increase in proliferation in SST. Thus, what is the role of TCF1 in memory-like SST? 

One approach to consider this question would be to generate a knockout of TCF1 in TCRGAG/SST to determine if these T cells develop into the memory-like phenotype we have seen in Alb-GAG and ASTxGAG mice. In addition, a conditional knockout, such a floxed TCF1 mouse crossed with an inducible Cre recombinase would allow for further probing after TCRGAG have reached a memory-like phenotype. Figure 6.3| Immune checkpoint blockade lowers TCF1 expression. A. Experimental scheme: naive TCRGAG (Thy1.1) were adoptively transferred into Alb-GAG (Thy1.2). TCRGAG (orange) and endogenous CD8+CD44+ (gold) were re-isolated from recipient spleens 5 and 55 days later for flow cytometric analysis. B. Left, histogram of TCF1 expression. Right, % marker+ as compared to naive level; each dot represents an individual mouse. ns=no significance (one-way ANOVA). Data representative data of three independent experiments. All flow plots are gated on live CD8+ Thy1.1+ cells and show data concatenated from all biological replicates. n=3-4 mice per group. 



Inflammatory signals have been shown to drive a decrease of TCF1 during infection, and IL-12 especially has been identified as important for TCF1 downregulation. It is possible that ICB induces enough of an inflammatory environment to cause the downregulation of TCF1 seen in TCRGAG/SST following ICB treatment (Fig 6.3B). TCF1 overexpression studies could be used to probe the response of TCRGAG during ICB treatment by preventing the downregulation of TCF1 and determine if TCF1 needs to remain high to rescue effector cytokine production.

[bookmark: _Toc136004342]Study Limitations
One limitation of the work presented here is that only responses toward liver antigens were used. The liver is a unique organ immunologically in that several immunosuppressive mechanisms are in play as the organ filters blood received from the colon and small intestine. The fact that we see TST dysfunction in multiple model systems assuages this fact; however, model systems looking at SST responses are widely varied, and organ specificity should be probed in the future.  

Secondly, since the affinity of TCRGAG and TCRTAG are somewhat different, with TCRTAG having a 100-fold higher EC50, the responses of T cells may be confounded by this difference. Both of these peptides are derived from viral peptides and do stimulate in the nanomolar range of peptide. In addition, the slightly lower affinity of the SST TCR is physiologically relevant, as any SST that escapes central tolerance would not have as strong an affinity to peptide as a TST. The ability to measure the affinities has been additionally confounded by the fact that tetramers toward the GAG pMHC are not available, and the GAG peptide contains several cysteines, making the peptide relatively unstable in culture and long-term storage. We took an indirect approach to assess affinity by culturing SST and TST on hepatocytes isolated from ASTxGAG and found both SST and TST upregulate CD69 by 72 hours in culture, indicating a similar affinity (Fig 4.4). One approach to further probing this limitation would be to use another mouse model system in which the self-antigen is also under the albumin promoter. One such model is the Hep-OVA model, where the well-studied OVA antigen is expressed only in the liver. The OVA model and transgenic CD8 T cells TCROT-I are well studied in the immunology field and would be an excellent model to compare the responses to TST and the Alb-GAG model. 

Finally, the study of SST is limited to what T cells are still alive at time of analysis. We did not observe an increase in apoptosis between SST and persistent TST; however, because cells in vivo are quickly cleared upon apoptosis, it is technically challenging to observe apoptotic cells. It may be possible to use a reporter mouse for caspase-3 or another apoptotic protein such as BIM to observe apoptosis in SST and dissect the mechanism behind the lack of persistence. 
 
[bookmark: _Toc136004343]Concluding Remarks
The results described in this dissertation address gaps in knowledge that will need to be expanded upon to improve the understanding of T cell biology and therapeutic immunology to harness the power of T cells in cancer. The insights gained on the differential responses to tumor versus self/shared tumor antigen as well as the inability of memory-like TCF1+ SST to respond to ICB in particular highlight the fact that T cells undergo complex, still-unknown signaling regulated by a vast network to undergo tumor-specific dysfunction, self-antigen specific hyporesponsiveness, or functional, effector responses. The identification of a memory-like SST population provides an opportunity to further characterize this unique T cell subset and build a more complete picture of the mechanisms behind T cell hyporesponsiveness and which T cells respond to ICB. Further understanding of the factors that control T cell differentiation fates may help to develop more specific immunotherapies and inform decisions of personalized treatment regimens. Together, further investigation of these aspects of T cell immunology in cancer and autoimmunity has the potential to significantly impact the future of both basic T cell biology as well as available therapeutics for cancer patients. 
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