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Introduction


Portions of this chapter were adapted from the following manuscript originally published in The Journal of Immunology: 
Sugiura, A., & Rathmell, J. C. (2018). Metabolic Barriers to T Cell Function in Tumors. The Journal of Immunology, 200(2). https://doi.org/10.4049/jimmunol.1701041
[bookmark: _Toc89941897][bookmark: _Toc93534972]
[bookmark: _Toc89941898][bookmark: _Toc89941899]1.1 The immune system
The immune system is necessary to protect an organism against infectious disease as well as to maintain homeostasis and exists in some form in essentially all organisms, from the simplest single-cell prokaryotes to complex multicellular organisms like plants and humans. The innate immune system provides a non-specific but immediate response, while the adaptive immune system provides a delayed but more specific response that improves over time owing to its capacity for memory and selection. For example, bacteria require protection from infections by bacteriophages and possess a diverse arsenal of defense mechanisms referred to as the “prokaryotic immune system” (Bernheim & Sorek, 2020). This includes the innate restriction modification system as well as the adaptive CRISPR-Cas mechanism that has been repurposed into a powerful gene-editing tool in the last decade.
A critical property of the immune system of higher organisms is the capacity to distinguish self from non-self. Non-self antigens include parasites and microorganisms such as bacteria, viruses, and fungi, or altered self such as cancer cells and transplanted tissues. A healthy immune system can maintain immune surveillance, recognize non-self antigens, mount an appropriate immune defense, clear the non-self antigens, and return to homeostasis. In contrast, dysfunction of the immune system can lead to disease. Failure of immune surveillance may result in infection or cancer, while failure to mount an appropriate response is associated with immunodeficiency. Failure to distinguish self from non-self antigens can result in autoimmunity and failure to distinguish harmful from non-harmful antigens results in hypersensitivity. Finally, failure to resolve inflammation can lead to chronic inflammatory diseases. 
Immunobiology is a uniquely privileged field in that the cells of interest are easily accessible and manipulatable through the blood or lymphoid tissues. For instance, T cells can be temporarily removed from a patient with a tumor, modified with a genetically engineered chimeric antigen receptor (CAR) specific for a neoantigen, and replaced back into the same patient to increase the ability of the T cells to target the specific tumor. In murine models, pathogenic immune cells from a diseased mouse can be adoptively transferred into a healthy mouse to study intrinsic properties of a specific immune cell type in the disease pathogenesis. Moreover, hematopoietic stem cells from one mouse may even be genetically altered and re-introduced into an irradiated second mouse to reconstitute its entire hematopoietic system with the edited cells. 
Lastly, the great value to studying the immune system is that the pathophysiology of nearly every disease in some way involves either an appropriate or dysregulated immune response in some way. Even the brain has been found to have a dedicated lymphatic system and its role in neurological diseases has been a subject of great interest in the past few years. As such, immunotherapies present a powerful and flexible approach to treatment of a wide breadth of diseases, including those that may not be traditionally categorized as immunological diseases. The challenge then becomes identifying the appropriate targets for immunotherapy, which we have addressed with immunometabolism targeted in vivo CRISPR/Cas9 screening.

[bookmark: _Toc93534973]1.1.1 The prokaryotic CRISPR-Cas defense mechanism
Many bacteria and archaea possess the adaptive Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)-CRISPR Associated proteins (Cas) defense mechanism that recognize and degrade viral nucleic acids. Upon infection by a bacteriophage, the spacer is transcribed into RNA and binds to Cas ribonucleases to form a CRISPR ribonucleoprotein (RNP) complex. During the interference stage, the RNA then guides the RNP complex to the complementary target sequence within the viral genome to cleave the DNA or RNA and trigger degradation to protect bacteria from viruses.  Bacteria can acquire additional viral genome sequences as a basis for prokaryotic immune memory.  While Cas9 targets DNA and is the most used, other Cas proteins can also allow bacteria to cleave or degrade RNA (Rath et al., 2015). This system is now exploited for highly selective gene disruption and gene editing in a wide variety of settings (Adli, 2018; Knott & Doudna, 2018).


[bookmark: _Toc93534974]1.1.2 The vertebrate innate and adaptive immune systems
The vertebrate innate immune system is comprised of 1) physical and chemical barriers, 2) innate immune cells, and 3) humoral immunity. Once the physical and chemical barriers are breached, pathogens can activate the innate immune system through pattern recognition receptors (PRRs) that bind conserved molecular motifs called pathogen-associated molecular patterns (PAMPs). Similarly, damaged and dying cells can activate the innate immune response by releasing damage-associated molecular patterns (DAMPs). (D. Li & Wu, 2021). Innate immune cells include neutrophils, monocytes, macrophages, dendritic cells, natural killer (NK) cells, mast cells, eosinophils, basophils, and innate lymphoid cells, many of which express PRRs. 
The adaptive immune system is comprised of T cells, B cells, and antigen-presenting cells (APCs). B cells originate and mature in the bone marrow. B cells are activated by antigen binding to the B-cell receptor (BCR) in either a T-cell independent or dependent manner and can differentiate into antibody-secreting plasma cells or memory B cells. B cells that receive help from T follicular helper (Tfh) cells can form germinal centers, where they undergo class switching and somatic hypermutation that allows for affinity maturation. These processes lead to the production of more effective antibodies, which constitute an essential component of the humoral immune response and is required for neutralization, opsonization, and complement activation. 
T cells derive from bone marrow hematopoietic stem cells and common lymphoid precursors and mature in the thymus. Most progenitor cells in the thymus give rise to αβ T cells, but a small proportion develop into γδ T cells. An early step in T cell maturation is V(D)J recombination of the T-cell receptor (TCR) to generate a broad TCR repertoire. B cells undergo an analogous process for their BCRs. This process is mediated by Recombination-Activating Genes (RAG) 1 and 2. Mice that lack RAG1 or RAG2 thus lack mature T and B cells. Next, the TCR is tested by positive and negative selection to select those with functional TCRs with Major histocompatibility complex (MHC) affinity and remove those that are reactive to self-antigens from the repertoire. During positive selection, T cells that bind MHC class I become CD8+ T cells and those that bind MHC class II become CD4+ T cells. Moreover, negative selection forms the basis for central tolerance and is essential to preventing autoimmunity. Once matured, T cells exit the thymus into the bloodstream and secondary lymphoid organs. 
T cell are activated by engagement of the TCR with its cognate peptide:MHC complex presented on APCs, which include dendritic cells, macrophages, and B cells. Effective activation also requires a secondary co-stimulatory signal, usually CD28 on the T cell with B7 protein on the APC. Lack of co-stimulatory signal may instead induce an anergic state. Depending on the cytokine milieu, CD4+ T cells will differentiate into pro-inflammatory effector T (Teff) cells such as Th1, Th2, Th17, Th9, and Th22 cells, or anti-inflammatory regulatory T (Treg) cells. Other T cells may differentiate into memory T cells including central memory T cells, effector memory T cells, and tissue resident memory T cells. Memory T cells, like memory B cells, recognize previously encountered antigen and stimulate a secondary response that is faster and greater in amplitude relative to the primary response. 

[bookmark: _Toc93534975]1.1.3 CD4+ T cell subsets in health and in disease
	CD4+ T helper subsets serve specific functions to prevent and eliminate disease. Th1 cells protect against intracellular bacterial and viral infections, as well as drive the response in Type IV (delayed-type) hypersensitivity and anti-tumor immunity. Th1 cells arise in the presence of IL-12 that stimulates STAT1 and STAT4 signaling. Th1 cells are characterized by the transcription factor T-bet and secrete IFNγ that stimulates macrophages and other cell-mediated immune responses.
Th2 cells protect against infection by extracellular parasites. Th2 cell polarization requires IL-4, and once differentiated, express the transcription factors STAT6 and GATA3 and secrete cytokines including IL-4, IL-5, and IL-13. These cytokines function to recruit eosinophils, basophils, mast cells, and IgE secreting B cells, stimulating a humoral immune response. Hyperactivity of Th2 cells may contribute to Type I hypersensitivity that includes asthma. 
The major function of Th17 cells is anti-fungal immunity as well as protection against extracellular bacteria. Th17 differentiate in the presence of IL-6 and TGFß, with more pathogenic phenotypes promoted by the addition of IL-1ß and IL-23 in vitro. They express the transcription factors STAT3 and RORγt and secrete IL-17A, IL-17F, IL-21, and IL-22 that stimulate the innate immune response including neutrophils. Hyperactivity of Th17 cells is associated with multiple autoimmune disorders including rheumatoid arthritis and multiple sclerosis. 
	Treg cells arise in the presence of TGFß and function to maintain peripheral tolerance in part by secreting IL-10, IL-35, and TGFß. They are characterized by the expression of the transcription factor FoxP3 and depend on STAT5 signaling. Natural Treg (nTreg) cells develop in the thymus and are determined by the affinity of their TCR to self-peptide. Induced Treg (iTreg) cells, in contrast, are differentiated from conventional CD4+ T cells in the periphery. In cancer settings, Treg cells dampen anti-tumor immunity by contributing to the suppressive tumor microenvironment. Treg cell dysfunction may contribute to loss of peripheral tolerance and development of autoimmune or chronic inflammatory diseases. 
CD4+ T cells have been demonstrated to maintain some lineage plasticity even after differentiation. For example, in the mouse model of IBD, the disease pathogenesis was shown to be dependent on the development of IFNγ producing Th1-like cells from Th17 cell precursors (Harbour et al., 2015). Furthermore, Treg cells may lose FoxP3 expression and their suppressive function to become exTreg cells and acquire pro-inflammatory effector functions (H. Shi & Chi, 2019). Whereas T cell plasticity may contribute to disease pathology in certain settings, it may be exploited as an approach to immunotherapy in others. In cancer, promoting a pro-inflammatory phenotype in tumor infiltrating Treg cells may augment anti-tumor immunity. In autoimmune disease, promoting an anti-inflammatory phenotype in Teff cells while preserving Treg cell function may lead to better clinical outcomes. While disease is often characterized by the imbalance pro-inflammatory and anti-inflammatory T cells, re-establishing and maintaining the appropriate balance of CD4+ T cell subsets is an essential part of effective immune function and health.  

[bookmark: _Toc89941902][bookmark: _Toc93534976]1.2 Immunometabolism
Immunometabolism – the study of the interaction between cellular metabolism and immune function – has become a thriving field in the past decade. Studies have shown that interfering with metabolic pathways can alter immune activity, and that, reciprocally, the immune environment can shape cellular metabolic programs (Bantug et al., 2018; Patel et al., 2019). T cell metabolism is dynamic, and shifts as the energetic, biosynthetic, and signaling demands shift according to cellular activity. Importantly, T cell subsets have been shown to rely on distinct metabolic programs. Teff cells are characterized by aerobic glycolysis and glutaminolysis driven by mechanistic target of rapamycin complex 1 (mTORC1) signaling, while Treg cells are largely fueled by mitochondrial oxidative phosphorylation and fatty acid ß-oxidation driven by AMP-activated protein kinase (AMPK) signaling that antagonizes mTORC1 activity. T helper subsets can further be distinguished by their dependencies on specific metabolic pathways (Gerriets et al., 2015; Michalek et al., 2011; Sen et al., 2021). These distinct metabolic dependencies in turn translate to subset-specific vulnerabilities that may be exploited in immunotherapies. 
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[bookmark: _Toc92613658]Figure 1‑1: T cell metabolism is dynamic and closely tied to function.
[bookmark: _Toc89941903][bookmark: _Toc93534977]T cells undergo dynamic metabolic reprogramming during activation, proliferation, and differentiation. Teff cells are characterized by increased aerobic glycolysis and glutaminolysis driven by mTORC1 signaling, whereas Treg cells are characterized by mitochondrial oxidative phosphorylation (OXPHOS) and fatty acid ß-oxidation driven by AMPK. 


1.2.1 Distinct metabolic programs in CD4+T cell subsets
	Naïve T cells are mainly driven by mitochondrial oxidative phosphorylation and fatty acid ß-oxidation. Though these cells are in a quiescent state, they still require energy for housekeeping functions to maintain immune surveillance activities while preventing spurious activity. Upon TCR engagement and co-stimulation, T cells undergo a sharp metabolic shift from a catabolic resting state to an anabolic growth state that resembles highly proliferative cancer cells, characterized by increased rate of aerobic glycolysis and glutaminolysis. In aerobic glycolysis, pyruvate is shunted away from the tricarboxylic acid (TCA) cycle and toward lactate production despite sufficient oxygen levels to support respiration. The largest metabolic challenge of activated T cells is rapidly generating sufficient biomass for growth and proliferation. While the quantity of ATP produced through glycolysis is substantially less than that produced through oxidative phosphorylation, aerobic glycolysis is a highly efficient mechanism to produce biosynthetic precursors for this purpose. Moreover, it also generates reducing agents as well as metabolic intermediates with a variety of synthetic, signaling, and epigenetic roles (Andrejeva & Rathmell, 2017). Aerobic glycolysis may also increase T cell fitness in overwhelmingly hypoxic environments that may be encountered during development or in inflammatory and tumor settings. T cells that fail to access sufficient glucose early in activation are unable to efficiently proliferate and produce IFNγ as shown in cells cultured in glucose deficient conditions (Jacobs et al., 2008). Consistent with this observation, deletion of the glucose transporter GLUT1 led to reduced T cell proliferation and inflammatory function in vivo (Macintyre et al., 2014), while increased expression in a T cell specific GLUT1-transgenic mouse promoted Teff cell-mediated inflammation and autoimmunity (Michalek et al., 2011). 
In addition to GLUT1, T cells upregulate the expression and trafficking of various nutrient transporters to support anabolic metabolism upon activation. This includes the glutamine transporter SLC1A5 (ASCT2) (Nakaya et al., 2014), the large neutral amino acid transporter SLC7A5 (Hayashi et al., 2013; Sinclair et al., 2013), and the small neutral amino acid transporters SLC38A1 (SNAT1) and SLC38A2 (SNAT2) (E. L. Carr et al., 2010). The expression of the monocarboxylate lactate transporters MCT1 and MCT4 are also increased to facilitate removal of lactate produced in aerobic glycolysis (Murray et al., 2005). In addition to export, these transporters may also facilitate lactate uptake in certain conditions. In principle, lactate can be oxidized following conversion back to pyruvate in a pathway that can inhibit glycolysis. While increased exposure to lactate can inhibit Teff cells (Brand et al., 2016), lactate can be efficiently oxidized by Treg cells (Angelin et al., 2017). As such, inadequate upregulation of nutrient transporters or failure to access these nutrients hinders T cell activation and Teff generation but may support Treg cells. 
The metabolic reprogramming from a catabolic state in naïve T cells to an anabolic state in Teff cells is driven by several key regulators. TCR engagement and co-stimulation directly leads to the induction of the (Phosphoinositide 3-kinase) PI3K/Akt/mTORC1 pathway that is required for Teff cell activation, proliferation, and function. Activation of mTORC1 promotes glycolysis through several mechanisms, including through MYC and HIF-1 (Patel et al., 2019). MYC and the subsequent downstream induction of transcription factor AP4 upregulates expression of enzymes of the glycolytic pathway (Chou et al., 2014) and MYC-deficient Teff cells fail to upregulate glycolysis following in vitro activation (R. Wang et al., 2011). Increased HIF-1 activity promotes aerobic glycolysis and reduces oxidative phosphorylation by upregulating pyruvate dehydrogenase kinase (PDK1) and lactate dehydrogenase A (LDHA) (Kim et al., 2006; Papandreou et al., 2006), effectively shunting pyruvate away from the TCA cycle toward lactate production. HIF-1 also enhances glycolysis through upregulation of the transporters GLUT1 and MCT4, as well as multiple glycolytic enzymes and regulators (L. Z. Shi et al., 2011). This effect is recapitulated in CD8+ T cells isolated from mice with a conditional knockout of the von Hippel-Lindau (VHL) tumor suppressor, a negative regulator of HIF-1 (Doedens et al., 2013). Functional refinement of Teff cells into specific subtypes is also linked to the activity of mTOR, as T cells deficient in mTOR kinase fail to generate Teff cells and can only generate Treg cells. The specific mTOR complexes also selectively influence T cell differentiation. mTORC1 activity promotes Th1 differentiation while mTORC2 activity promotes Th2 differentiation. Conversely, loss of mTORC1 signaling prevents Th1 and Th17 formation, but not Th2 formation (Vander Heiden & DeBerardinis, 2017). Additionally, HIF-1 promotes Th17 cell polarization through transcriptional activation of RORγt (Dang et al., 2011).
In contrast to Teff cells, the dominant metabolic program in Treg cells is mitochondrial oxidation phosphorylation and fatty acid ß-oxidation. The rate of glycolysis is much lower in Treg cells relative to Teff cells. AMPK, an inhibitor of the mTORC1 pathway, is a major driver of reprogramming in Treg cells. Mitochondrial inhibition by metformin treatment leads to AMPK activation and subsequently promotes Treg differentiation (Michalek et al., 2011). Furthermore, inhibition of mTORC1 by rapamycin treatment leads to accumulation of Treg cells, and genetic deletion of mTOR produces T cells that can only generate Treg cells (Delgoffe et al., 2009). Likewise, HIF-1 deficiency alters FoxP3 proteasomal degradation and reduces glycolysis resulting in increased Treg cell generation in vitro and in vivo (Dang et al., 2011; L. Z. Shi et al., 2011). Additionally, FoxP3 itself also acts as a regulator of Treg cell oxidative metabolism and suppresses PI3K/Akt signaling, GLUT1 expression, and expression of glycolytic enzymes (Basu et al., 2015; Gerriets et al., 2016; Howie et al., 2017). Oxidative metabolism generally impedes proliferation by promoting catabolism; however, Treg cells retain the capacity to divide rapidly in response to homeostatic signals as well as in response to inflammatory cues such as Toll-like receptor (TLR) ligands. In these cases, however, GLUT1 expression increases and the mTORC1 pathway is activated to elevate glycolytic rates (Gerriets et al., 2016). Interestingly, chronic activation of the PI3K/Akt/mTORC1 pathway can destabilize Treg cells, leading to an inability of Treg cells to efficiently suppress inflammation (Huynh et al., 2015; Shrestha et al., 2015). This effect is mediated in part by elevated glycolysis, as transgenic expression of GLUT1 was sufficient to destabilize FoxP3 and downregulate Treg cell suppressive capacity ex vivo and in vivo (Gerriets et al., 2016). 
Memory T cells are primarily supported by mitochondrial oxidative phosphorylation and fatty acid ß-oxidation. Catabolic metabolism sustains long-term survival. Fatty acid ß-oxidation in memory T cells is proposed to be largely fueled by de novo fatty acid synthesis instead of by imported exogenous fatty acids (O’Sullivan et al., 2014). This apparent futile cycle of energy production and consumption may be important to maintain redox balance as well as to provide an adequate pool of metabolic intermediates. Memory T cells are characterized by their capacity to undergo rapid activation in response to secondary challenge that is in encoded in part by “priming” of the metabolic program (Gubser et al., 2013; van der Windt et al., 2013). More specifically, there is an increase in mitochondrial mass with a concomitant increase in spare respiratory capacity that is proposed to allow rapid ATP production following re-stimulation (van der Windt et al., 2012). 

[bookmark: _Toc93534978][bookmark: _Toc89941910]1.2.2 Nutrient-sensing by metabolic regulators
	The mTORC1 and AMPK are major regulators of metabolic programming and are also nutrient sensors. In brief, mTORC1 integrates inputs from nutrient availability, cellular energy status, and growth factors to control anabolism. In contrast, AMPK responds to energy stress and antagonizes mTORC1 activity to control catabolism. 
mTORC1 is a complex consisting of mTOR, RAPTOR, and mLST8. Activation of mTORC1 requires recruitment to the lysosomal membrane, where activated RAG GTPases bind to RAPTOR. At the lysosome, mTORC1 is activated by lysosomal Rheb in the presence of appropriate growth factors (González et al., 2020). RAG activity is dependent on amino acid availability, particularly leucine, arginine, and glutamine. SESTRIN2 serves as a sensor for leucine (Wolfson et al., 2016) and CASTOR serves as a sensor for arginine (Chantranupong et al., 2016) and they transmit their signal to the GATOR complexes that inhibit RAG activity. Glutamine and leucine may be converted to ɑ-ketoglutarate through glutaminolysis that can also stimulate RAG. Glutamine also activates mTORC1 in a RAG-independent mechanism through ARF1 (Jewell et al., 2015). Methionine availability may also stimulate mTORC1 through SAMTOR sensing of S-adenosyl methionine (SAM) (Gu et al., 2017), with downstream signaling to GATOR and RAG. mTORC1 activity leads to ribosome biogenesis, protein, lipid, and nucleotide synthesis, and suppression of autophagy (Ben-Sahra & Manning, 2017). 
AMPK is comprised of ɑ, β, and γ subunits and is sensitive to adenine nucleotide levels. Specifically, AMPK is activated in response to energy stress, with increased AMP:ATP and ADP:ATP ratios. In other cells, it has been shown that it can additionally be activated by glucose starvation by a non-canonical mechanism. AMPK activity promotes ATP synthesis and cell cycle arrest, as well as mitophagy by phosphorylation of Unc-51-like kinase 1 (ULK1) (González et al., 2020). Lastly, it has been shown in cancer cells that MYC is sensitive to intracellular glutamine levels as glutamine starvation inhibits MYC translation via the 3’-UTR in an adenosine-dependent manner (Dejure et al., 2017). In sum, the activity of the major regulators of metabolic programming in CD4+ T cells are in part dependent on the availability of specific nutrients. In this way, nutrient availability may shape T cell metabolic programming and in turn its function. 

[bookmark: _Toc93534979]1.2.3 Metabolic barriers to T cell function (e.g. the tumor microenvironment)
Given that the major regulators of metabolic programming are also nutrient sensors, perturbations in the environment and changes in nutrient availability may lead to altered metabolic programming. This may manifest as failure to differentiate or perform effector functions or even differentiation along different paths. Here, we discuss metabolic barriers to T cell function, using the nutrient-deficient and waste-replete tumor microenvironment (TME) as an example. 
In a cancer setting, T cells may be primed by neoantigens in tumor-draining lymph nodes and migrate to enter the TME to eliminate cancer cells. However, T cells isolated from tumors are often in a functionally exhausted state with a metabolic signature that is distinct from both resting and acutely activated T cells (Chamoto et al., 2017; Scharping et al., 2016; Siska et al., 2017). In healthy tissues, an intricate regulation of nutrient import, waste export, oxygenation, pH balance, and delivery of appropriate signaling molecules are achieved by the vascular system, the lymphatic system, and the supporting stromal cells. In the tumor microenvironment, this balance is structurally and functionally perturbed by the growth and metabolism of cancer cells. Consequently, tumor infiltrating lymphocytes (TILs) are exposed to heterogeneous conditions that incur significant metabolic stress. 
Glucose limitation: The consumption of glucose by cancer cells can render this key nutrient limiting in poorly-perfused tumors (Chang et al., 2015; Ho et al., 2015), which may then impair Teff cells that depend on glucose. Accordingly, overexpression of GLUT1 in a tumor correlates with low CD8+ T cell infiltration (Ottensmeier et al., 2016) and poor prognosis in certain cancers (Davis-Yadley et al., 2016). Glucose deficiency itself may contribute to poor tumor immunity as glucose deprivation in vivo and GLUT1-deficiency in vivo can promote an exhausted-like state with blunted anti-tumor activity in T cells that is characterized by impaired TCR signaling, proliferation, and cytokine production (Cham et al., 2008; Jacobs et al., 2008; Macintyre et al., 2014b; Zheng et al., 2009). In addition to inhibiting mTORC1 activation and MYC induction, failure of Teff cells to acquire sufficient glucose can also impair NFAT signaling due to the function of phosphenolpyruvate in regulating the calcium SERCA channel (Ho et al., 2015). IFNγ translation can also be suppressed given the regulatory role of GAPDH in this process (Chang et al., 2013). Additionally, generation of acetyl-CoA via glucose metabolism can influence histone acetylation to epigenetically regulate cytokine transcription (Peng et al., 2016). Conversely, GLUT1 deficiency has limited effect on Treg cells induced in culture as well as in in vivo model of inflammatory disease, and glucose-deficient conditions instead promote Treg induction and suppressive activity in vitro (Macintyre et al., 2014; Michalek et al., 2011; L. Z. Shi et al., 2011). Thus, cancer cell-mediated depletion of glucose likely favors a shift in the balance of Teff and Treg cells within the TME in favor of a more anti-inflammatory state.
Altered amino acid levels: Arginine metabolism is also dysregulated in various cancers. Arginine is critical to the urea cycle and polyamine synthesis pathways that are essential for supporting a variety of biochemical and signaling functions (Munder, 2009). Major enzymes involved in arginine metabolism, including nitric oxidase synthase and arginase that catabolize arginine, are highly expressed in many cancer cells as well as in tumor-associated alternatively activated M2 macrophages that can promote tumor progression (Mocellin et al., 2007). In contrast, arginosuccinate synthetase 1 is lacking in many tumors (Dillon et al., 2004), increasing dependence of the cancer cells on exogenous arginine. T cells are also highly dependent on arginine, and this amino acid can rapidly become limiting for proliferation and function (Fletcher et al., 2015; Geiger et al., 2016). 
Tryptophan metabolism is also dysregulated in various cancers and directly contributes to impaired anti-tumor immunity. Indeolamine-2,3-dioxygenase (IDO), an enzyme that converts tryptophan to kynurenine, has increased activity in many cancer cells with particularly high levels found in melanoma (Brody et al., 2009), pancreatic ductal adenocarcinoma (Witkiewicz et al., 2009), and ovarian cancer (Inaba et al., 2009). IDO activity is linked to inhibition of glycolysis with induction of an anergic state in Teff cells. Tryptophan deficiency itself can inhibit mTORC1 activity, leading to impaired Teff activation and proliferation. Additionally, IDO activity leads to accumulation of kynurenine and its derivatives within the TME. Kynurenine contributes to ineffective TCR signaling and consequent T cell dysfunction, impaired proliferation, and cell death. In contrast, kynurenine is a ligand of the Aryl hydrocarbon Receptor (AhR) and may enhance Treg differentiation (Munn & Mellor, 2013). 
Fatty acids: Fatty acid synthesis is also critical to generation of macromolecules and membranes as well as to regulation of cell signaling. Many cancer cells have perturbed fatty acid homeostasis with dysregulated lipogenesis and lipolysis (Pavlova & Thompson, 2016). Given potential differential reliance on de novo synthesized fatty acids versus exogenous fatty acids uptake among different subsets, changes in fatty acid levels within the TME likely affect each subset differently and polarize the composition of the TIL population. Notably, memory T cells are unable to develop in the absence of fatty acids in culture (Pearce et al., 2009). Both in vitro and in vivo studies in the gut suggest short-chain fatty acids can induce Treg cell differentiation (Furusawa et al., 2013; Smith et al., 2013), although this may be through changes in G protein coupled receptor-mediated signaling rather than direct use as a metabolic fuel. The exact nature of fatty acid diversity and availability within the TME is still unclear, and thus requires further investigation.
Hypoxia: Regions of the TME can have inadequate oxygen delivery due to insufficient vasculature, incompetent neovasculature, robust desmoplasia obstructing perfusion, as well as anemia of chronic disease. Hypoxia and upregulation of HIF-1 in tumors are both associated with poor clinical outcomes in cancer patients (Wilson & Hay, 2011). Hypoxia may affect T cell metabolism and function in multiple ways. First, hypoxia is a potent activator of HIF-1, a critical regulator that promotes aerobic glycolysis (Andrejeva & Rathmell, 2017). In addition to glycolytic genes, one major target of HIF-1 is Pyruvate Dehydrogenase Kinase (PDK), which inhibits pyruvate oxidation to promote conversion of pyruvate to lactate. Under these conditions, glutaminolysis increases and glutamine becomes critical for supporting TCA cycle progression and lipid synthesis. Additionally, PD-L1 is a direct target of HIF-1 in cancer cells, and, therefore, countering hypoxia in this setting may reduce PD-L1 expression and contribute to increased T cell function. Second, reduced rates of oxidative phosphorylation may contribute to decreased levels of intracellular reactive oxygen species (ROS); while damaging at high levels, ROS at moderate levels are required for TCR signaling (Sena et al., 2013). Third, hypoxia can drive certain pathways that are relatively noncontributing under normoxic conditions. For instance, hypoxia in cells with highly polarized mitochondria can induce the reversal of succinate dehydrogenase activity and electron transport, leading to excess ROS production (Chouchani et al., 2014). 
Lactate accumulation and acidosis: Another potent factor in the TME is the effect of the excess lactate excreted by cancer cells. This can potentially affect TIL function in several ways, including increasing lactate concentration in the TME, increasing intracellular lactate in TILs due to inadequate export, and decreasing the pH of the TME. Treatment with excess lactic acid inhibits human CD8+ T cell activation, proliferation, and effector functions in vitro (Fischer et al., 2007), while neutralization of TME acidosis by bicarbonate therapy improves response rates in checkpoint blockade as well as adoptive cell therapy in murine models (Pilon-Thomas et al., 2016). Lactic acidosis is also associated with suppression of the PI3K/Akt/mTORC1 pathway and glycolysis in culture (Chen et al., 2008). Additionally, lactate has been shown to stabilize HIF-1 in macrophages (Colegio et al., 2014) and may have similar effects in T cells. Acid-sensing receptors may contribute to downregulation of MYC expression (Z. Li et al., 2013) as well as inhibition of glycolysis in these cells (Pilon-Thomas et al., 2016). Moreover, extracellular acidification has been shown to induce mitochondrial remodeling leading to metabolic adaptation (Calcinotto et al., 2012; Khacho et al., 2014). 

[bookmark: _Toc89941909][bookmark: _Toc93534980]1.2.4 Targeting specific metabolic dependencies as an approach to immunotherapy
	Targeting specific metabolic pathways an approach to cancer and anti-inflammatory therapy has a well-established history. Sidney Farber first used a folate analogue, aminopterin, to target folate metabolism in children with acute lymphoblastic leukemia in 1947. This led to the development of methotrexate, which is a competitive inhibitor of dihydrofolate reductase (DHFR) in one carbon metabolism. Methotrexate continues to be used today for treatment of various cancers and at lower doses for autoimmune disorders such as rheumatoid arthritis, psoriasis, systemic lupus erythematosus (SLE), and Crohn’s disease. Another metabolism-directed therapeutic is the mTORC1 inhibitor rapamycin and its derivatives (rapalogs). Rapalogs are currently used in several clinical settings as for treatment of certain solid tumors and prevention of graft-versus-host disease (GvHD) and organ rejection following transplantation. 
While effective, many of these drugs are associated with common side effects due to the broad expression of their targets. One carbon metabolism, for instance, is required in all proliferating cells for de novo nucleotide synthesis. This includes the epithelial cells of the gastrointestinal tract and the hematopoietic cells in the bone marrow with resulting global immunosuppression that leave the patient vulnerable to other immune insults. Thus, there is a need for the development of more specific therapeutics that directly target cell populations of interest without adversely affecting the rest of the system.
[bookmark: _Toc89941915]In the cancer realm, significant progress has been made in the last several years with the use of checkpoint inhibitors including PD-1 and CTLA-4 inhibitors to augment anti-tumor immunity. Mechanistically, PD-1 ligation results in metabolic reprogramming driven by the PI3K/Akt and MEK/ERK pathways with decreased glycolysis and glutaminolysis and increased ß-oxidation of endogenous fatty acids (Patsoukis et al., 2015). At the same time, checkpoint inhibitors have shown limited efficacy in many solid tumors, presumably due to the unfavorable metabolic conditions of the tumor microenvironment. Similarly, other approaches including cancer vaccines, ex vivo T cell expansion, TCR-engineering, and CAR-T cells have not shown satisfactory results in many solid tumors (Yong et al., 2017). The efficacy of these new therapeutics may be augmented through metabolic interventions. For example, promoting T cell production of phosphoenolpyruvate or provision of pyruvate can increase TIL activation and function (Ho et al., 2015; Siska et al., 2017). Generation of memory T cells may be increased by treatment with an IDO inhibitor (Vander Heiden & DeBerardinis, 2017) that may improve the results of adoptive T cell therapy and immunotherapy (Sukumar et al., 2013). 

[bookmark: _Toc93534981]1.3. CRISPR/Cas9 screening as an approach to drug target identification
	Rapamycin is a macrolide that was first isolated from Streptomyces hygroscopicus found in the soil on Easter Island (Vézina et al., 1975) that was studied for its ability to protect the barefooted inhabitants from tetanus infection (Kahan, 2003). Termed “forward pharmacology,” many drugs in use today have been discovered and developed in this way through characterization of an existing compound. More recently, drug discovery efforts have employed “reverse pharmacology” or target-based drug discovery, where the drug target is identified first, and the drug is identified or synthesized second. A large advantage of the latter approach is that it allows for screening of potential drug targets to maximize desired effects and minimize adverse effects. For instance, while methotrexate is used to target DHFR in one carbon metabolism and glutaminase inhibitors are used to target glutamine metabolism, screening targets within these metabolic pathways in an unbiased and systematic manner may allow for identification of more efficacious targets with fewer adverse effects. 
	In 2014, the Zhang Lab published a method for whole-genome screening using CRISPR/Cas9 technology (Shalem et al., 2014). Since then, CRISPR screening has become a popular tool for identifying potential drug targets and has been adapted for a wide range of applications. For example, it has been used in the identification of synthetic lethal partners in the context of chemotherapy resistance in cancer cells (Hinze et al., 2019; C. Wang et al., 2019). The genome-scale CRISPR-Cas9 knockout (GeCKO) library published in the original paper targeted 18,080 genes with six guide RNAs (gRNAs) targeting each gene. This library was cloned into a single lentiviral vector that simultaneously delivered Cas9 and a puromycin selection marker. Since then, several other whole-genome knockout libraries have been generated and validated, including the GeCKO v2 library (Sanjana et al., 2014), the Brie library for mouse and the Brunello library for human that are slightly smaller and have four gRNAs per gene, as well as the Toronto knockout v3 (TKO) library that also has four gRNAs per gene (Sanson et al., 2018). Additionally, the Dolcetto library and Calabrese libraries are also available for CRISPR interference and CRISPR activation screens, respectively. 
	 In immunobiology, CRISPR screening has now been applied to many different cell types and models. In one example, a group screened nuclear factors in Treg cells to identify modulators of FoxP3 that, when lost, destabilized FoxP3 and impaired their suppressive function (Cortez et al., 2020). In another, a whole-genome screen was performed in CAR-T cells to identify genes that improved anti-tumor efficacy and prevented exhaustion (D. Wang et al., 2021). In a similar effort, a whole-genome screen was performed in CD8+ T cells in an in vivo tumor model to identify regulators of tumor infiltration (Dong et al., 2019). As these examples demonstrate, CRISPR screening is a highly versatile method of target identification in which the experimental design can be tailored to address specific biological questions. 

[bookmark: _Toc93534982]1.4 In vivo models
	Mus musculus is a model organism for human disease. Primates and rodents shared a common ancestor some 85 million years ago and our genomes share considerable homologies (Springer & Murphy, 2007). At the same time, critical differences have arisen from evolutionary divergence during this time that have led to significant phenotypic differences between human disease and their mouse model counterparts. For instance, many cancer cures have been found in mice that do not translate to humans. As such, it is critical to select the most appropriate model for testing each hypothesis and evaluate the results to draw conclusions in the context of the limitations of the model. Despite these limitations, limitations of in vitro studies may be even greater and it is therefore essential to perform studies in tissue microenvironment settings in vivo. Mouse models are also highly adaptable and well suited for in vivo CRISPR screening to identify new potential drug targets.
Here, we used a multiple inflammatory and autoimmune mouse models to test our biological hypotheses. This both minimizes conclusions that would be erroneously skewed by limitations of any one model and allows for discovery of model and tissue-specific effects. The rationale and descriptions for the mouse models selected, including experimental autoimmune encephalomyelitis (EAE), inflammatory bowel disease (IBD), allergic airway disease, delayed-type hypersensitivity (DTH), and cell-mediated vaccine response are outlined in the following sections. 

[bookmark: _Toc93534983]1.4.1 Experimental Autoimmune Encephalomyelitis (EAE)
	EAE is the mouse model for multiple sclerosis, a T-cell driven demyelinating disease of the central nervous system (CNS). Clinical course may include relapsing and remitting symptoms, acute exacerbations, and gradual progression of symptom severity. The strongest risk factor for multiple sclerosis is associated with the MHC class II locus, implicating autoreactive CD4+ T cells in the disease pathogenesis. Moreover, patients with multiple sclerosis have been found to have increased numbers of Th1 and Th17 cells in the CNS tissue, cerebrospinal fluid, and blood (Kaskow & Baecher-Allan, 2018). There are several different models of EAE that capture different aspects of multiple sclerosis symptomology and pathophysiology. EAE can be induced “actively” by immunization with myelin peptides in adjuvant, or “passively” by adoptive transfer of myelin-specific pathogenic CD4+ T cells. Both methods were used depending on the application. For active induction, C57BL/6 mice were immunized with MOG35-55 peptide in CFA that induces a monophasic form of EAE with multifocal CD4+ T cell infiltration and demyelination of the spinal cord (Constantinescu et al., 2011). Because CRISPR screening required activated and differentiated CD4+ T cells transduced with the gRNA library, a passive induction model was used for this application. Jäger et al. (2009) described an approach whereby EAE was induced by adoptive transfer of in vitro differentiated CD4+ T cell subsets expressing MOG-specific TCR to test the encephalitogenic activity of different subsets. This revealed that Th1 and Th17 cells can both induce EAE, but with different pathologies. We took advantage of this approach to investigate the differential metabolic dependencies of Th1 and Th17 cells in the context of EAE pathogenesis.   

[bookmark: _Toc93534984]1.4.2 Inflammatory Bowel Disease (IBD)
	IBD in humans include Crohn’s disease and ulcerative colitis. Both are inflammatory diseases that are caused by multiple factors, including genetic susceptibility, altered gut microbiome, and other environmental factors. It has been suggested that activation of mucosal immune system, including CD4+ T cells in the lamina propria, by bacterial antigens may contribute to disease pathogenesis. Clinical symptoms may include abdominal pain, bloody diarrhea, fever, and weight loss. Mouse models of IBD include genetically-based, chemically-induced disruption of the intestinal epithelial barrier, and adoptive T-cell transfer (Kiesler et al., 2015). In our studies, we either transferred naïve CD4+CD25-CD45RBhi T cells or activated Th1 or Th17 cells into Rag1-/- mice to induce colitis. These methods induce colonic inflammation and weight loss over five to ten weeks post T cell transfer. Harbour et al. (2015) showed that Th17 cells give rise to IFNγ producing Th1-like cells that are required for IBD pathogenesis, and that IBD can be induced by transfer of activated Th1 cells. Thus, this model was used to test Th1 function in vivo after genetic modification using CRISPR/Cas9. Disease course was monitored measuring weight twice weekly. Notably, as hypothesized in humans, adoptive T-cell transfer models of IBD in mice are dependent on the presence of enteric flora, as germ-free mice do not develop IBD (Aranda et al., 1997). 

[bookmark: _Toc93534985]1.4.3 Allergic airway disease
	Asthma is a chronic airway disease characterized by inflammation, mucous hypersecretion, and reversible bronchoconstriction. Acute exacerbations may be caused by dust, pet dander, tobacco smoke, mold, infections, cold air, exercise, and others. While disease course, etiology, and pathophysiology are heterogeneous, asthma is generally separated into two endotypes. The Type 2 endotype is mediated by Th2 cells that recruit eosinophils, basophils, mast cells, innate lymphoid cells (ILCs), and IgE-secreting B cells (Alessandrini et al., 2020). Inflammation in the non-Type 2 endotype is instead driven by neutrophils and mediated by IL-17. In our study, we used Alternaria alternata extract to induce the Type 2 endotype (Palmer et al., 2019) and house dust mite antigen with LPS to induce non-type 2 endotype antigen-driven asthma (Boer et al., 2013), both of which are allergens that affect humans. These antigens are delivered to mice intranasally, mimicking the standard route of sensitization in humans. Disease severity was measured in quantifying total and differential cell counts in the Bronchoalveolar Lavage Fluid (BALF) and lung tissue. 

[bookmark: _Toc93534986]1.4.4 Delayed-type hypersensitivity (DTH)
	DTH, or Type IV hypersensitivity, is a cell-mediated hypersensitivity response that develops over several days in response to a foreign antigen. This involves overactive Th1 cells that secrete IFNγ that activate macrophages and CD8+ T cells. One example of DTH includes allergic contact dermatitis. To model this in mice, we used the keyhole limpet hemocyanin (KLH), which is a highly immunogenic antigen found in the hemolymph of the giant keyhole limpet, for trans-cutaneous sensitization and challenge to induce dermatitis. KLH immunizations have also been used in humans in multiple clinical studies over the last 20 years as a method for assessing immune function (Swaminathan et al., 2014). In our study, we used this model to assess cell-mediated immune response after treatment with a metabolic checkpoint inhibitor. 
 
[bookmark: _Toc93534987]1.4.5 Ovalbumin immunization 
Vaccination in part induces activation and clonal proliferation of antigen-specific T cells. To model this in mice, we adoptively transferred CD4+ T cells from OT-II mice with transgenic TCR specific for ovalbumin peptide into a recipient mouse with a congenic marker and immunized the recipient mice with subcutaneous injection of ovalbumin with Complete Freund’s Adjuvant (CFA). We then monitored the antigen-dependent clonal expansion of the donor cells through serial flow cytometric analysis of the peripheral blood. One important limitation of vaccination models in mice is the lack of relevant previous microbial exposures, including diversity in commensal microbiota and infection history. These factors have been shown to have significant impact shaping the innate and adaptive immune systems and may account for some of the discrepancies in mouse and human studies (Jameson & Masopust, 2018).

[bookmark: _Toc89941916][bookmark: _Toc93534988]1.5 Research Objectives
	Previous work in the Rathmell lab and others have established that CD4+ T cell subsets depend on distinct metabolic programs (Gerriets et al., 2015; Michalek et al., 2011; Sen et al., 2021). The lab has further focused on identifying subset specific metabolic vulnerabilities that can be exploited to impair a pathogenic cell type while sparing or promoting other cell types in the context of inflammatory disease as an approach to development of novel immunotherapies. For cancer immunotherapies, promoting cell populations that contribute to anti-tumor immunity while impairing those that contribute to the suppressive TME may be approached in the same manner. Thus far, several genes have been identified that fit this profile through hypotheses based on expression profiles and biological function. However, systematic and unbiased evaluation of metabolic pathways have been lacking. We approached this problem in several different ways. 
	First, previous literature has shown that T cell metabolic programs are partly shaped by extracellular nutrient availability (Cantor et al., 2017). The solute carrier (SLC) family of transporters translocate a diverse array of substrates across the cell membrane including amino acids, and have been identified as promising drug targets (Lin et al., 2015). Our first aim was to identify amino acids essential to CD4+ T cell activation as well as those that may be differentially essential to CD4+ T cell subsets. Our approach was to produce 20 different media each with one amino acid subtracted. Following from these data, we next aimed to characterize a specific SLC transporter, SLC7A11 (xCT) that transports cystine and glutamate, in CD4+ T cell subsets. Cystine and glutamate are building blocks of glutathione, which is an antioxidant critical for ROS regulation. ROS has been shown by our lab (Gerriets et al., 2015) and others (Mak et al., 2017; Sena et al., 2013) to be critical for T cell activation and effector functions. 
	Second, we aimed to develop a systematic and unbiased method to interrogate metabolic pathways of interest by adapting a newly available CRISPR/Cas9-based screening approach to primary CD4+ T cells. Moreover, we aimed to establish in vivo CRISPR screening models, where CD4+ T cells directly involved in disease pathogenesis could be screened as a method of identifying physiologically relevant drug targets. Given that the lab lacked prior experience in CRISPR/Cas9 technology, this required establishment of workflow for 1) gRNA vector generation and cloning, 2) gRNA and Cas9 delivery methods, 3) custom gRNA library generation and validation, 4) optimization of multiple in vitro and in vivo screening conditions, 5) adaptation of DNA processing and sequencing methods, and 6) adaptation of sequencing file analysis methods. We then applied this workflow to interrogate glutamine and one carbon metabolism that identified SNAT1 (SLC38A1) and MTHFD2 as candidate targets. Finally, the third aim was to characterize the metabolic and immunologic function of SNAT1 and MTHFD2 in CD4+ T cell subsets and evaluate their efficacy as therapeutic targets in in vivo mouse models of inflammatory and autoimmune diseases. This dissertation thus outlines the development and application of a workflow for identifying physiologically relevant metabolic checkpoints in primary CD4+ T cell subsets using CRISPR/Cas9-based screening, and demonstrates the potential efficacy of SNAT1 and MTHFD2 as novel anti-inflammatory drug targets.  








[bookmark: _Toc93534989][bookmark: Methods_top]
Materials And Methods


[bookmark: _Toc89941918][bookmark: _Toc93534990]2.1 Mice
All experiments were performed at Vanderbilt University, University of Iowa, or Fidelta animal facility in accordance with Institutional Animal Care and Utilization Committee (IACUC)-approved protocols and conformed to all relevant regulatory standards. Mice were housed in pathogen-free facilities in ventilated cages with ad libitum food and water and at most 5 animals per cage. Eight- to sixteen-week-old male and female mice were used for all animal experiments. All mice except MTHFD2fl/fl mice described below were obtained from Jackson Laboratory and were treatment-naive until the start of study. 
OT-II (B6.Cg-Tg(TcraTcrb)425Cbn/J, Jackson Laboratory, Cat# 004194) mice were crossed to Cas9 (Gt(ROSA)26Sortm1.1(CAG-cas9*,-EGFP)Fezh/J, Jackson Laboratory, Cat# 024858) mice to generate the OT-II/Cas9 double-transgenic strain, OT-I (C57BL/6-Tg(TcraTcrb)1100Mjb/J, Jackson Laboratory, Cat# 003831) mice were crossed to Cas9 mice to generate the OT-I/Cas9 double-transgenic strain, and 2D2 (C57BL/6-Tg(Tcra2D2,Tcrb2D2)1Kuch/J, Jackson Laboratory, Cat# 006912) mice were crossed to Cas9 mice to generate the 2D2/Cas9 double-transgenic strain. Animals were genotyped for transgenic TCR and Cas9 alleles. MTHFD2fl/fl mice were generated from C57BL/6N-Atm1Brd Mthfd2tm1a(EUCOMM)Wtsi/BayMmucd (RRID:MMRRC_041551-UCD) by Mutant Mouse Resource & Research Centers (MMRRC) at UC Davis. These mice were first crossed to FLPo (B6.129S4-Gt(ROSA)26Sortm2(FLP*)Sor/J, Jackson Laboratory, Cat# 012930) mice. The F1 mice were then crossed to Cd4-cre (B6.Cg-Tg(Cd4-cre)1Cwi/BfluJ, Jackson Laboratory, Cat# 022071) mice for several generations to obtain a strain with MTHFD2fl/fl Cd4-cre+ conditional knockout (CD4ΔMthfd2) and MTHFD2fl/fl Cd4-cre- (WT) littermates. Animals were genotyped for floxed and cre alleles.

[bookmark: _Toc89941919][bookmark: _Toc93534991]2.2 Human cells
PBMCs were collected under an approved IRB from anonymous healthy blood donors. Naïve CD4 T cells were isolated using the Naïve CD4 T Cell Isolation Kit II (Miltenyi Biotec, Cat# 130-094-131) according to the manufacturer’s instructions.

[bookmark: _Toc89941920][bookmark: _Toc93534992]2.3 Cell lines
Plat-E retroviral packaging cell line (Cell Biolabs, Cat# RV-101, RRID:CVCL_B488) was maintained at 37°C with 5% CO2 in DMEM media supplemented with 10% FBS, 100U/mL penicillin/streptomycin, 1µg/mL puromycin, and 10µg/mL blasticidin to maintain expression of viral packaging genes. HEK293T cell line (ATCC, Cat# CRL-3216, RRID:CVCL_0063) was maintained in DMEM media supplemented with 10% FBS.

[bookmark: _Toc89941921][bookmark: _Toc93534993]2.4 In vitro CD4+ T cell activation and polarization
Primary murine CD4+ T cells were isolated from the spleens and lymph nodes of mice using EasyStep Mouse CD4 T Cell Isolation Kit (STEMCELL Technologies, Cat# 19852) according to the manufacturer’s instructions. The cells were cultured at 37°C with 5% CO2 in RPMI 1640 media supplemented with 10mM HEPES, 50μM 2-mercaptoethanol, 100U/mL penicillin/streptomycin, and 2mM glutamine, unless otherwise stated. Primary CD4+ T cells were activated using plate-bound anti-CD3 (3µg/mL, Thermo Fisher Scientific, Cat# 16-0031-86, RRID:AB_468849) and anti-CD28 (5µg/mL, Thermo Fisher Scientific, Cat# 16-0281-86, 
RRID:AB_468923) antibodies at 125,000 cells/well for 96-well plate and 1 million cells/well for 24-well plate. Cells were cultured for 3 to 4 days as specified with subset-specific cytokines and antibodies to promote differentiation - Th1: IL-12p70 (10ng/mL, Thermo Fisher Scientific, Cat# 14-8121-62), IL-2 (100U/mL, NCI, Cat# Ro 23-6019), anti-IL-4 (10µg/mL, Thermo Fisher Scientific, Cat# 16-7041-95, RRID:AB_2573101), anti-IFNγ (1µg/mL, Thermo Fisher Scientific, Cat# 16-7311-38, RRID:AB_2637490); Th17: IL-6 (50ng/mL, Miltenyi Biotec, Cat# 130-096-683), TGFβ1 (1ng/mL, Peprotech, Cat# 100-21), IL-23 (10ng/mL, Peprotech, Cat# 200-23), IL-1 ß (10ng/mL, Miltenyi Biotec, Cat# 130-101-681), anti-IL4 (10µg/mL), anti-IFNγ (10µg/mL); Treg: TGFβ1 (1.5ng/mL; 0.3ng/mL for low TGFß conditions), IL-2 (100U/mL), anti-IL4 (10µg/mL), anti-IFNγ (10µg/mL). DS18561882 (MTHFD2i, MedChemExpress, Cat# HY-130251) was dosed at 500nM for murine cells and 2µM for human cells unless otherwise specified. Rescue experiments were performed with 1mM sodium formate or 60µM adenine and guanine purine solution. MeAIB (Sigma-Aldrich, Cat# M2283) was dosed at 0, 1, or 5mM as denoted. 

[bookmark: _Toc89941922][bookmark: _Toc93534994]2.5 In vitro human CD4+ T cell activation and polarization
Naïve CD4 T cells were isolated using the Naïve CD4 T Cell Isolation Kit II according to the manufacturer’s instructions. All human T cells were cultured at 37°C with 5% CO2 in human plasma-like medium (HPLM) (Cantor et al., 2017) supplemented with 10% dialyzed FBS. In MTHFD2i experiments, T cells were activated in the presence of either DMSO control or 2μM DS18561882. Th1 cultures were activated with CD2/3/28 activation beads (Human T cell Activation/Expansion kit, Miltenyi Biotec, Cat# 130-091-441) at a 2:1 ratio of cells to beads with anti-IL-4 (2μg/mL), IL-2 (100U/mL), and IL-12p70 (5ng/mL, Peprotech, Cat# 200-12H). Th17 cultures were activated with non-tissue culture treated plates with plate-bound anti-CD3 (3μg/mL, BD Biosciences, Cat# 555336, RRID:AB_395742), anti-CD28 (1μg/mL, BD Biosciences, Cat# 555725, RRID:AB_396068), and anti-ICOS (1μg/mL) antibodies. Media was supplemented with anti-IL-4 (2μg/mL), anti-IFNγ (2μg/mL), IL-23 (50ng/mL, Peprotech, Cat# 200-23), IL-1β (50ng/mL, Thermo Fisher Scientific, Cat# 201-LB-010), TGFβ1 (5ng/mL), IL-21 (25ng/mL, Peprotech, Cat# 200-21) and IL-6 (40ng/mL, Peprotech, Cat# 200-06). iTreg cultures were activated similarly with plate-bound anti-CD3 (4μg/mL) and anti-CD28 (3μg/mL) antibodies in media supplemented with anti-IL-4 (2μg/mL), anti-IFNγ (2μg/mL), TGFβ1 (5ng/mL), IL-2 (100U/mL), and all-trans retinoic acid (ATRA, 10nM, Sigma-Aldrich, Cat# R2625). Th1 and iTreg cultures were also supplemented with IL-2 from day 3.

[bookmark: _Toc89941923][bookmark: _Toc93534995]2.5.1 siRNA knockdown in human cells
For siRNA knockdown experiments, cells were differentiated for 3 days and then transduced with lentiviral vectors consisting of siRNA specific for MTHFD2 (siMTHFD2, Applied Biological Materials, Cat# 308880910296), or a scramble siRNA control (NTC, target sequence: GGGTGAACTCACGTCAGAA, Applied Biological Materials, Cat# LV015-G). Lentiviruses were packaged by transfecting HEK293T cells with pCMV-VSV-G (Addgene, Cat# 8454, RRID:Addgene_8454) and psPAX2 (Addgene, Cat# 12260, RRID:Addgene_12260) diluted in Opti-MEM. Transfections were conducted using X-tremeGENE HP DNA transfection reagent (Sigma-Aldrich, Cat# 6366236001) according to the manufacturer’s instructions and viral supernatants were collected and filtered 72 hours later. For transduction, viral supernatants were centrifuged at 2,000xg for 2 hours at 32°C on retronectin (Takara Bio, Cat# T100A) coated plates. Activated T cells were then layered onto plates and centrifuged for an additional 15 minutes. Knockdown efficiencies were determined by RT-qPCR after 3 days. All downstream flow cytometric analyses were conducted by gating on live GFP+ cells to select for transduced T cells.

[bookmark: _Toc89941924][bookmark: _Toc93534996]2.6 Flow cytometry
For intracellular stains and transcription factor stains, cells were first stained with viability dye and cell surface antibodies, fixed and permeabilized using appropriate kits (intracellular stains - Fixation/Permeabilization Solution Kit, BD Biosciences, Cat# 554714; transcription factor stains - Foxp3/Transcription Factor Staining Buffer Set, Thermo Fisher Scientific, Cat# 00-5523-00), then stained for proteins. For cytokine stains, cells were stimulated with 1μg/mL 12-myristate 13-acetate (PMA) and 750ng/mL ionomycin in the presence of GolgiPlug (BD Biosciences, Cat# 555029) for four hours, then processed as other intracellular stains. Unstimulated cells served as a negative control. All dilutions and washes were performed in PBS with 10% FBS. For MTHFD2 staining (Thermo Fisher Scientific, Cat# PA5-30407, RRID:AB_2547881), cells were fixed in Fixation/Permeabilization Solution followed by ice-cold methanol. Fluorescent reporters were preserved by fixing first with 1% paraformaldehyde.  

[bookmark: _Toc89941925][bookmark: _Toc93534997]2.7 PCR
Genomic DNA was isolated using KAPA Express Extract Kit (Roche Diagnostics, Cat# KK7103) and PCR was performed using KAPA Mouse Genotyping Kit (Roche Diagnostics, Cat# 07961804001). The following primers and programs were used for genotyping.
MTHFD2: 
Primers: 	(1) MTHFD2-lacF: GCTACCATTACCAGTTGGTCTGGTGTC 
(2) MTHFD2-neoF: GGGATCTCATGCTGGAGTTCTTCG 
(3) MTHFD2-loxF: GAGATGGCGCAACGCAATTAATG 
(4) MTHFD2-TTR: CTCCCAGTGCAGGATGGTCTCG 
(5) MTHFD2-SR1: CTGTCCTTGAGGCATTGCAGATTACC 
(6) MTHFD2-F: GGCACAACACAAACTTCAAGTGG 
Bands: 	Floxed – 3&5 = 485bp; PreCre – 2&4 = 549bp; PostCre – 1&5 = 783bp; Wildtype – 6&4 = 225bp; PostFlp – 6&4 = 418bp; PostFlp&PostCre – 6&5 = 701bp
Program:	94°C for 5min, [94°C for 15sec, 65°C for 30sec (↓1°C/cycle), 72°C for 40sec]x10, [94°C for 15sec, 55°C for 30sec, 72°C for 40sec]x30, 72°C for 5min, 15°C for ∞.
OT-II:
Primers: 	F:  AAA GGG AGA AAA AGC TCT CC
R:  ACA CAG CAG GTT CTG GGT TC
Band: 	Transgene = 160bp 
OT-I:
Primers: 	F:  CAG CAG CAG GTG AGA CAA AGT
R:  GGC TTT ATA ATT AGC TTG GTC C
Band: 	Transgene = 350bp 
2D2: 
Primers: 	F:  CCC GGG CAA GGC TCA GCC ATG CTC CTG
R:  GCG GCC GCA ATT CCC AGA GAC ATC CCT CC
Band: 	Transgene = 675bp 
PCR product was then run on 2% agarose gel with ethidium bromide and visualized by GelDoc XR. 

[bookmark: _Toc89941926][bookmark: _Toc93534998]2.8 qPCR
	The following primers were used for qPCR.
MTHFD2 (human): 
	F: GGGAAGAATGTGGTTGTGGC
	R: ATGACTGCTGCTCCTTCCTT
GAPDH (human):
	F: TGATGACATCAAGAAGGTGGTGAAG
	R: TCCTTGGAGGCCATGTGGGCCAT

[bookmark: _Toc89941927][bookmark: _Toc93534999]2.9 Immunoblotting
Cells were lysed with base lysis buffer containing 1% IGEPAL CA-630, 200mM NaCl, and 50mM Tris pH 8.0 on ice for 30 minutes. The base lysis buffer was supplemented with the protease inhibitors aprotinin (5ug/mL), leupeptin (5ug/mL), sodium fluoride (0.9mM), dithiothreitol (DTT, 1mM), sodium vanadate (1mM), and beta-glycerophosphate (20mM). Lysates were centrifuged for 15 minutes at 4˚C to recover supernatant and quantified for protein concentration using Protein Assay Dye Reagent Concentrate. 25-40ug of protein was loaded per well for polyacrylamide gel electrophoresis using Mini-PROTEAN Precast Polyacrylamide Gels (Bio-Rad). Western blotting was performed using low fluorescence PVDF membrane (Bio-Rad). Transfer was accomplished using 1X Towbin Transfer Buffer Containing 20% methanol at 300mA for 1 hour. Blots were blocked for 1 hour using 5% BSA in 1X TBST, before incubation with primary antibody in 1% BSA overnight at 4˚C. Blots were washed with 1X TBST, then incubated for 30 minutes at room temperature with HRP linked secondary antibody made in 5% non-fat dry milk in 1X TBST. Blots were imaged on a GE Amersham Imager 600 machine after incubating in ThermoScientific Supersignal West Pico PLUS Chemiluminescent Substrate (Ref 34580) for 5 minutes. The antibodies used for westerns were: ß-actin (1:1000; Cell Signaling Technology, Cat# 4970), phospho-S6 (Ser235/236; 1:2000; Cell Signaling Technology, Cat# 4858), S6 (1:1000; Cell Signaling Technology, Cat# 2317), phospho-ACC (1:1000, ; Cell Signaling Technology, Cat# 3661), ACC (1:1000; Cell Signaling Technology, Cat# 3662), phospho-AMPK (1:1000; Cell Signaling Technology, Cat# 2535), AMPK (1:1000; Cell Signaling Technology, Cat# 2793), phospho-ULK1 (Ser777; 1:700; Cell Signaling Technology, Cat# ABC213), HIF-1α (1:1000; Cell Signaling Technology, Cat# 14179), phospho-STAT3 (1:2000; Cell Signaling Technology, Cat# 9145), and SNAT1 (1:1000; Cell Signaling Technology, Cat# 36057).

[bookmark: _Toc89941928][bookmark: _Toc93535000]2.10 Seahorse extracellular flux analysis
	Extracellular flux analyses were performed with the Seahorse XFe96 Analyzer (Agilent). The sensor cartridge was hydrated in water overnight, and the cell plate was coated with Cell-Tak (Corning, Cat# 354240) for 30 minutes before seeding cells. Mito Stress Test assay media was prepared by supplementing Seahorse XF RPMI Medium pH 7.4 (Agilent, Cat# 103576-100) with 10 mM glucose, 1 mM sodium pyruvate, and 2 mM glutamine. Glyco Stress Test assay media was prepared by supplementing Seahorse XF RPMI Medium with 2 mM glutamine. 150,000 viable cells were plated in assay media with technical replicates for each biological replicate. The Mito Stress Test was performed with oligomycin A at 1.5μM, FCCP at 1.5μM, and rotenone/antimycin A at 0.5μM final concentrations. The Glyco Stress Test was performed with glucose at 10mM, oligomycin A at 1.5μM, and 2-deoxy-D-glucose at 20mM final concentrations. Data were analyzed in Agilent Wave software v2.6. 

[bookmark: _Toc89941929][bookmark: _Toc93535001][bookmark: _Toc89941930]2.11 Mass Spectrometry
Collaboration with the Rabinowitz Lab at Princeton University: Cultured cells were collected and washed with PBS. Each sample was resuspended in precooled extraction buffer (by volume, 40% methanol, 40% acetonitrile, 20% water, and 0.5% formic acid) at the ratio of 75µL of buffer per 1 million cells. The samples were then neutralized by 15% NH4HCO3 aqueous solution at 8.8 vol% of the extraction buffer. Cell extracts were stored in −80°C freezers prior to analysis. Samples were thawed on ice, and insoluble contents were pelleted by centrifugation (16,000xg, 10 minutes) at 4°C. To further precipitate proteins, 40µL of supernatant was diluted in 40µL of methanol, followed by incubation on dry ice for 1 hour. Then the samples were spun down (16,000xg for 10 minutes) at 4oC and supernatants were transferred into vials and stored at 4oC until analysis. 
Samples were analyzed by Q Exactive Plus Quadrupole-Orbitrap Mass Spectrometer (Thermo Scientific) coupled with hydrophilic interaction chromatography (HILIC). 10µL of each sample was injected into the LC system. Metabolites were separated by a XBridge BEH Amide Column (2.5μM, 150mm × 2.1mm, Waters) with a 25 minutes gradient from Solvent B (acetonitrile) to Solvent A (95 vol% H2O and 5 vol% acetonitrile solution with 20 mM NH4OAc, 20 mM NH3·H2O, pH 9.4). LC-MS method was reported in Anal. Chem. 2019, 91, 3, 1838–1846 (L. Wang et al., 2019). Raw data were converted into .mzXML format, and data analysis was performed using El-MAVEN (v0.8.0).
[bookmark: _Toc89941931]Collaboration with the Lyssiotis Lab at the University of Michigan: Metabolites were extracted from cells by adding cold 80% methanol, incubating at -80°C for 10 minutes, followed by centrifugation at 10,000xg for 10 minutes at 4°C. Supernatants were collected and lyophilized by speedvac. The quantity of metabolite fraction analyzed was normalized to cell number. Liquid chromatography-based targeted tandem mass spectrometry (LC-MS/MS)-based metabolomics were performed and the data analyzed as previously described (Halbrook et al., 2019; Lee et al., 2019; Yuan et al., 2019).
	
[bookmark: _Toc89941932][bookmark: _Toc93535002]2.12 Proton nuclear magnetic resonance (NMR) spectroscopy 
Conditioned culture media and cells were collected following 72 hours of culture and processed as previously reported (Govindaraju et al., 2000). Briefly, for quantification of metabolites from conditioned supernatant, a total of 50μL D2O and 50μL of 0.75% sodium 3-trimethylsilyl-2,2,3,3-tetradeuteropropionate (TSP) in D2O was added to 500μL media and transferred to 5-mm NMR tubes (Wilmad-LabGlass, Kingsport, TN). For quantification of intracellular metabolites, a total of 180μL of a master mix of D2O and of 0.75% TSP in D2O were added to dried soluble cell extract and transferred to 3-mm NMR tubes (Wilmad-LabGlass, Kingsport, TN). 1H-MRS spectra were acquired on an Avance III 600 MHz spectrometer equipped with a Triple Resonance CryoProbe (TCI) (Bruker) at 298 K with 7500-Hz spectral width, 32,768 time domain points, 32 scans (supernatant) or 256 scans (cell extracts), and a relaxation delay of 2.7 seconds. The water resonance was suppressed by a gated irradiation centered on the water frequency. The spectra were phased, baseline corrected, and referenced to TSP using Chenomx NMR Suite and TopSpin v3.6. Spectral assignments were based on literature values. 

[bookmark: _Toc89941933][bookmark: _Toc93535003]2.13 Bulk RNA Sequencing
Bulk RNA was isolated using the RNeasy Mini Kit (Qiagen, Cat# 74104). mRNA enrichment and cDNA library preparation was performed using the stranded mRNA (polyA-selected) library preparation kit (NEB). Sequencing was performed at Paired-End 150 bp on the Illumina NovaSeq 6000 targeting an average of 50 million reads per sample. Demultiplexed FASTQ files were analyzed as follows.  Adapters were trimmed by Cutadapt (v2.10). After trimming, reads were mapped to the mouse genome mm10 using STAR (v2.7.3a) and quantified by featureCounts (v2.0.0). DESeq2 (v.1.24.0) was used to detect differential expression between two groups. WebGestaltR (v0.4.4) was used to perform functional enrichment analysis against Gene Ontology and KEGG.

[bookmark: _Toc89941934][bookmark: _Toc93535004]2.14 CUT&RUN sequencing
[bookmark: _Toc78976432][bookmark: _Toc78976504][bookmark: _Toc78977072]Cleavage Under Targets and Release Using Nuclease (CUT&RUN) was performed using CUT&RUN Assay Kit (Cell Signaling Technology, Cat# 86652) with magnetic based method. Briefly, 200,000 cells were harvested by centrifugation at 600xg for 3 minutes and washed twice with the wash buffer provided in the kit. The cells were resuspended in 100l wash buffer and mixed with 10l pre-activated ConA beads on rotator for 5 minutes to bind cells to the magnetic beads. The beads were then transferred to antibody binding buffer containing 2.5l H3K27me3 antibody (Cell Signaling Technology, Cat# 9733, RRID:AB_2616029) or 5µl IgG control antibody and incubated for 2 hours at 4°C on a rotator. After incubation, beads were washed in 1ml digitonin buffer to remove unbound antibody and then resuspended in 100µl digitonin buffer containing 1.5µl pA-MNase and incubated at 1 hour at 4°C on a rotator. After 2 washes with 1ml digitonin buffer to remove unbound pA-MNase, the beads were resuspended in 150µl digitonin buffer and 3l CaCl2 was added to a final concentration of 2mM. This was incubated in an ice/water mix for 30 minutes to complete the digestion. The reaction was quenched by the addition of 150µl stop buffer. Cleaved fragments were liberated into the supernatant by incubating the beads at 37°C for 10 minutes. DNA fragments were extracted from the supernatant and used for the construction of sequencing libraries using KAPA HyperPrep Kit (Roche Diagnostics, Cat# 07962363001). Libraries were sequenced for 150 cycles in paired-end mode on the Illumina Novaseq 6000 platform at the Vanderbilt Technologies for Advanced Genomics (Vantage).
[bookmark: _Toc78976433][bookmark: _Toc78976505][bookmark: _Toc78977073]CUT&RUN data analysis was performed by first trimming paired-end fragments with Trimmomatic (v0.39) to remove adapter and low-quality nucleotides. Fragments were then mapped onto the mouse genome GRCm38.p6 using bowtie2 (v2.3.5.1) with the following options: --local --very-sensitive-local --no-unal --no-mixed --no-discordant --phred33 -k 1 -I 10 -X 700. Then alignment SAM files were transformed to BAM and BIGWIG files using samtools (v1.9) and deeptools (v3.3.1) for data analysis and visualization. For mapping signal around gene promoters, the gene annotation track (geocode v23 known genes track) was downloaded from the UCSC table browser as a bed file and used as reference for heatmaps. MACS2 (v2.2.7.1) was used for calling peaks with the following options: --broad -p 1e-5 -f BAMPE --keep-dup all. R package DiffBind (v2.16.2) was used for comparing differential peaks between treatment and making the MA plots.

[bookmark: _Toc89941935][bookmark: _Toc93535005]2.15 Bisulfite Sequencing
FoxP3 gene sequence was acquired from Ensembl genome browser and annotated. The target EPIC array probe sequences were re-evaluated against UCSC genome browser for repeat sequences including LINE, SINE, LTR elements, and other DNA repeats. Sequences containing repetitive elements, low sequence complexity, high thymidine content and overall CpG density were excluded for in silico design process. 
Cell pellet samples were lysed using M-digestion Buffer (Zymo Research) and 5-10μl of protease K (20mg/Ml) with a final M-digestion concentration of 1X. The samples were incubated at 65°C for a minimum of 2 hours. For DNA bisulfite modification, 20μL of the supernatant from the sample lysates were bisulfite modified using EZ-96 DNA Methylation-Direct Kit (Zymo Research) as per the manufacturer’s protocol with minor modification. The bisulfite modified DNA samples were eluted using M-elution buffer in 4μl. Bisulfite-modified DNA samples were amplified using separate multiplex or simplex PCRs. PCRs included 0.5 units of Qiagen HotStarTaq, 0.2μM primers, and 3μl of bisulfite-treated DNA in a 20μl reaction with the following program: 95°C 15min; 45 x (95°C 30s; Ta°C 30s; 68°C 30s); 68°C 5min; 4°C ∞. All PCR products were verified and quantified using the QIAxcel Advanced System. Prior to library preparation, PCR products from the same sample were pooled and purified using QIAquick PCR Purification Kit.
Libraries were prepared using a custom Library Preparation method created by EpigenDx. Next, library molecules were purified using Agencourt AMPure XP beads and quantified using the QIAxcel Advanced System (Qiagen). Barcoded samples were then pooled in an equimolar fashion before template preparation and enrichment were performed on the Ion Chef system (Thermo Fisher) using Ion 520 & Ion 530 ExT Chef reagents. Following this, enriched, template-positive library molecules were then sequenced on the Ion S5TM sequencer using an Ion 520 or Ion 530 sequencing chip (Thermo Fisher). FASTQ files from the Ion Torrent S5 server were aligned to the local reference database using open-source Bismark Bisulfite Read Mapper with the Bowtie2 alignment algorithm. Methylation levels were calculated in Bismark by dividing the number of methylated reads by the total number of reads. 

[bookmark: _Toc89941936][bookmark: _Toc93535006]2.16 In vivo models
[bookmark: _Toc89941937][bookmark: _Toc93535007]2.16.1 Experimental Autoimmune Encephalomyelitis (EAE)
In the first method, female C57BL/6 mice (Jackson Laboratory, Cat# 000664) aged 8-12 weeks were injected subcutaneously with 0.2mL Myelin oligodendrocyte glycoprotein (MOG)/ Complete Freund’s Adjuvant (CFA) emulsion and i.p. 150ng pertussis (PTX). The PTX injection was repeated 24 hours later (Hooke Laboratories, Cat# EK-2110). In the second method, CD4+ T cells were isolated from 2D2 mice aged 8-12 weeks. Cells were activated with splenocytes irradiated at 30Gy and MOG35-55 peptide (10µg/mL, GenScript, Cat# RP10245) and Th17 cytokines. On day 4 post activation, cells were transferred to fresh media with IL-23 (20ng/mL) to rest for an additional 3 days. On day 7 post activation, cells were re-stimulated with plate-bound anti-CD3 and anti-CD28 antibodies. 48 hours post restimulation, 10 million live cells were resuspended in 100µl PBS with 2% FBS and injected into Rag1-/- mice (B6.129S7-Rag1tm1Mom/J, Jackson Laboratories, 002216) by tail vein injection. 
Mice were monitored and scored daily for clinical severity. 0- no clinical disease, 0.5- partial loss of tail tonicity, 1- complete loss of tail tonicity, 2- hind limb weakness, 2.5- dragging one hind limb, 3- partial hind limb paralysis, 3.5- dragging both hind limbs, 4- complete hind limb paralysis, and 5- moribund/death. Mice were euthanized at a score of 3.5 as a humane endpoint. For histology, sample preparation was completed by the Vanderbilt Translational Pathology Shared Resource (TPSR) core. The spleen, spinal cord, and brain were dissected out for T-cell phenotyping. The spinal cord and brain were mechanically dissociated and digested in 300U/mL Collagenase IA and 50U/mL DNase I at 37 oC for 45 minutes. The digested tissue was filtered through a 70µm filter and spun on a 18.6%/62.4% Percoll gradient at 2400rpm for 30 minutes at room temperature. Immune cells were collected from the middle layer, washed, and stained for flow cytometry. 

[bookmark: _Toc89941938][bookmark: _Toc93535008]2.16.2 Inflammatory Bowel Disease (IBD) 
IBD was induced by transfer of either naive T cells or activated Th1 cells. Naïve CD4+ T cells (CD4+CD25-CD45RBhi) were isolated by CD25 negative selection followed by CD45 positive selection using magnetic beads (Miltenyi Biotec) from donor mice aged 8-12 weeks. Activated Th1 cells were prepared by isolating bulk CD4+ T cells and activating them with plate-bound anti-CD3 and anti-CD28 antibodies and Th1 polarizing cytokines. 400,000 donor T cells were then i.p. injected into recipient male Rag1-/- mice aged 8 weeks to induce colitis. Mice were weighed twice weekly to monitor disease progression. Mice were euthanized 7 weeks post T cell transfer and spleen and mesenteric lymph nodes (MLNs) were collected for T cell phenotyping. Colons were collected, rolled into cassettes, and fixed in 10% formalin for histology. Lamina propria T cells were mechanically dissociated using a gentleMACS Dissociator (Miltenyi Biotec) and then digested with Collagenase IV and DNase I. The homogenate was then filtered through a 70µm filter before staining for flow cytometric analysis.

[bookmark: _Toc89941939][bookmark: _Toc93535009]2.16.3 Allergic airway disease 
For the Type 2 endotype model, female mice aged 8-12 weeks were anesthetized with isoflurane and challenged intranasally with 8μg Alternaria Alternata Extract (Greer Laboratories, Cat# XPM1C3A25, Lot 338869) or PBS vehicle every 3 days for 4 total challenges as previously described (Palmer et al., 2019). 24 hours after the last challenge, mice were sacrificed using a fatal dose of i.p. phenobarbital. Bronchioalveolar lavage fluid (BALF) was collected by instilling and withdrawing 800μL of saline through a tracheostomy tube into the lungs. Cells from the BALF were then adhered to a slide and stained using Epredia Richard-Allan Scientific Three-Step Stain Kit (Thermo Fisher Scientific, Cat# 22-050-272). Identification and quantification of eosinophils, neutrophils, lymphocytes, and macrophages was completed using light microscopy as previously described (Fuseini et al., 2018).
For the non-type 2 endotype model, female mice were intranasally administered with 50 µl PBS or 100 µg of house dust mite Dermatophagoides pteronyssinus extract (Greer Laboratories, Cat# XPB70D3A25) and 0.1 µg of LPS from Escherichia coli 0111:B4 (Sigma-Aldrich, Cat# L5293) in 50 µl PBS (Boer et al., 2013) on day 7, 14, and 21. Lungs were mechanically dissociated using a gentleMACS Dissociator (Miltenyi Biotec) and then digested with 300U/mL Collagenase IA and 50U/mL DNase I at 37 oC for 45 minutes. The homogenate was then filtered through a 70µm filter before staining for flow cytometric analysis. 

[bookmark: _Toc89941940][bookmark: _Toc93535010]2.16.4 Delayed-type hypersensitivity (DTH)
Female BALB/c mice aged 8 weeks were purchased from Charles River and maintained at Fidelta animal facility in accordance with AAALAC and institutional guidelines. Keyhole limpet hemocyanin (KLH)-DTH was induced by subcutaneous immunization on day 0 with 100μL of 4mg/mL KLH (Sigma-Aldrich, Cat# H7017) and 0.5mg/mL CFA (BD Biosciences, Cat# 263810) emulsion. Mice were challenged on day 7 in the pinna of the left ear with 4mg/mL KLH antigen dissolved in 0.9% NaCl solution, while the right ear pinna was challenged with 0.9% NaCl solution. Animals were treated from days 0-10 twice daily orally with 10 mL/kg vehicle (5% DMSO and 95% (0.5%)HPMC/(0.1%)Tween80 in distilled water) or DS18561882 at a dose of 100 and 300 mg/kg and 10 mL/kg. Body weight was measured daily from days 0-10, ear thickness was measured on day 7 prior to challenge and then on days 8-10. On day 10 terminal blood was collected by carotid artery bleeding. Serum was prepared from coagulated blood samples by centrifugation at 3500rpm for 15 minutes, separated and stored at -80 °C for subsequent KLH-IgG analysis by ELISA (Alpha Diagnostic, Cat# 700-150-VAG). ELISAs were performed in accordance with the manufacturer’s instructions. Postmortem, a circular piece of both ear pinna, 8mm in diameter, was cut out with a biopsy punch, weighed on a precise analytical balance and recorded.

[bookmark: _Toc89941941][bookmark: _Toc93535011]2.16.5 Ovalbumin immunization model
Donor cells were prepared by isolating CD4+ T cells by magnetic bead isolation from male OT-II mice aged 8 weeks. 1 million OT-II CD4+ cells were tail-vein injected into recipient male CD45.1+ mice (B6.SJL-Ptprca Pepcb/BoyJ, Jackson Laboratory, Cat# 002014) aged 8 weeks. Recipient mice were immunized next day with ovalbumin peptide (OVA)/CFA emulsion (Hooke Laboratories, Cat# EK-0301). Mice were treated with either 300mg/kg DS18561882 or vehicle (1% hydroxyethylcellulose/0.25% Tween 80/0.05% antifoam) daily by oral gavage for 9 days. Blood was collected via cheek bleed by lancet puncture (Goldenrod) into heparinized collection tubes (Fischer, Cat# 02-668-10) and ACK lysed. Mice were euthanized on day 9 post immunization to harvest spleen and lymph nodes for T cell phenotyping. 

[bookmark: _Toc89941942][bookmark: _Toc93535012][bookmark: Methods_CRISPR]2.17 CRISPR/Cas9 system 
[bookmark: _Toc89941944][bookmark: _Toc93535013]2.17.2 Single gRNA cloning
gRNA sequences were cloned into the new vector following the protocol made publically available by the Zhang Lab (https://www.addgene.org/crispr/reference/#protocols). Briefly, the vector was digested with BbsI restriction enzyme at 37℃ for 1 hour and purified using QIAquick PCR Purification Kit (Qiagen, Cat# 28104). The digestion and purification were repeated to increase yield. The gRNA sequences were synthesized without the PAM sequence and flanked with the following overhangs for cloning:
5’-CACCGXXXXXXXXXXXXXXXXXXXX-3’
3’-CXXXXXXXXXXXXXXXXXXXXCAAA-5’
Forward and reverse gRNA oligos were then annealed and ligated into the vector, transformed into either DH5α (Molecular Cell Biology Resource Core) or MAX Efficiency Stbl2 Competent Cells (Thermo Fisher Scientific, Cat# 10268019) depending on the size of the plasmid, and cultured overnight in LB broth with ampicillin. DNA was isolated using QIAprep Spin Miniprep Kit (Qiagen, Cat# 27106X4) and successful cloning was confirmed by Sanger sequencing with the LKO.1 primer (GACTATCATATGCTTACCGT). Table 2-1 lists gRNA sequences that have been used and validated. 

[bookmark: _Toc92623546]Table 2‑1: Confirmed gRNA sequences for single gene knockouts
	Gene
	gRNA#
	Source
	Sequence

	NTC
	7
	GeCKO v2
	ATTGTTCGACCGTCTACGGG

	
	8
	GeCKO v2
	ACCCATCGGGTGCGATATGG

	
	9
	Brie
	AAAAAGTCCGCGATTACGTC

	CD44
	2
	CHOPCHOP
	CATGGAATACACCTGCGTAG

	
	3
	CHOPCHOP
	CAGTCCGGGAGATACTGTAG

	PIK3IP1
	5
	CHOPCHOP
	TGGGCTCGGTGAGCGACTCG

	
	6
	CHOPCHOP
	ACCTGCGAGCCGAAGAGACG

	xCT
	5
	GeCKO v2
	GCTTGTACCTAATTCTGCAT

	
	7
	CHOPCHOP
	ATCGGCACCGTCATCGGATC

	
	9
	CHOPCHOP
	TGCAGGGCAATATGAGCGGG

	SNAT1
	2
	Brie
	TGCATGGTGTATGAGAAGCT

	
	4
	Brie
	AGATTGGCAGGACGGACGGG

	SNAT2
	1
	Brie
	CTCAAGACTGCCAACGAAGG

	
	2
	Brie
	GCAGTGACAATGGAAGAATG

	
	3
	Brie
	CCACCAAAGCAGCTTCCACG




[bookmark: _Toc93535014][bookmark: _Toc89941945]2.17.3 CRISPR/Cas9-mediated single gene knockout in vitro 
Plat-E retroviral packaging cell line was transfected using Polyplus jetPRIME DNA and siRNA transfection reagent (VWR, Cat# 89129-922) with gRNA-delivery vectors. Media were changed 48 hours post transfection and viral supernatant was filtered and collected after an additional 48 hours of culture. Primary murine CD4+ T cells were isolated from Cas9-transgenic mice and activated using plate-bound anti-CD3 (3µg/mL) and anti-CD28 (5µg/mL) antibodies at 1 million cells/well for 24-well plate. Cells were cultured with cytokines and blocking antibodies to promote differentiation for 48 hours. Viral supernatant was then spun onto retronectin-coated plates at 2000xg for 2 hours at 32oC. Activated T cells were transferred to the plates and spun for an additional 15 minutes and replaced in the incubator. Cells were split with fresh media on day 4 post T cell activation. On day 7, transduced cells were either stained for flow cytometry analysis or isolated by using EasySep Mouse CD90.1 Positive Selection Kit (STEMCELL Technologies, Cat# 18958) for downstream applications. 

[bookmark: _Toc89941946][bookmark: _Toc93535015]2.17.4 Th1-driven IBD with CRISPR/Cas9-mediated gene knockout
Th1 cells with NTC, SNAT1 gRNA, and SNAT2 gRNA were prepared following in vitro CRISPR/Cas9-mediated single gene knockout protocol. The following gRNA sequences were used: NTC gRNA#9 (AAAAAGTCCGCGATTACGTC), SNAT1 gRNA#2 (TGCATGGTGTATGAGAAGCT), and SNAT2 gRNA#1 (CTCAAGACTGCCAACGAAGG). On day 7 post T cell activation, transduced cells were isolated by CD90.1 positive selection and 400,000 viable cells were transferred to Rag1-/- mice aged 8 weeks by i.p. injection to induce colitis. Mice were weighed twice weekly to monitor disease progression. Mice were sacrificed after 7 weeks, and spleen and MLNs were collected for T cell phenotyping. Colons were also collected, rolled into cassettes, and fixed in 10% formalin for histology.

[bookmark: _Toc89941947][bookmark: _Toc93535016]2.17.5 Custom library cloning
Glutamine metabolism and SLC gRNA libraries were curated by referencing the Mouse CRISPR Knockout Pooled Libraries, Brie (Addgene, Pooled Library Cat# 73632) and GeCKO v2 (Addgene, Pooled Library Cat# 1000000052). Four gRNA sequences were selected for each gene and ten NTC gRNA sequences were selected for the glutamine metabolism library and 20 NTC gRNA sequences were selected for the SLC gRNA library. These sequences were flanked by the following adapter sequences were purchased as an oligo pool from Twist Bioscience: GGAAAGGACGAAACACCGXXXXXXXXXXXXXXXXXXXXGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC. The library was further prepared for transduction following published methods (Anderson et al., 2017; Shalem et al., 2014) with several modifications. Briefly, additional sequences were attached by PCR using Array primers and Herculase II Fusion DNA Polymerase (Agilent, Cat# 600675). 
ArrayF:TAACTTGAAAGTATTTCGATTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCG
ArrayR:ACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAAC
After purification by gel extraction using QIAquick Gel Extraction Kit (Qiagen, Cat# 28706), the fragment was cloned into the retroviral expression vector pMx-U6-gRNA-GFP using Gibson Assembly Master Mix (NEB, Cat# E2611). The resultant plasmid pool was amplified by electroporation into ElectroMAX DH10B Cells (Thermo Fisher Scientific, Cat#: 18290015) and plated on ampicillin plates to obtain enough colonies for 50-fold coverage of the library. DNA was isolated using GeneJET Plasmid Maxiprep Kit (Thermo Fisher Scientific, Cat# K0491).

[bookmark: _Toc89941948][bookmark: _Toc93535017]2.17.6 Targeted screening in vitro
CD4+ T cells were isolated from Cas9-transgenic mice and transduced with the targeted libraries as above at a multiplicity of infection (MOI) of <0.4. On day 4 post activation, a sample of the cells was collected at >1000-fold representation of the library for the early timepoint. Cells were split with fresh media and re-stimulated with anti-CD3 and anti-CD28 antibodies on day 4 post T cell activation. On day 7, a second sample of the cells was collected at >1000-fold representation of the library for the late timepoint. 

[bookmark: _Toc89941949][bookmark: _Toc93535018]2.17.7 Targeted screening in vivo in lung inflammation model
DNA was transfected into Plat-E retroviral packaging cell line using Polyplus jetPRIME DNA and siRNA transfection reagent. Media was changed 48 hours post transfection, and viral supernatant was collected after an additional 48 hours of culture. Meanwhile, CD4+ T cells were isolated from the spleen and lymph nodes of OT-II/Cas9 double-transgenic mice and activated with splenocytes irradiated at 30 Gy and OVA323-339 (10µg/mL, Sigma-Aldrich, Cat# O1641). 48 hours post T cell activation, the viral supernatant was spun onto retronectin treated non-tissue culture plates at 2000xg for 2 hours at 32oC. Activated T cells were transferred to the plates and spun for an additional 15 minutes, then replaced in the incubator. On day 3 post T cell activation, a sample of the cells were collected at 1000-fold representation of the library. Additionally, 3 million live GFP+ cells were adoptively transferred into each Rag1-/- mice by tail vein injection. On days 1, 3, 5, and 7 post adoptive transfer, mice were sensitized with intranasal ovalbumin protein. On day 8 post adoptive transfer, lungs and spleens were collected, and T cells isolated by positive selection using Mouse CD4 (L3T4) MicroBeads (Miltenyi Biotec, Cat# 130-117-043).
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[bookmark: _Toc92613659]Figure 2‑1: Workflow for targeted in vivo CRISPR screening in lung inflammation model.

[bookmark: _Toc89941950][bookmark: _Toc93535019]2.17.8 Targeted screening in vivo in Th1- and Th17-driven EAE models
This in vivo CRISPR screening method was developed by modifying previously published method of EAE induction by adoptive transfer of single CD4+ T cell subsets (Jäger et al., 2009). CD4+ T cells were isolated from the spleen and lymph nodes of 2D2/Cas9 double-transgenic mice and activated with splenocytes irradiated at 30 Gy and MOG35-55 peptide (10µg/mL). Cells were cultured for 3 days with cytokines and blocking antibodies to promote either Th1 or Th17 cell differentiation. Three days post activation, cells were split in fresh media with IL-2 only for Th1 and IL-23 only for Th17 and cultured for three more days. Six days post activation, cells were re-stimulated on plates coated with anti-CD3 (3µg/mL) and anti-CD28 (5µg/mL) antibodies for 24 hours, then transduced with the gRNA library as above. 24 hours post transduction, a sample of the cells was collected at 1000-fold representation of the library for the early timepoint and 10 to 15 million live cells were adoptively transferred into each Rag1-/- mice by tail vein injection. Mice were monitored daily for clinical symptoms and sacrificed once they began to exhibit signs of paralysis of both hind legs or significant ataxia. The brain and spinal cord were dissected out and digested with 300U/mL Collagenase IA and 50U/mL DNase I at 37 oC for 45 minutes. The digested tissue was filtered through a 70µm filter and spun on a 18.6%/62.4% Percoll gradient at 2400rpm for 30 minutes at room temperature to isolate lymphocytes for the late timepoint collection. Cells were stained and analyzed by flow cytometry to determine library coverage before processing for sequencing. 
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[bookmark: _Toc92613660]Figure 2‑2: Workflow for targeted CRISPR screening in vivo in Th1- and Th17-driven EAE models.

[bookmark: _Toc93535020]2.17.8 Targeted screening in vivo in Th1- and Th17- driven IBD colitis models
CD4+ T cells were isolated from the spleen and lymph nodes of Cas9-transgenic mice and activated with plate-bound anti-CD3 (3µg/mL) and anti-CD28 (5µg/mL) antibodies. Cells were cultured with either Th1 or Th17 polarizing cytokines and transduced as above 48 hours post activation. On day 4 post T cell activation, enough cells were collected for 1000-fold representation of the library for the early timepoint and the same number were i.p. injected into each Rag1-/- mice to induce IBD colitis. Around 5 weeks post T cell transfer, mice were sacrificed for T cell recovery from the spleen, MLNs, and colonic lamina propria. Colons were mechanically dissociated using a gentleMACS Dissociator (Miltenyi Biotec) and then digested with Collagenase IV and DNase I. The homogenate was then filtered through a 70µm filter and CD4+ T cells were isolated by positive selection using EasySep Mouse CD4 Positive Selection Kit II (STEMCELL Technologies, Cat# 18952). Cells were stained and analyzed by flow cytometry to determine library coverage before processing for sequencing.

[bookmark: _Toc89941951][bookmark: _Toc93535021]2.17.9 DNA extraction and processing for sequencing
Genomic DNA from cells were extracted with Kapa Express Extract Kit. gRNA sequences were amplified by two rounds of PCR with two technical replicates: first round with Adapter primers and second round with barcoded Illumina sequencing primers. 
Adapter primers:
F:AATGGACTATCATATGCTTACCGTAACTTGAAAGTATTTCG
R:ACGGCATCGCAGCTTGGATACA
Sequencing primers:
F:AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNNNNNNTCTTGTGGAAAGGACGAAACACCG 
R:CAAGCAGAAGACGGCATACGAGATXXXXXXXXGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTACGGCATCGCAGCTTGGATACA
The amplicons were then purified by gel extraction, combined at equimolar, and sequenced for 150 cycles in paired-end mode on the Illumina Novaseq 6000 platform at the Vanderbilt Technologies for Advanced Genomics (Vantage). At least 1000-fold representation of the library was maintained throughout the process. FASTQ files were analyzed using the Model-based Analysis of Genome-wide CRISPR/Cas9 Knockout (MAGeCK v0.5.0.3) method (Li et al., 2014) for statistical analysis. Briefly, files are first median normalized by read count. Then, gRNA abundance across samples is compared using a negative binomial model to generate p-values.

[bookmark: _Toc89941952][bookmark: _Toc93535022]2.18 Statistical Analysis
Statistical analyses were performed with Prism software (v8). Statistically significant results are labelled (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p ≤ 0.001). Error bars show mean ± standard deviation unless otherwise indicated. All experiments were carried out in triplicate biological replicates unless otherwise stated. Flow cytometric plots shown are representative of at least three biological replicates.



[bookmark: _Toc93535023]
Developing a CRISPR/Cas9 system for targeted in vivo screening in primary CD4+ T cells


[bookmark: _Toc93535024][bookmark: CRISPR_intro]3.1 Introduction 
	The groundbreaking work introducing the use of CRISPR/Cas9 as a genome editing tool was first published by a team led by Drs. Jennifer Doudna and Emmanuelle Charpentier in 2012 (Jinek et al., 2012). Since then, scientific discoveries made possible through use of this technology has only exponentially grown over time, and their monumental contribution to science has been marked by award of the Nobel Prize to the two scientists in 2020. Before this tool became available, genomic editing was more labor intensive and most genetic evidence supporting pharmacological findings required generation of knockout mice or relied on RNA interference. While these other approaches certainly still have advantages over CRISPR in many settings, the utility of CRISPR in rapidly producing irreversible and complete knockouts with lower frequency of off-target effects is unparalleled. Since its conception, many variations of the Cas proteins have been generated that allows for alternate modes of genetic editing, including dCas9-KRAB for CRISPR interference (CRISPRi) and dCas9-VPR, dCas9-SunTag, and dCas9-SAM systems for CRISPR activation (CRISPRa) (Shakirova et al., 2020). 
	At the time I joined the Rathmell lab, CRISPR/Cas9 technology was just beginning to be applied to primary T cells and a working protocol for CRISPR/Cas9-based forward genetic screening in primary T cells had not yet been established. The vector most readily available was the lentiCRISPR v2 plasmid, containing the gRNA scaffold and Cas9 sequence on a lentiviral backbone. It quickly became apparent, however, that this was not the appropriate approach for primary T cells based on low efficiencies of T cell transduction and gene knockout. The work that followed that eventually resulted in successful gene knockout is outlined in this chapter. 
	The next goal was to establish a workflow for in vitro and in vivo targeted CRISPR/Cas9-based screening in primary CD4+ T cells. The Zhang lab published a method for whole-genome screening in 2014 using the GeCKO library in the lentiCRISPR v2 vector system in 2014 (Shalem et al., 2014). While whole-genome screens have the advantage of being comprehensive, appropriately powering one can be technically challenging especially in primary cells as it requires large cell numbers. For instance, the genome roughly consists of 20,000 genes and the GeCKO v2 library has six gRNAs per gene that totals to approximately 120,000 gRNAs in the library (Sanjana et al., 2014). Smaller libraries have since been generated and validated including the Brie library for mouse and the Brunello library for human and the Toronto knockout v3 (TKO) library that have four gRNAs per gene (Sanson et al., 2018). Given that it is necessary for statistical purposes to maintain at least 500- to 1000-fold representation of the library at every step of the screen, this requires more than 40 to 80 million viable cells transduced with the gRNA library. Thus, we aimed to develop curated small-scale gRNA libraries for use in primary CD4+ T cells that would also allow for in vivo applications in specific disease models. In in vivo screens, potential bottlenecks such as efficiency of donor cell engraftment and recovery of adoptively transferred cells from organs of interest further limit cell numbers. Insufficient cell numbers result in artificially skewed gRNA frequencies that render the results uninterpretable. The results section further describes adaptations made to the Zhang Lab protocol for in vitro and in vivo screening in primary CD4+ T cells. 
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[bookmark: _Toc92613661]Figure 3‑1: Workflow for parallel targeted in vitro and in vivo CRISPR screening in primary CD4+ T cells.
After selecting a metabolic pathway, a gRNA library is synthesized. The library is delivered to Cas9-transgenic T cells by retroviral transduction. The cells under a selection pressure either in vitro or in vivo, such as induction of an inflammatory disease model. The cells of interest are isolated and DNA from early and late time points are processed for sequencing. gRNA frequencies are compared to determine gene knockouts that are either detrimental or advantageous to T cell fitness under the selection pressure.



[bookmark: _Toc93535025]3.2 Results
[bookmark: _Toc93535026][bookmark: _Toc89941943]3.2.1 Single gene knockout using the pMx_U6_gRNA_PGK_GFP vector 
Initial experiments were trialed using the commercially available lentiviral vector lentiCRISPR v2 (Addgene, Cat# 52691) published by the Zhang Lab (Sanjana et al., 2014). However, it became apparent that lentiviral system as it had been originally developed was not suitable for primary CD4+ T cell transduction for two reasons. First, it was not possible to achieve sufficient transduction efficiency by lentiviral transduction in primary CD4+ T cells. Second, Cas9 delivery by plasmid appeared to be an inefficient approach in primary CD4+ T cells due to the time required for Cas9 transcription, translation, and function given the limited life span of T cells ex vivo. The first problem was circumvented by converting to a retroviral system using the pMx_U6_gRNA_PGK_GFP vector kindly gifted by Dr. Jan Cools (Toffalini et al., 2009). Identical constructs with mCherry and BFP reporters were also gifted. The second problem was addressed by using CD4+ T cells isolated from Cas9-transgenic mice to ensure adequate and constitutive Cas9 expression. While the Cas9-transgene and gRNA vector both expressed a GFP reporter, the intensity of the GFP expression was reliably higher from the gRNA vector relative to the Cas9-transgene and were readily distinguishably by flow cytometry. 
To test this system, gRNA sequences targeting the activation marker CD44 were generated using the CHOPCHOP algorithm (Labun et al., 2016). These were cloned into the pMx_U6_gRNA_PGK_GFP vector and transduced into Cas9-transgenic CD4+ T cells. CD44 expression was monitored over time by flow cytometry. CD25 expression was also measured to ensure that any reduction in CD44 expression was not attributable to impaired activation. This showed that by day 3 post T cell activation and two days post initial transduction, a portion of the cells transduced with CD44-targeting gRNA began to stain negative for CD44. Knockout frequency gradually increased over the next two days. There were no measurable differences in CD25 expression, indicating that the loss of CD44 expression was not attributable to impaired activation. 

[image: A picture containing calendar

Description automatically generated]
[bookmark: _Toc92613662]Figure 3‑2: CRISPR/Cas9-mediated knockout of CD44 n primary CD4+ T cells.
CD4+ T cells from Cas9-transgenic mice were activated with anti-CD3 and anti-CD28 antibodies and transduced with retrovirus with pMx_U6_gRNA_PGK_GFP vector to deliver CD44-targeting gRNA (CATGGAATACACCTGCGTAG). GFP positivity indicates transduced population. CD44 expression was measured over time, showing maximal difference between the CD44 gRNA transduced cells (red) and control cells (black) on day 5 post T cell activation. There were no differences in CD25 expression measured between the two populations, indicating that the difference in CD44 expression was attributable to CRISPR/Cas9 editing and not a difference in activation state.  


The efficacy of this system was further demonstrated in knocking out PIK3IP1 (Johnson et al., 2018). Two separate gRNA sequences targeting PIK3IP1 were generated using the CHOPCHOP algorithm and cloned into the pMx_U6_gRNA_PGK_GFP vector. This resulted in successful knockout of PIK3IP1, though this only became evident after 11 days of in vitro culture, indicating that the time required for knockout is highly protein specific most likely owing to differences in the rate of protein turnover. PIK3IP1 is a transmembrane protein that functions to suppress the PI3K/Akt/mTORC1 pathway and T cell activation (DeFrances et al., 2012; Wei et al., 2016). As predicted, PIK3IP1 loss in activated T cells led to release from suppression, with increased expression of T-bet, IFNγ, and phospho-S6 (Figure 3-3). 
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[bookmark: _Toc92613663]Figure 3‑3: CRISPR/Cas9-mediated knockout of PIK3IP1 in primary CD4+ T cells.
CD4+ T cells from Cas9-transgenic mice were activated with anti-CD3 and anti-CD28 antibodies and transduced with either empty vector (black), PIK3IP1-targeting gRNA#5 (TGGGCTCGGTGAGCGACTCG; red), or PIK3IP1-targeting gRNA#6 (ACCTGCGAGCCGAAGAGACG; blue). 11 days post T cell activation and 10 days post initial transduction with gRNA, T cells transduced with PIK3IP1-targeting gRNAs had decreased expression of PIK3IP1 and increased expression of T-bet, IFNγ, and phospho-S6 compared to those transduced with the empty vector.  


[bookmark: _Toc93535027]3.2.2 Generation of additional vectors for gRNA delivery
Next, the pMx_U6_gRNA_PGK_GFP vector was used to generate two new vectors for other applications. First, the U6 promoter and gRNA scaffold from the first vector were cloned into the MSCV-IRES-Thy1.1-DEST vector (Addgene, Cat# 17442) to generate the MSCV_U6_gRNA_IRES_Thy1.1 vector. This vector contains the gRNA scaffold with a Thy1.1 reporter instead of the GFP reporter on a retroviral backbone. The purpose of this vector was two-fold. First, it allowed for increased flexibility in flow cytometry panels. Second, it allowed for positive selection of the transduced population by magnetic bead sorting, which circumvented the need for fluorescence-activated cell sorting (FACS). This facilitated downstream applications such as western blotting, extracellular flux analysis, RNA sequencing, and mass spectrometry that require purification of the knockout cells to increase signal. This vector was not applicable in its current form for CRISPR screening due to two additional BbsI restriction sites that interfered with the Gibson assembly during library preparation, even though it did not prevent single gRNA cloning. Future directions include site-directed mutagenesis to remove these additional restriction sites. 
A third vector was synthesized by excising the Cas9 region from the MSCV_Cas9_puro vector (Addgene, Cat# 65655) and inserting it before the U6 promoter in the pMx_U6-gRNA_PGK_GFP vector to create the pMx_Cas9_U6_gRNA_PGK_GFP vector. This vector was generated for the purpose of use in cells without the Cas9-transgene. As previously mentioned, this is not efficient for primary T cells in vitro. However, this vector was generated for potential in vivo applications where T cells can be expected to survive for longer periods of time. It should be noted that its significantly larger size is anticipated to result in lower viral titers and thus require concentration of the virus to achieve adequate transduction efficiencies.
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[bookmark: _Toc92613664]Figure 3‑4: CRISPR gRNA delivery vectors.
(A) pMx_U6_gRNA_PGK_GFP vector. (B) MSCV_U6_gRNA_IRES_Thy1.1 vector. (C) pMx_Cas9_U6_gRNA_PGK_GFP vector.


[bookmark: _Toc93535028]3.2.3. Generation of small-scale targeted gRNA libraries
	Given the success of the single gene knockout, we next aimed to perform CRISPR screens in primary CD4+ T cells. We chose to design small-scale gRNA libraries that targeted metabolic pathways of interest, such that sufficient library representation could be maintained with limited cell numbers. First, this was attempted by individually cloning four gRNAs for multiple genes and manually combining them at equimolar ratios. However, this proved to be labor-intensive and ineffective as sequencing data showed imbalanced gRNA frequencies. Consequently, oligo pool production was outsourced to streamline the process and ensure better quality following protocols published by the Wood Lab (Anderson et al., 2017). Multiple libraries targeting metabolic pathways were then synthesized by selecting genes based on KEGG pathways. gRNA sequences were referenced from the Brie library and the GeCKO v2 library when the gene was not found in the Brie library. Non-targeting controls (NTCs) were selected from the Brie library. 

[bookmark: _Toc92623547]Table 3‑1: Custom targeted gRNA libraries
	Library Name
	#Genes
	#gRNAs
	#NTCs

	SLC Transporters
	362
	1468
	20

	Glycolysis
	62
	258
	10

	Pentose Phosphate Pathway
	34
	146
	10

	Glutamine Metabolism
	32
	138
	10

	One Carbon Metabolism
	39
	166
	10

	TCA cycle
	34
	146
	10

	Oxidative Phosphorylation
	112
	458
	10




[bookmark: _Toc93535029]3.2.4 Sequencing primer design
	Next, primers for the first and second PCRs for library preparation and sequencing were modified. First, the priming site of the reverse adaptor primer was replaced to complement the pMx_U6_gRNA_PGK_GFP vector. The forward adaptor primer was kept as published in the original protocol. 
Primer V2adaptor_F: AATGGACTATCATATGCTTACCGTAACTTGAAAGTATTTCG
Primer Jadaptor_R: ACGGCATCGCAGCTTGGATACA
Second, multiple modifications were made to the sequencing primers to simplify the process for the purposes of our lab. 1) Stagger sequences in the forward primers that function to increase sequence diversity and avoid monotemplate issues were replaced with a degenerate sequence to allow for use of a single forward primer. 2) Barcodes were removed from the forward primer and retained only in the reverse primer for multiplexing biological samples. 3) Priming sites of both the forward and reverse primers were replaced to complement the pMx_U6_gRNA_PGK_GFP vector. 4) 38 reverse primers were generated in addition to the 12 from the original protocol with barcodes referenced from the Illumina Unique Dual Index #289-326 i7 index reads. The resulting primer designs are as follows:
Primer F01: AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCT
CTTCCGATCTNNNNNNNNNTCTTGTGGAAAGGACGAAACACCG 
Illumina F (P5 & Illumina seq), Degenerate sequence, Priming site
Primer R01: CAAGCAGAAGACGGCATACGAGATXXXXXXXXGTGACTGGAGTTCAGA
CGTGTGCTCTTCCGATCTACGGCATCGCAGCTTGGATACA
Illumina P7, Barcode, Illumina seq R, Priming site 

[bookmark: _Toc93535030]3.2.5 In vivo CRISPR screening
	Once the in vitro CRISPR screening protocol was optimized, we worked to develop several in vivo screening methods. This included OT-I/Cas9 CD8+ T cell transfer with B16-OVA tumor model, 2D2/Cas9-transgenic Th1 and Th17 cell transfer EAE models, OT-II/Cas9-transgenic CD4+ T cell transfer intranasal ovalbumin-induced lung inflammation model, and Cas9-transgenic Th1 and Th17 cell transfer IBD colitis models. The EAE model will be further discussed in Chapter 5 and the lung inflammation model will be discussed in Chapter 6. Through trial-and-error, it became evident that one of the most critical factors to a successful screen with reproducible results was recovering enough cells to achieve sufficient library coverage at the end of the assay. Often, many of the gRNAs in the library are detrimental to T cell survival resulting in lower frequency of library positive cells in the organ of interest relative to the adoptively transferred population. The data indicate that less than 500-fold coverage of the library is generally unreliable, with artificial enrichment of NTC-transduced cells. It is optimal to have at least 1000-fold coverage of the library with at least two biological replicates when possible. The table below summarizes the average time required from day of adoptive transfer to mouse sacrifice and the average number of library positive cells recovered from each mouse. When sufficient library coverage cannot be achieved from one mouse, multiple mice may be pooled to represent a single biological replicate.  







[bookmark: _Toc92623548]Table 3‑2: Average time and cell yield per mouse by model for in vivo CRISPR screens
	Model
	Average days from adoptive transfer to harvest
	Average library+ cells recovered per mouse
	Sample size (#mice)

	OT-I/Cas9 CD8+ T cells + B16-OVA tumor model
	20 days
	TILs: 132,572
	2

	2D2/Cas9 CD4+ Th17 cells EAE model (no PTX)
	40 days
	CNS: 181,764
	1

	2D2/Cas9 CD4+ Th1 cells EAE model (+150ng PTX)
	22 days
	CNS: 119,657
	2

	2D2/Cas9 CD4+ Th17 cells EAE model (+150ng PTX)
	30 days
	CNS: 107,000
	5

	OT-II/Cas9 CD4+ Th0 cells OVA lung inflammation model
	11 days
	lungs: 271,253
	8

	Cas9 CD4+ Th0 cells 
IBD colitis model
	32 days
	Colon: 948,667
MLNs: 511,111
	9

	Cas9 CD4+ Th17 cells 
IBD colitis model
	32 days
	Colon: 459,500
MLNs: 613,750
	8




[bookmark: _Toc93535031]3.3 Discussion
Adoption of CRISPR/Cas9 technology in our lab has allowed for much more efficient and rigorous method of generating and testing hypotheses in primary T cells. Thus far, in vivo CRISPR screening models currently in use or under development in the lab include lung inflammation with T cell recovery from the lungs, EAE with T cell recovery from the brain and spinal cords, IBD colitis with T cell recovery from the colonic lamina propria and MLNs, diabetes mellitus type 1 with T cell recovery from pancreatic islet cells, and GvHD with T cell recovery from liver and other organs. Even at the expense of library size, in vivo CRISPR screening offers a strong advantage in that it allows for the identification of genes that are directly associated with the disease pathogenesis and therefore represent potential therapeutic targets. 
A second advantage to the small-scale targeted in vivo CRISPR screening approach is the capacity to identify intermediate hits. In whole-genome screens, the focus is necessarily on genes with extreme phenotypes with enormous statistical significance values. For example, in Chapter 6, we describe an in vivo CRISPR screen performed in a lung inflammation model that targeted genes in one carbon metabolism. In this screen, Ppat, Ahcy, and Mthfd1-targeting gRNAs were found to be the most depleted. Comparatively, Mthfd2-targeting gRNAs were depleted to a lesser extent. While mutations in MTHFD1 are known to cause Severe Combined Immunodeficiency (SCID), we found MTHFD2 to be conditionally required in specific cell types depending on the flexibility of their folate cycles and a potential anti-inflammatory drug target. This demonstrates that, while extreme hits may have the most profound effects on cellular function, they may not be the most appropriate pharmacological targets due to their essentiality to survival. Thus, these smaller targeted libraries allow for identification of genes with more subtle phenotypes that may in turn serve as better pharmacological targets given their dispensability in other cell types. 
A third advantage of focused libraries is that they allow hypothesis testing and are not limited to hypothesis-generating unbiased screening. By constructing libraries surrounding specific metabolic or cell biological pathways, those pathways can be directly tested for roles in various physiological and pathological settings. Indeed, I show later in this dissertation that our hypotheses of selective roles of glutamine transporters in Th1 and Th17 cells and distinct reliance on one carbon metabolism in Th17 cells were supported.
Since its conception in 2014, CRISPR screening has now been applied to many cell types and models. While many cancer cell lines can be transduced with lentivirus, we found that primary T cells were better transduced by retrovirus. More recent studies have shown the use of lentivirus synthesized with ecotropic murine leukemia virus (E-MLV) envelope (pCAG-Eco, Addgene Cat# 35617) (Long et al., 2021) that can be used to transduce naïve and resting primary T cells. This would allow for investigation of genes essential for T cell activation that was not previously possible owing to retroviral infections requiring T cells to be actively dividing. Additional developments include nucleofection of Cas9 protein with lentiviral gRNA library delivery for CRISPR screening (Shifrut et al., 2018) and nucleofection of Cas9-gRNA ribonucleoprotein (RNP) complexes for editing one or multiple genes simultaneously (Albanese et al., 2021) in primary human T cells. These developments continue to increase the versatility of CRISPR screening such that they can be designed to address specific biological questions. 
Immediate future directions include modifying the MSCV_U6_gRNA_IRES_Thy1.1 vector to remove the additional BbsI restriction sites for use in Gibson assembly and custom gRNA library preparation. This would allow for isolation of Thy1.1+ cells by positive selection using magnetic beads such that the frequency of library positive cells in the adoptively transferred population does not need to be limited by MOI less than 0.4. This would potentially increase the yield of library positive cells recovered from end organs in in vivo CRISPR screens by at least two-fold. Another future direction is to perform in vivo CRISPR screens with multiple CD4+ T cell subsets simultaneously in the same model. For instance, Th1 or Th17 and Treg cells may be co-transferred into a lung inflammation model with the same gRNA library to determine differential metabolic dependencies of the two subsets within the same microenvironment. This would allow some confounding factors in the current approaches to be eliminated and may consequently increase the predictive value of the screens.  




[bookmark: _Toc93535032]
Regulation of Amino Acid Transport and ROS in Primary CD4+ T Cell Subsets


[bookmark: _Toc93535033]4.1 Introduction
Cellular metabolism is in part shaped by nutrient availability in its direct microenvironment. Cell culture media, however, was not designed to reflect in vivo nutrient conditions and was instead synthesized to maximize cell growth, proliferation, and survival. Cantor et al. (2017) showed that culturing cancer cells in media with metabolite composition comparable to human plasma (human plasma-like media [HPLM]) resulted in a dramatically different metabolic landscape compared traditional synthetic media. T cells cultured in HPLM specifically show significantly altered amino acid metabolism, including arginine, proline, glycine, threonine, serine, alanine, aspartate, and glutamate metabolism (Leney-Greene et al., 2020). These findings highlighted the role that physiological levels of amino acids may play for T cell function and fate.
T cells have dependencies on specific amino acids for activation, proliferation, and function (E. L. Carr et al., 2010; Geiger et al., 2016; Ma et al., 2017; Werner et al., 2017). Amino acid uptake is largely regulated by the solute carrier (SLC) family of nutrient transporters. The SLC family is composed of 456 facilitative transporters and secondary active transporters that transport a variety of organic molecules and inorganic ions. Over 100 monogenic diseases have been associated with SLC transporters and these transporters have been proposed to potentially be promising drug targets (Lin et al., 2015). Amino acids may regulate T cells in several ways. First, mTORC1 and other signaling pathways are sensitive to amino acid levels and their metabolites. For example, increased intracellular arginine in activated T cells promotes a shift from glycolysis to oxidative phosphorylation and subsequent generation of central-memory like phenotype with enhanced survival and anti-tumor activity (Geiger et al., 2016). Second, amino acids may serve as building blocks for macromolecules including protein and nucleic acids. Import of extracellular alanine is required for protein synthesis (Ron-Harel et al., 2019) and import of extracellular serine is required for de novo nucleotide biosynthesis (Ma et al., 2017) to support T cell activation and expansion. Third, amino acids may serve as building blocks for regulatory molecules, including the antioxidant glutathione that is essential to buffering ROS. Glutathione is a tripeptide of glutamate, cysteine, and glycine, for which cysteine is imported as its oxidized dimer cystine through the SLC7A11 (xCT)/SLC3A2 (CD98) transporter complex. Loss of the xCT transporter in tumor cells has been shown to inhibit tumor growth through impaired cystine uptake, glutathione depletion, and ROS accumulation (Arensman et al., 2019).
	In this way, one potential mediator of the effect of amino acid availability, particularly glutamate, cysteine, and glycine, on T cell function may be ROS. Sufficient mitochondrial ROS is required for T cell activation to mediate calcium signaling and NFAT transcriptional regulation (Sena et al., 2013). However, excessive ROS caused by deficiency of the tri-peptide glutathione results in mTORC1 inhibition, reduced expression of NFAT and MYC, and consequently impaired metabolic reprogramming (Mak et al., 2017). Thus, T cells must maintain sufficient amino acid levels for glutathione synthesis and ROS regulation. Our lab has previously shown the function of ROS in CD4+ T cell differentiation. Pyruvate dehydrogenase (PDH) controls pyruvate flux into the mitochondria and TCA cycle and can be inhibited by PDH kinase 1 (PDHK1). By stimulating pyruvate flux into the mitochondria, however, PDH also increases ROS (Kaplon et al., 2013). Knocking down or inhibiting PDHK1 selectively suppressed Th17 cells, while augmenting Treg cells and this was mediated in part through the generation of ROS. Dichloroacetate (DCA), a PDHK inhibitor, increased ROS and led to decreased IL-17 production from Th17 cells and increased FoxP3 expression in Treg cells. Neutralization of ROS with the glutathione mimic N-acetyl cysteine (NAC) reduced ROS while increasing Th17 production of IL-17 and decreasing DCA-induced Treg cell accumulation (Gerriets et al., 2015). Potential regulation of CD4+ T cell subsets by glutamate, cysteine, and glycine availability, glutathione synthesis, and ROS management require further investigation. 
Collectively, these previous studies show that the regulation of amino acid transporters may impact T cell activation, expansion, differentiation, and function through modulation of signaling pathways and metabolic programming. In this section, we interrogate CD4+ T cell dependence on the availability of extracellular amino acids, expression of specific SLC transporters during T cell activation, ROS stress in in vitro culture conditions, and the effects of xCT transporter inhibition or loss.   

[bookmark: _Toc93535034]4.2 Results
[bookmark: _Toc93535035]4.2.1. SLC transporters are highly regulated during T cell activation. 
While many amino acids are categorized as non-essential and may be synthesized within the cell, cells may become dependent on uptake of these amino acids from extracellular pools with increased demands during times of rapid cell growth and proliferation. Amino acid transport is mediated by the SLC family of transporters. We first analyzed a previously collected RNAseq dataset (Ho et al., 2015) to identify specific SLC transporters that are significantly downregulated or upregulated during CD4+ T cell activation (Figure 4-1). Transporters were found to have up to log26-fold increase and down to log28-fold decrease in mRNA expression after 24 hours of activation with anti-CD3 and anti-CD28 antibodies compared to resting naïve T cells. Notable transporters included SLC7A11 (xCT) and SLC7A5 (LAT1) and the heavy chain SLC3A2 (CD98) that forms a heterodimer with both xCT and LAT1, which were all significantly upregulated with T cell activation. 


[bookmark: _Toc92613665][bookmark: _Toc92123760]Figure 4‑1: SLC transporter expression in CD4+ T cells after 24hrs of activation.
Change in mRNA expression of SLC transporters between naïve CD4+ T cells and T cells activated for 24 hours with anti-CD3 and anti-CD28 antibodies as measured by RNAseq. SLC7A11 (xCT), SLC7A5 (LAT1), and SLC3A2 (CD98) show significant upregulation with activation. Data were previously published by Ho et al. (2015). 


[bookmark: _Toc93535036]4.2.2 CD4+ T cells require provision of specific non-essential amino acids in culture media. 
Next, 20 different media each with one amino acid subtracted were produced to determine which amino acids were essential to CD4+ T cell activation, expansion, and survival. Given the presence of amino acids in the fetal bovine serum (FBS), dialyzed FBS was also trialed. However, this resulted in loss of other essential factors that led to poor T cell survival and thus this method was abandoned. Measurable reduction of the amino acid concentrations was nevertheless achieved using complete FBS and confirmed by NMR (Figure 4-2).




[bookmark: _Toc92613666]Figure 4‑2: NMR validation of amino acid subtracted media.  
NMR spectra and quantification of amino acids in commercial media (black), “all” media with all amino acids manually added to the base media (blue), and media with all amino acids except the indicated amino acid added to the base media (red). All measured amino acids show significantly reduced levels in the subtracted media compared to the “all” media. Amino acids not shown were not measurable by NMR.  


	CD4+ T cells were isolated from the spleen and lymph nodes of wildtype (WT) mice and activated with anti-CD3 and anti-CD28 antibodies (Th0 conditions) with “all” or one of the amino acids subtracted media for 72 hours. Of the 20 amino acids, 9 are essential: isoleucine, leucine, valine, threonine, methionine, lysine, histidine, phenylalanine, and tryptophan. CD4+ T cells activated in media lacking in these amino acids generally exhibited impaired activation, expansion, and survival (Figure 4-3). Notably, these cells also showed impairment in media lacking specific non-essential amino acids. Live cell count, viability, cell size as measured by forward scatter, and activation as measured by CD44 expression were also reduced compared to “all” media in media without arginine, tyrosine, asparagine, glutamine, cystine, methionine. In contrast, these measures were not affected by subtraction of serine, glycine, aspartate, glutamate, hydroxy-proline, or proline in the presence of complete FBS in vitro. 
The effect of amino acid subtraction on CD4+ T cell differentiation was also studied by activating the cells with either Th17 or Treg cell polarizing cytokines and measuring lineage-characterizing transcription factors after 72 hours of culture in the subtracted media. Unexpectedly, subtraction of any amino acid led to reduction in RORγt expression in cells cultured with Th17 polarizing cytokines. However, FoxP3 expression was only reduced in cells cultured with Treg polarizing cytokines and in media lacking lysine, asparagine, threonine, and methionine. Combined, this data may suggest that, among the non-essential amino acids, Teff cells may be dependent on the uptake of extracellular arginine, tyrosine, glutamine, and cystine, while these are specifically dispensable to Treg cell differentiation. Previously published literature support that this is indeed the case for glutamine (Johnson et al., 2018; Klysz et al., 2015; Nakaya et al., 2014). 


[bookmark: _Toc92613667]Figure 4‑3: CD4+ T cell activation, expansion, differentiation, and survival in amino acid subtracted media. 
CD4+ T cells were activated with anti-CD3 and anti-CD28 antibodies and cultured in base media with all amino acids added back (“All”) or with one amino acid lacking. After 72 hours, cells were analyzed by flow cytometry for (A) live cell count, (B) frequency of live cells, (C) forward scatter, and (D) CD44 expression. Cells were also cultured with either (E) Th17 or (F) Treg polarizing cytokines to measure differentiation by RORγt and FoxP3 expression, respectively.   
[bookmark: _Toc93535037]4.2.3 Th17 cells require extracellular cystine for survival, expansion, and function. 
Given the findings from the initial amino acid subtraction experiment, we sought to further characterize the effects of cystine and glutamine starvation on Th17 and Treg cells. Cystine is imported into the cell in exchange for glutamate by the xCT transporter and is reduced to its monomer cysteine once inside the cell. Imported cysteine is required for the synthesis of the antioxidant glutathione, which is a tripeptide of cysteine, glutamate, and glycine, which in turn is critical for ROS buffering. First, CD4+ T cells were activated with anti-CD3 and anti-CD28 antibodies and cultured in complete media, media without cystine, or media without glutamine for 72 hours. This showed that proliferation as measured by live cell count at 72 hours post activation was significantly reduced with cystine starvation, to a greater extent than with glutamine starvation (Figure 4-4A). However, while glutamine starvation also significantly impaired activation as measured by CD25, CD44, and CD62L expression patterns, cystine starvation in comparison only mildly reduced CD44 expression (Figure 4-4B). 
Next, CD4+ T cells were activated with either Th17 or Treg polarizing cytokines and cultured in the different media for 4 days. At this timepoint, cystine and glutamine starvation led to substantial and comparable reduction in live cell count (Figure 4-4C), viability (Figure 4-4D), and effector function in Th17 cells as measured by cytokine production (Figure 4-4E). Notably, cystine starvation was associated with increased mitochondrial ROS in Th17 cells and increased cellular ROS and decreased mitochondrial ROS in Treg cells. In contrast, glutamine starvation only increased cellular ROS in Treg cells (Figure 4-4F-G). Cellular response to increased ROS with cystine deprivation was detected by increased expression of superoxide dismutase 2 (SOD2), which binds superoxide species and converts them to hydrogen peroxide and diatomic oxygen to protect against ROS induced cell death (Figure 4-4H).


[bookmark: _Toc92613668]Figure 4‑4: Cystine and glutamine deprivation have differential effects on CD4+ T cells. 
(A) Live cell count and (B) activation as measured by CD25, CD44, and CD62L expression in CD4+ T cells activated with anti-CD3 and anti-CD28 antibodies and cultured in complete media or media lacking in cystine (-Cys) or glutamine (-Gln) for 72 hours. (C) Live cell count, (D) viability, (E) cytokine expression, (F) cellular ROS as measured by DCFDA, and (G) mitochondrial ROS as measured by mitoSOX in Th17 and Treg polarized cells cultured in complete, -Cys, or -Gln media for 4 days. (H) SOD2 expression in Th17 and Treg cells cultured in complete or -Cys media. 


[bookmark: _Toc93535038]4.2.4 Titration of in vitro culture conditions for ROS studies in primary CD4+ T cells.  
	We next aimed to determine optimal culture conditions for studying ROS regulation in primary CD4+ cells in vitro. T cell culture media generally contain substantial amount of ß-mercaptoethanol (BME) that is a potent reducing agent to prevent oxidative stress induced cell death. Neutralization of ROS by BME may prevent more subtle ROS-driven phenotypes to be detected. Therefore, the concentration of BME in complete media was titrated down from 0.05mM equivalent to 1µl/ml of 50mM stock solution that is regularly used to test the effect on primary CD4+ T cell activation, proliferation, and survival (Figure 4-5A-C). This showed that live cell count, viability, and activation as measured by CD25 expression after 72 hours of culture were unaffected down to 500nM BME, which is 100-fold lower concentration that regular media. T cells could not be adequately cultured for 72 hours at 50nM BME. 
	In addition to testing the effects of decreased BME concentrations, the effects of increased oxidative stress by addition of hydrogen peroxide (H2O2) to culture media were also tested. Cells were not culturable at or above 100µM H2O2, but live cell count, viability, and activation as measured by CD25 expression was not significantly affected at or below 10µM H2O2 (Figure 4-5D-F). These data indicate that media with 500nM BME or 10µM H2O2 may be used to reduce the buffering capacity of the culture media without affecting healthy T cells in vitro while potentially unmasking ROS-dependent phenotypes that would otherwise not be observable in regular culture media. 

[bookmark: _Toc92613669]Figure 4‑5: CD4+ T cell culture in BME and H2O2 gradient.
CD4+ T cells were activated with anti-CD3 and anti-CD28 antibodies and cultured in media with (A-C) a range of BME concentrations or (D-F) 1µl/ml BME and a range of H2O2 concentrations to measure the effects of increased oxidative stress on live cell count, viability, and activation as measured by CD25.


[bookmark: _Toc93535039]4.2.5 Effect of inhibition of the cystine transporter xCT by erastin on ROS accumulation is temporally dependent. 
	To further test the dependency of CD4+ T cell subsets on the xCT transporter and cystine uptake, cells were treated with the irreversible xCT inhibitor erastin. Previous work from the lab has shown that erastin treatment reduces xCT-dependent uptake of fluorescently labeled cystine in CD4+ T cells (Siska et al., 2016). It is noted that erastin has also been shown to induce ferroptosis by increasing the conductance of mitochondrial voltage-dependent anion channels (VDACs). First, CD4+ T cells were activated and cultured in Th1, Th17, or Treg polarizing cytokines and either vehicle or 3µM erastin for 4 days. This resulted in significantly decreased proliferation and viability in Th1 cells, but not in Th17 or Treg cells (Figure 4-6A-B). The expression of the activation marker CD44 was increased in all subsets with erastin treatment (Figure 4-6C), while the effect on CD62L expression was subset specific (Figure 4-6D). Erastin treatment also mildly elevated lineage-specific transcription factor (Figure 4-6E) and cytokine expression (Figure 4-6F). Unexpectedly, Treg cells differentiated in the presence of erastin exhibited increased suppressive capacity when co-cultured with CD8+ T cells as measured by CellTrace Violet (CTV) dilution (Figure 4-6G). At this timepoint, cellular ROS as measured by DCFDA was significantly decreased with erastin treatment compared to vehicle in all subsets (Figure 4-6H), while mitochondrial ROS was increased (Figure 4-6I). 


[bookmark: _Toc92613670]Figure 4‑6: Early in vitro treatment of CD4+ T cell subsets with xCT inhibitor erastin.
CD4+ T cells were isolated from spleen and lymph nodes of WT mice and activated with anti-CD3 and anti-CD28 antibodies. Cells were polarized to Th1, Th17, and Treg lineages with cytokines and treated with either vehicle or 3µM erastin for 4 days. After 4 days, cells were analyzed by flow cytometry to measure (A) live cell count, (B) viability, activation as measured by (C) CD44 expression and (D) CD62L expression, (E) lineage-specific transcription factor expression, and (F) cytokine expression. (G) Treg cells treated with either vehicle or 3µM erastin were then washed and co-cultured with activated CD8+ T cells to measure suppressive capacity on CD8+ T cell proliferation as measured by CTV dilution. Cells were also stained with (H) DCFDA to measure cellular ROS and (I) mitoSOX to measure mitochondrial ROS. 


	Next, Th1, Th17, and Treg cells that had been activated and differentiated for 72 hours were treated with either vehicle or 3µM erastin for 48 hours to test the effect of delayed treatment. In contrast to the results of the prior experiment where cells were treated from the time of activation, delayed treatment had little to no effect on viability (Figure 4-7A), transcription factor expression (Figure 4-7B), or cytokine expression (Figure 4-7C). Notably, delayed treatment resulted in increased cellular ROS specifically in Th17 cells (Figure 4-7D), while mitochondrial ROS was increased in all subsets as before (Figure 4-7E). 


[bookmark: _Toc92613671]Figure 4‑7: Delayed in vitro erastin treatment of CD4+ T cell subsets.
CD4+ T cells were activated with anti-CD3 and anti-CD28 antibodies and differentiated in vitro into Th1, Th17, and Treg lineages for 72 hours. The cells were then treated with either vehicle or 3µM erastin for 48 hours and then analyzed by flow cytometry to measure (A) viability, (B) transcription factor expression, (C) cytokine expression, (D) cellular ROS, and (E) mitochondrial ROS.  


[bookmark: _Toc93535040]4.2.6 Loss of the xCT transporter differentially affects CD4+ T cell subsets.  
	Given that erastin affects VDAC activity in addition to xCT activity, we used CRISPR/Cas9 to genetically ablate xCT to study its function more specifically in CD4+ T cells.  CD4+ T cells were isolated from Cas9-transgenic mice and transduced with retrovirus carrying either NTC or gRNA targeting xCT. Three separate gRNA sequences were used to distinguish any possible off-target effects from on-target effects. First, cells were stained for xCT and protein levels were measured by flow cytometry to confirm knockout (Figure 4-9A). Unexpectedly, xCT expression was dramatically higher in undifferentiated Th0 cells compared to Th17 and Treg cells. All subsets had statistically significant reduction in xCT expression in cells with xCT-targeting gRNA compared to NTC. Next, activation markers were measured, which showed significantly decreased CD25 expression specifically in Th17 cells and decreased CD44 expression in Treg cells but no other changes (Figure 4-9B-D). While there were no changes in RORγt expression in Th17 cells or FoxP3 expression in Treg cells (Figure 4-9E), there was a general reduction in cytokine expression in Th0 and Th17 cells with xCT knockout (Figure 4-9F). While some of the discrepancies between the results obtained from the inhibitor experiments and these experiments may stem from differences in time course, others may be attributed to effects of VDAC inhibition. 



[bookmark: _Toc92613672]Figure 4‑8: CRISPR/Cas9-mediated knockout of xCT in Th0, Th17, and Treg cells.
CD4+ T cells were isolated from the spleen and lymph nodes of Cas9-transgenic mice and transduced with retrovirus carrying NTC or three separate gRNA sequences targeting xCT (red: GCTTGTACCTAATTCTGCAT; green: ATCGGCACCGTCATCGGATC; blue: TGCAGGGCAATATGAGCGGG). Cells were either left undifferentiated (Th0) or differentiated into Th1 or Th17 cell lineages with polarizing cytokines. On day 7 post T cell activation and day 5 post transduction, cells were stained and analyzed by flow cytometry to measure expression of (A) xCT, (B) CD25, (C) CD44, (D) CD62L, (E) RORγt, (F) FoxP3, and (G) cytokines. 


[bookmark: _Toc93535041]4.3 Discussion
Amino acid metabolism is an essential component of the CD4+ T cell metabolic program that is regulated in part by the expression of amino acid transporters. TCR engagement leads to dramatic changes in the expression profile of SLC transporters within 24 hours. Among the most significantly upregulated transporters are LAT1 and xCT and their heterodimer CD98. LAT1 has previously been shown to be essential for T cell activation, proliferation, and effector function in murine and human cells (Hayashi et al., 2013; Sinclair et al., 2013), but the function of the xCT transporter has not been characterized in CD4+ T cell subsets. xCT imports cystine in exchange for glutamate that is essential for synthesis of the antioxidant glutathione. Glutathione is required for ROS buffering and inappropriate ROS regulation is associated with impaired T cell activation, differentiation, effector function, and metabolic reprogramming (Gerriets et al., 2015; Mak et al., 2017; Sena et al., 2013). In this chapter, we showed that CD4+ T cell subsets may have differential requirements for cystine uptake through the xCT transporter.
Among the non-essential amino acids, the amino acid subtraction experiment revealed that uptake of extracellular arginine, tyrosine, glutamine, and cystine may be dispensable to Treg cell differentiation, but not Th17 differentiation. Further, Th17 cells cultured in media lacking cystine significantly impaired effector functions. When treated with the xCT inhibitor erastin, Th1 cells exhibited reduced expansion and viability while Treg cells showed increased suppressive capacity. While erastin generally increased mitochondrial ROS, the effect on cellular ROS was dependent on the timing of the treatment period. Given that the results of the erastin experiments were confounded by the effects of erastin on VDAC conductance, xCT was genetically ablated using CRISPR/Cas9. These data showed that the effects of xCT loss were subset specific, supporting earlier observations made with cystine starvation and erastin treatments. Notably, xCT loss led to mild impairment of cytokine expression in Teff cells but no deficit in FoxP3 expression in Treg cells. Because these experiments were performed in regular culture media containing abundant BME, it is conceivable that downstream ROS-dependent phenotypes may have been minimized. Thus, xCT knockout in CD4+ T cell subsets should be repeated media with lower concentrations of BME or with H2O2 supplementation to increase ROS stress. 
In chapter 5, we further find that Th17 cells but not Th1 cells are uniquely dependent on GCLC in vivo during pathogenesis of autoimmune disease. GCLC is the catalytic subunit of glutamate-cysteine ligase that catalyzes the first and rate-limiting step of glutathione synthesis. Mak et al. (2017) showed that GCLC was dispensable for T cell activation but required for mTOR and MYC-dependent metabolic reprogramming to promote glycolysis and glutaminolysis. Loss of GCLC in CD4+ cells led to impaired effector function and resistance to autoimmune disease in vivo. This study did not investigate any potential differential dependencies of CD4+ T cell subsets on GCLC, but it may be postulated that Treg cells may be less dependent on the function of GCLC than Teff cells given that inhibiting glycolysis through GLUT1 or glucose deficiency promotes Treg induction and suppressive activity (Macintyre et al., 2014; Michalek et al., 2011; L. Z. Shi et al., 2011). Taking these data together, xCT and GCLC may serve a gatekeeping function for glutathione synthesis and subsequent ROS regulation in CD4+ T cell in a subset specific manner. Regulation of cystine uptake by xCT, glutathione synthesis by GCLC, and cellular and mitochondrial ROS in CD4+ T cell subsets offer a rich opportunity for further investigation. 




[bookmark: _Toc93535042]
The amino acid transporter SNAT1 is critical for Th1 cells but dispensable for Th17 cells 


[bookmark: _Toc93535043][bookmark: SNAT_intro]5.1 Introduction
	In addition to glucose, lipids, and nucleotides, glutamine metabolism is also essential to CD4+ T cells. As discussed in the previous chapter, while glutamine is a non-essential amino acid, it can become conditionally essential in rapidly proliferating cells such as activated T cells. Glutamine transport across the plasma membrane is mediated by several members of the SLC family of transporters including SLC7A5 (LAT1), SLC1A5 (ASCT2), SLC38A1 (SNAT1), and SLC38A2 (SNAT2) (Nakaya et al., 2014). Once imported, glutamine is hydrolyzed to glutamate by glutaminase (GLS). Glutamate subsequently contributes to multiple metabolic pathways that can then alter intracellular signaling and T cell function. These include serving as a building block for the antioxidant glutathione required for ROS buffering, contributing to synthesis of nonessential amino acids, replenishing intermediates of the TCA cycle through anaplerosis, altering NAD(P)+/NAD(P)H balance through enzymatic reactions, as well as regulating the activity of multiple epigenetic modulators through its downstream metabolites. Deficiencies within glutamine metabolism pathways have been shown to differentially affect CD4+ T cell subsets. Glutamine deprivation promotes naïve T cell differentiation into Treg lineage (Klysz et al., 2015), while ASCT2 loss impairs induction of both Th1 and Th17 cells but has no effect on induction of Treg cells (Nakaya et al., 2014). In contrast, GLS deficiency attenuates Th17 differentiation while enhancing Th1 differentiation and effector functions. This occurs through modulation of ROS levels and chromatin accessibility, respectively (Johnson et al., 2018). However, a systematic evaluation of genes within the glutamine metabolism pathways have not been performed in primary CD4+ T cells. 
In this study, we performed a systematic and unbiased evaluation of the glutamine metabolism associated genes in primary CD4+ T cells by targeted in vitro and in vivo CRISPR screening. In vitro screening revealed the sodium-coupled neutral amino acid transporter (SNAT) SNAT2 to be critical for CD4+ T cell proliferation and survival. In vivo screening in an EAE model showed SNAT1 to be specifically critical to pathological CNS infiltration by Th1 cells but not Th17 cells. SNAT1 loss in Th1 cells led to impaired proliferation, reduced intracellular glutamine pool, decreased glycolytic activity, increased mitochondrial respiration capacity, and increased uptake of branched chain amino acids (BCAA). In vivo, SNAT1 loss reduced weight loss due to Th1-driven IBD-associated colitis. Further, while SNAT inhibition had no effect in a Th17-driven allergic airway disease, it delayed symptom onset in Th1- and Th17-driven EAE and reduced pathogenic T cell infiltration of the CNS. In sum, we identify subset-specific dependence of Th1 cells on SNAT1 and demonstrate its potential efficacy as a drug target for Th1-driven inflammatory processes. 


[bookmark: _Toc92613673]Figure 5‑1: Proposed function of SNAT1 in Th1 cells.
SNAT1 function was found to be specifically critical to Th1 cell proliferation but not Th17 cells. Genetic ablation of SNAT1 resulted in reduced intracellular glutamine pool, decreased glycolytic activity, and increased mitochondrial metabolism with increased uptake of BCAAs.


[bookmark: _Toc93535044][bookmark: SNAT_results]5.2 Results
[bookmark: _Toc93535045]5.2.1 CD4+ T cells require extracellular glutamine for proliferation, differentiation, and function.
	Previously published literature shows that glutamine deprivation results in ɑ-ketoglutarate-dependent impairment in Th1 differentiation, induction of FoxP3 expression, and consequent enhancement in Treg differentiation (Klysz et al., 2015). Given these data, we first expanded on the amino acid subtraction experiment from the previous chapter to further characterize the effect of glutamine deprivation on CD4+ T cell subsets. As before, CD4+ T cells were activated with anti-CD3 and anti-CD28 antibodies and cultured with Th1, Th17, or Treg polarizing cytokines in media with and without glutamine. This resulted in reduced proliferation in all subsets (Figure 5-2A-B), while viability was only reduced in Th1 and Th17 cells but not Treg cells (Figure 5-2C). Recapitulating previously published data, glutamine deprivation resulted in significantly decreased T-bet expression in Th1 cells, but no change in FoxP3 expression in Treg cells. Additionally, RORγt expression in Th17 cells was also decreased (Figure 5-2D). Glutamine deprivation also resulted in significantly impaired effector function, with fewer IFNγ+ Th1 cells and fewer IL-17+ Th17 cells. However, IL-2+ Th1 cells were increased with glutamine deprivation (Figure 5-2E). Given that mTORC1 activity is sensitive to glutamine availability (Jewell et al., 2015), phospho-S6 levels were measured and found to be significantly decreased in all subsets (Figure 5-2F). These data support previous findings and provide rationale for systematic evaluation of glutamine metabolism in CD4+ T cell subsets to identify potential metabolic checkpoints. 

[bookmark: _Toc92613674]Figure 5‑2: Glutamine deprivation impairs Teff cell differentiation and effector function. 
CD4+ T cells were activated with anti-CD3 and anti-CD28 antibodies and cultured with Th1, Th17, or Treg polarizing cytokines in media with or without glutamine. The cells were then measured by flow cytometry for (A) live cell count, (B) proliferation by CTV dilution, (C) viability, (D) lineage-specific transcription factor expression, (E) cytokine expression, and (F) phospho-S6 expression. 
[bookmark: _Toc93535046]5.2.2 In vitro and in vivo CRISPR screens reveal differential dependence of CD4+ T cell subsets on SNAT1 and SNAT2. 
Given differential effects of manipulating glutamine metabolism on CD4+ T cell subsets, we sought to systematically evaluate CD4+ T cell dependencies on glutamine metabolism associated genes in an unbiased manner using CRISPR/Cas9-based screening. First, a targeted small-scale gRNA library was synthesized containing four gRNAs per gene targeting 32 genes that encode glutamine transporters and enzymes that utilize either glutamine or glutamate as substrate (Appendix A). In addition, the library also contained ten non-targeting negative controls (NTCs) and gRNAs targeting Tsc2 as a positive control. Tsc2 encodes Tuberous Sclerosis Complex 2 that inhibits mTORC1 activity and its deletion provides a functional advantage to the T cells carrying these gRNA, resulting in enrichment in the screen.
	For the in vitro screen, the gRNA library was delivered to activated and undifferentiated primary CD4+ T cells isolated from Cas9-transgenic mice by retroviral transduction. The cells were further cultured in IL-2 and restimulated with anti-CD3 and anti-CD28 antibodies five days post initial activation. A sample of cells were collected at two days post transduction for the early timepoint and seven days post transduction for the late timepoint and processed for sequencing. Comparing the gRNA abundance between the early and late timepoints, Snat2 targeting gRNAs were most significantly depleted with -0.24805 log2 fold change and p-value of 3.498x10-5 (Figure 5-3A). gRNAs targeting Snat1 and Asct2 were also depleted, although to a lesser extent with -0.10636 log2 fold change and p-value of 0.016606 and -0.14102 log2 fold change and p-value of 0.0098995, respectively. In the in vitro setting, Tsc2 loss did not confer proliferation or survival advantage and these gRNAs were not enriched. Given that all three hits in this screen were SLC transporters, we performed a second screen with a separate custom gRNA library targeting 362 SLC transporters and 20 NTCs (Appendix B). In this screen, gRNAs targeting Snat2 were again significantly depleted with -0.44166 log2 fold change with p-value of 0.014791, confirming the results of the first screen (Figure 5-3B). Among all SLC transporters, the loss of Lat1 was most detrimental to CD4+ T cell survival and proliferation with -0.94745 log2 fold change with p-value of 5.01187x10-6. Dependence of CD4+ T cell function on Lat1 has previously been demonstrated (Hayashi et al., 2013; Sinclair et al., 2013a). To a lesser extent, gRNAs targeting CD98 (SLC3a2) and ZIP6 (SLC39a6) were also depleted. CD98 serves as the heavy chain and forms heterodimers with several other amino acid transporters including LAT1 and the xCT transporter (SLC7A11) studied in Chapter 4. The loss of ZIP6, a zinc transporter, has been shown to cause zinc deficiency and subsequent impairment in activation in lymphocytes (Colomar-Carando et al., 2019). gRNAs targeting Snat1 and Asct2  had -0.14597 and -0.15007 log2 fold change, respectively, which are comparable to the results of the first screen with the glutamine metabolism library although the p-values were not statistically significant in this screen. 


[bookmark: _Toc92613675]Figure 5‑3: In vitro CRISPR screens show CD4+ T cell dependence on glutamine transporters. 
Change in gRNA abundance between early and late timepoints from in vitro CRISPR screening with the (A) glutamine metabolism library and (B) SLC library in activated primary CD4+ T cells (statistical analysis performed by MAGeCK, n=2 technical replicates). Glutamine transporters indicated in red.


	Given that extracellular nutrient availability can shape dependencies on nutrient transporters and metabolic pathways, we next applied the glutamine metabolism library to an in vivo CRISPR screening approach in an EAE model. Further, we used two parallel models of EAE, one driven by Th1 cells and the other driven by Th17 cells (Jäger et al., 2009), to identify any potential differences in the dependencies of these two subsets on glutamine metabolism genes. Both models resulted in T cell infiltration of the CNS and consequent clinical symptoms including ascending paralysis in Th1-driven EAE and ataxia in Th17-driven EAE. Briefly, primary CD4+ T cells were isolated from 2D2/Cas9 double-transgenic mice that express Cas9 and TCR specific for myelin oligodendrocyte glycoprotein (MOG). Isolated CD4+ T cells were activated with MOG35-55 peptide and polarized to either Th1 or Th17 cell lineage with cytokines and blocking antibodies. Cells were re-stimulated with anti-CD3 and anti-CD28 antibodies, transduced with the glutamine metabolism gRNA library, and adoptively transferred into Rag1-/- mice. Once clinical symptoms of EAE appeared and humane endpoints were reached, the mice were sacrificed for T cell isolation from the brain and spinal cord. The cells were then processed for sequencing to determine relative change in gRNA abundance in the population at the time of adoptive transfer and the population isolated from the CNS (Figure 5-4A-B). Significantly depleted and enriched gRNA in the Th1-and Th17-driven EAE models were then compared to identify any differential dependencies (Figure 5-4C). Both Th1 and Th17 cells were dependent on Ppat, Cad, and Tsc2. Notably, only Th1 cells required Gfpt1 and Snat1, while only Th17 cells required Gclc. The in vitro and in vivo CRISPR screens together thus suggest that SNAT1 and SNAT2 may be critical to CD4+ T cell proliferation and survival. Moreover, SNAT1 appears to be specifically critical for Th1 but not Th17 cell pathogenic function in vivo. 

[bookmark: _Toc92613676]Figure 5‑4: In vivo CRISPR screens in EAE model identifies Th1 cell-specific dependence on SNAT1.
Change in gRNA abundance between early and late timepoints from in vivo CRISPR screening with the glutamine metabolism library in (A) Th1-driven and (B) Th17-driven EAE models (statistical analysis performed by MAGeCK, n=2 technical replicates). (C) Th1 cells plotted on the x-axis and Th17 cells plotted on the y-axis to show differential dependencies on glutamine metabolism genes. Green indicates statistical significance in only Th1 cells, Blue indicates significance in only Th17 cells, and red indicates significance in both subsets (statistical analysis performed by MAGeCK, n=2 technical replicates).


	SNAT1 and SNAT2 are sodium-coupled neutral amino acid transporters that are reported in literature primarily as glutamine (Mackenzie et al., 2003; Raposo et al., 2015; Yamada et al., 2019) and alanine (Matheson et al., 2015) transporters. Here, we compared the expression profiles of SNAT1 and SNAT2 with two other glutamine transporters, LAT1 and ASCT2, that were also identified in the in vitro CRISPR screens. The proteome atlas shows that all four transporters are upregulated with TCR stimulation as previously reported (Figure 5-5A) (E. Carr et al., 2010). Notably, SNAT1 appears to be much more highly expressed in Th1 cells compared to Th17 cells, which have expression levels comparable to naïve cells (Figure 5-5A). Next, we analyzed RNAseq data from the whole blood of healthy donors and patients with inflammatory diseases to determine changes in transporter expression (Aune et al., 2017) (Figure 5-5B). SNAT1 expression was significantly increased in the whole blood of patients with systemic lupus erythematosus (SLE) and psoriatic arthritis. These data suggest that SNAT1 may be differentially expressed in CD4+ T cell subsets and as well as in healthy and pathological settings. 


[bookmark: _Toc92613677]Figure 5‑5: SNAT1 is upregulated in activated T cells and in settings of inflammatory disease.
(A) Protein expression of glutamine transporters LAT1, ASCT2, SNAT1, and SNAT2 in CD4+ and CD8+ T cell subsets. Data from Immunological Proteome Resource (ImmPRes).
(B) mRNA expression of glutamine transporters in whole blood of patients with systemic lupus erythematosus (SLE) and psoriatic arthritis relative to healthy control patients (Aune et al., 2017) (mean±SEM, n=3-8 patient donors, one-sample Wilcoxon signed-rank test).  


[bookmark: _Toc93535047]5.2.3 SNAT inhibition reduces CD4+ T cell proliferation and inflammatory function and SNAT1 loss specifically impairs Th1 but not Th17 cells. 
To validate the findings from the CRISPR screens, we first tested the effect of a SNAT competitive inhibitor, ɑ-methylaminoisobutyric acid (MeAIB), on CD4+ T cell proliferation and survival. Primary CD4+ T cells were activated with anti-CD3 and anti-CD28 antibodies and polarized to Th1, Th17, or Treg cells with 0, 1, or 5mM MeAIB. In all subsets, MeAIB treatment resulted in decreased proliferation as measured by CTV dilution (Figure 5-6A) and Ki-67 staining (Figure 5-6B) in a dose-dependent manner supporting screening results. Viability was only reduced in Th1 cells (Figure 5-6C). Mirroring the proliferation defect, MeAIB treatment led to reduced activation as measured by CD25 expression (Figure 5-6D). Expression of lineage-characterizing transcription factors T-bet and RORγt were generally reduced with MeAIB treatment, though the expression of FoxP3 was mildly increased in Th17 cells and unchanged in Treg cells (Figure 5-6E). Next, we assessed effector T cell function by measuring cytokine production. MeAIB-treated Th1 cells expressed IFNγ at a lower frequency, and MeAIB-treated Th17 cells expressed IL-17 at a lower frequency (Figure 5-6F). 

[bookmark: _Toc92613678]Figure 5‑6: Treatment with SNAT inhibitor MeAIB impairs CD4+ T cell activation, proliferation, and function.
Proliferation measured by (A) CTV dilution and (B) frequency of Ki-67+ cells, (C) viability, (D) activation measured by CD25 expression, (E) lineage-characterizing transcription factor expression (T-bet, right; RORγt, middle; FoxP3, right), and (F) cytokine expression in Th1, Th17, and Treg cells treated with 0, 1, or 5mM MeAIB for 72hrs post activation with anti-CD3 and anti-CD28 antibodies (mean±SD, one-way ANOVA, n=3-4 biological replicates). 


Given that MeAIB binds nonspecifically to SNAT family members, we next tested the effect of SNAT1 loss using CRISPR/Cas9 to cause genetic ablation. Primary CD4+ cells were isolated from Cas9-transgenic mice, activated with anti-CD3 and anti-CD28 antibodies, polarized to Th1, Th17, or Treg cells, and transduced with one of three unique NTC gRNAs or one of two unique SNAT1-targeting gRNAs with a Thy1.1 reporter. The frequencies of the transduced populations were monitored over time to determine the relative fitness of the SNAT1 gRNA-carrying cells compared to the NTC gRNA-carrying cells. This showed that SNAT1 loss was significantly detrimental to the expansion of Th1 cells, and to a lesser degree Treg cells, but had no effect on Th17 cells (Figure 5-7A). One NTC and one SNAT1 gRNA from this set were used to carry out all further studies in biological replicates. Immunoblot for SNAT1 confirmed loss of SNAT1 expression at the protein level and showed lower SNAT1 expression in Th17 cells compared to Th1 cells in the controls (Figure 5-7B). Relative abundance of Thy1.1+ cells was measured over time this time in 6 biological replicates, showing that SNAT1 loss is indeed detrimental to Th1 but not Th17 cells (Figure 5-7C), However, SNAT1 loss in Th1 cells did not result in any significant changes in T-bet or FoxP3 expression (Figure 5-7D) or IFNγ expression (Figure 5-7E). Notably, Th1 cells with SNAT1 loss had increased frequency of CD44-CD62L- cells compared to those with NTC (Figure 5-7F). These data show that nonspecifically inhibiting the SNAT family members in vitro reduces CD4+ T cell proliferation, activation, and function, while specifically ablating SNAT1 results in a proliferative defect in Th1 cells but has no effect in Th17 cells. 

[bookmark: _Toc92613679]Figure 5‑7: SNAT1 loss results in decreased proliferation in Th1 cells but has no effect in Th17 cells.
(A) Change in frequency of Thy1.1+ cells in Cas9-transgenic Th1 (left), Th17 (middle), and Treg (right) cells transduced with three different NTC gRNAs and two different SNAT1-targeting gRNAs with Thy1.1 reporters over time (multiple t-tests). (B) Immunoblot of Th1 and Th17 cells transduced with NTC or SNAT1 gRNA and isolated by Thy1.1 positive selection. 
(C) Change in frequency of Thy1.1+ cells over time Th1 and Th17 cells transduced with NTC or SNAT1-targeting gRNA (paired t-test, n=6 biological replicates). Expression of (D) transcription factor (T-bet, right; FoxP3, left), (E) IFNγ, and (F) activation markers CD44 and CD62L in Th1 cells transduced with NTC or SNAT1-targeting gRNA (paired t-test, n=4 biological replicates). 


[bookmark: _Toc93535048]5.2.4 SNAT1 loss results in reduced glycolytic activity and increased mitochondrial metabolism in Th1 cells. 
After confirming the proliferative defect in Th1 cells with SNAT1 loss, we next investigated the metabolic consequences of this nutrient transporter loss. First, Th1 and Th17 cells with NTC and SNAT1-targeting gRNA were prepared as above and cultured for five days post transduction to allow for sufficient protein turnover. Successfully transduced cells were isolated by positive selection of the Thy1.1 reporter using magnetic beads for downstream applications including RNAseq, mass spectrometry, NMR, metabolic flux analysis, and immunoblotting. RNAseq data confirmed reduced expression of SNAT1 at the mRNA level in both Th1 and Th17 cells (Figure 5-8A). Notably, this was accompanied in Th1 cells by resultant changes in the expression of numerous other genes, whereas no other genes had statistically significant changes in Th17 cells. Next, genes with altered expression from the RNAseq dataset (adusted P-value < 0.05) and compounds from the mass spectrometry metabolomics dataset (P-value <0.1) were combined for joint pathway analysis to identify potential metabolic pathways of interest (Figure 5-8B). This revealed that glycolysis/gluconeogenesis pathways were significantly altered in Th1 cells with SNAT1 loss. This was confirmed by plotting the relative mRNA expression levels of individual glycolysis pathway genes from the RNAseq dataset (Figure 5-8C). Further, mass spectrometry data also showed a reduction in pyruvate with SNAT1 loss compared to NTC in Th1 cells (Figure 5-8D). It is noted that intracellular glutamine was reduced with SNAT1 loss, supporting the role of SNAT1 in glutamine transport (Figure 5-8D). To measure changes in amino acid uptake, cells were replated at equal cell numbers following Thy1.1 positive selection and cultured in fresh HPLM for 24 hours, after which the conditioned media were collected for NMR analysis. This showed that Th1 cells with SNAT1 loss had significantly increased uptake of BCAA compared to control (Figure 5-8E). 



[bookmark: _Toc92613680]Figure 5‑8: SNAT1 loss reduces expression of glycolysis genes, decreases availability of intracellular glutamine, and increases BCAA uptake in Th1 cells. 
(A) RNAseq performed on Th1 and Th17 cells comparing mRNA expression changes in cells transduced with NTC and SNAT1-targeting gRNA (n=3 biological replicates). (B) Joint pathway analysis combining significantly changed genes from the RNAseq dataset (P-adjusted<0.05) and significantly changed compounds from mass spectrometry analysis of the same samples (P<0.1) (data analyzed with MetaboAnalyst v5.0, n=3 biological replicates). (C) Relative mRNA expression levels of glycolysis pathway genes in Th1 cells transduced with either NTC or SNAT1-targeting gRNA from the dataset in (A) (paired t-test, n=3 biological replicates). (D) Relative ion counts of glucose and glutamine metabolism associated compounds in Th1 cells transduced with either NTC or SNAT1-targeting gRNA (paired t-test, n=3 biological replicates). (E) NMR of conditioned media from Th1 cells transduced with either NTC or SNAT1-targeting gRNA cultured in HPLM for 24 hours (paired t-test, n=3 biological replicates). 


To measure consequent changes in mitochondrial metabolism, the Thy1.1+ cells were also plated for the Mito Stress Test using the Seahorse Bioanalyzer (Figure 5-9A). This showed that Th1 cells with SNAT1 loss had significantly elevated basal and maximal oxygen consumption rate (OCR) as well as spare respiratory capacity (Figure 5-9B-D). There was no change in extracellular acidification rate (ECAR) detected in this assay (Figure 5-9E). Concurrent with the observed increase in mitochondrial metabolism in Th1 cells, MeAIB treatment (Figure 5-9F) as well as genetic ablation of SNAT1 (Figure 5-9G) resulted in significantly increased mitochondrial superoxide levels in Th1 cells but not Th17 cells. Together, these data suggest that loss of the nutrient transporter SNAT1 in Th1 cells results in a shift in the metabolic program away from glycolysis toward mitochondrial respiration to fuel effector functions. 
Given that major drivers of metabolic reprogramming, including mTORC1, AMPK, and MYC are sensitive to nutrient availability, we measured the activity of these species by immunoblot. This showed no significant changes in mTORC1 activity as measured by phospho-S6 and phospho-4E-BP1 expression (Figure 5-9H). Phospho-AMPK (Figure 5-9H) and MYC (data not shown) expression were also unchanged at this timepoint. It is likely that there were indeed changes in these species at some time point that was not captured by this immunoblot performed on day 7 post T cell activation. This requires further study with serial measurements by flow cytometry. 

[bookmark: _Toc92613681]Figure 5‑9: SNAT1 loss in Th1 cells results in a shift in the metabolic program towards increased mitochondrial respiration.
(A) Seahorse XF Cell Mito Stress Test performed on Th1 cells transduced with either NTC or SNAT1-targeting gRNA. (B) Basal OCR, (C) maximal OCR, (D) spare respiratory capacity, and (E) basal ECAR measured in (A) (unpaired t-test, n=4 biological replicates). Mitochondrial superoxide levels measured by mitoSOX staining in (F) Th1, Th17, and Treg cells treated with 0, 1, or 5mM MeAIB and (G) Cas9-transgenic Th1 and Th17 cells transduced with NTC or SNAT1-targeting gRNA. (H) Immunoblot of SNAT1, phospho-S6, phospho-4E-BP1, phospho-AMPK, and ß-actin in Th1 cells transduced with either NTC or SNAT1-targeting gRNA (blot representative of n=3 biological replicates).


[bookmark: _Toc93535049]5.2.5 SNAT inhibition in vivo delays EAE disease onset and reduces pathogenic T-cell infiltration of the CNS, and SNAT1 loss slows weight loss from Th1-driven IBD colitis. 
Next, we tested the efficacy of SNAT1 and SNAT2 as potential therapeutic targets for inflammatory disease using three separate mouse models: Th1- and Th17-driven EAE, Th17-driven neutrophilic allergic airway disease, and Th1-driven IBD associated colitis. In the EAE model, wildtype mice were pre-treated with i.p. injection of either vehicle or MeAIB daily for seven days prior to EAE induction. EAE was induced by immunization with MOG/CFA and PTX. Daily MeAIB treatment and clinical scoring was continued for 5 weeks post immunization (Figure 5-10A). While there was no difference in the maximal disease severity, there was a significant delay in the day of onset of clinical symptoms with MeAIB treatment compared to vehicle (Figure 5-10B). At the end of the study, the mice were sacrificed and the spinal cords and brains were collected for analysis. This revealed that mice treated with MeAIB had significantly fewer CD4+ and CD8+ T cell counts and frequencies infiltrating in the spinal cord (Figure 5-10C-D) and brain (Figure 5-10E-F). CD4+ T cells in the spinal cord had similar expression of lineage-characterizing transcription factors and cytokines, except for a mild decrease in RORγt expression with MeAIB treatment compared to vehicle (Figure 5-10G-H).


[bookmark: _Toc92613682]Figure 5‑10: SNAT inhibition in vivo delays disease onset of EAE and decreases pathogenic T-cell infiltration of the CNS.
(A) Average clinical score overtime in mice immunized with MOG/CFA and PTX to induce EAE and treated with either vehicle or MeAIB from 7 days prior to immunization until the end of study (mean±SEM, multiple Mann-Whitney tests, n=10 biological replicates for vehicle, 9 for MeAIB). (B) Day of onset of clinical symptoms in EAE mice from (A) (mean±SEM, Mann-Whitney test). CD4+ and CD8+ T cell (C) count and (D) frequency in the spinal cords and (E) count and (F) frequency in the brains collected from EAE mice at the end of study (mean±SEM, Mann-Whitney test). Frequency of (G) T-bet+, RORγt+, and FoxP3+ cells and (H) IL-17+, IFNγ+, and IL-17+IFNγ+ cells among CD4+ T cells in the spinal cords collected from EAE mice (mean±SEM, Mann-Whitney test).


	The same approach was applied to the model of Th17-driven neutrophilic allergic airway disease. As before, wildtype mice were pre-treated with i.p. vehicle or MeAIB for seven days. The mice were then sensitized with intranasal application of house-dustmite (HDM) and LPS on days 7 and 14. The mice were given a final challenge on day 21 and sacrificed on day 22 for bronchioalveolar lavage fluid (BALF) and lung collection for analysis. As predicted by the initial in vivo CRISPR screen, no effect of MeAIB treatment was detected in this Th17-driven model, including changes in CD4+ and CD8+ cell counts in the lungs (Figure 5-11A-B), frequency of IL-17+ cells in the lungs (Figure 5-11C), and cell composition of the BALF (Figure 5-11D). 
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[bookmark: _Toc92613683]Figure 5‑11: SNAT inhibition in vivo has no effect on Th17-driven allergic airway disease.
(A) CD4+ and (B) CD8+ T cell count in the lung homogenate collected from PBS control mice and mice sensitized and challenged with HDM and LPS that were treated with either vehicle or MeAIB from 7 days before immunization until end of study (mean±SEM, Mann-Whitney test, n=10 biological replicates each for HDM and LPS, n=2 each for PBS control). (C) Frequency of IL-17+ cells among CD4+ T cells in the lung homogenate (mean±SEM, Mann-Whitney test). (D) Cell count of lymphocytes, neutrophils, eosinophils, and macrophages in the BALF (mean±SEM, Mann-Whitney test).


	For the IBD model, CD4+ cells were first isolated from Cas9-transgenic mice and activated with anti-CD3 and anti-CD28 antibodies with Th1 polarizing cytokines. These cells were transduced with NTC, SNAT1, or SNAT2-targeting gRNA with a Thy1.1 reporter. Five days post transduction, the gRNA-carrying cells were isolated by Thy1.1 positive selection and rested for 24 hours. The cells were then transferred to Rag1-/- mice by i.p. injection to induce IBD associated colitis (Harbour et al., 2015). Sham mice received i.p. injection of PBS. Mice were monitored for 6 weeks post T-cell transfer and then sacrificed for collection of spleen, mesenteric lymph nodes (MLNs), and colons. All groups gained weight until 4 weeks post T-cell transfer, after which the NTC, ΔSnat1, and ΔSnat2 groups began to lose weight while the sham group continued to gain weight. The difference in body weight at the end of the study between the NTC and ΔSnat1 groups were statistically significant, while the difference between the NTC and ΔSnat2 groups were not (Figure 5-12A). This suggests that SNAT1 loss in Th1 cells provided partial protection from colitis induced weight loss, while SNAT2 loss did not. Comparing the relative frequency of Thy1.1+ cells recovered from the spleen to the frequency at the time of adoptive transfer, the NTC group had a slight expansion of the transduced population, while the ΔSnat1 group had a significant contraction of the transduced population indicating reduced fitness relative to the non-transduced population (Figure 5-12B). There was no change in the ΔSnat2 group. While there were differences in relative body weights, all mice except those in the sham group appeared to have fulminant colitis at the time of sacrifice (Figure 5-12C). At this time point, there were no detectable differences in the total number of CD4+ T cells recovered from the MLNs (Figure 5-12D) or spleen (Figure 5-12E). It is noted that among the CD4+ T cells in the MLNs, while there were no differences in T-bet expression (Figure 5-12F), the frequency of FoxP3+ cells was mildly increased in the ΔSnat1 and ΔSnat2 groups compared to the NTC group (Figure 5-12G). Finally, there were no differences in the frequency of IFNγ+ cells (Figure 5-12H) mirroring the results in the initial in vitro studies. Thus, these three in vivo models demonstrate the efficacy of specifically targeting SNAT1 to delay clinical symptoms in Th1-driven inflammatory disease. 


[bookmark: _Toc92613684]Figure 5‑12: SNAT1 loss ameliorates weight loss associated with Th1-driven IBD colitis.
[bookmark: SNAT_discussion](A) Change in body weight over time of Rag1-/- mice i.p. injected with PBS (sham) or Cas9-transgenic Th1 cells transduced with NTC, SNAT1, or SNAT2-targeting gRNA to induce IBD colitis (mean±SEM, multiple Mann-Whitney tests between NTC and test group). (B) Change in frequency of Thy1.1+ cells from population at day of adoptive transfer to population recovered from the spleen of mice from (I) at end of study (mean±SEM, one-sample Wilcoxon signed-rank test). (C) Immunohistochemistry with anti-CD3 staining of colons collected from sham (left) and NTC (right) mice showing T-cell infiltration of the colonic crypts in diseased mice from the IBD study (sham representative of 2 biological replicates, NTC representative of 6 biological replicates). CD4+ T cell count in the (D) MLNs and (E) spleens of mice from the IBD study (Kruskal-Wallis test, n=5-6 biological replicates). Expression of (F) T-bet, (G) FoxP3, and (H) IFNγ+ among Thy1.1+ cells in the MLNs of mice from (I) at end of study (mean±SEM, Mann-Whitney test).


[bookmark: _Toc93535050]5.3 Discussions
	CRISPR screening has rapidly gained popularity as a powerful and efficient tool for identifying new genes of interest in an unbiased and systematic manner. While whole-genome screens offer a comprehensive approach, their applicability can be limited in the setting of scarce primary cell populations. In this study, we designed and performed a targeted in vivo CRISPR screen in an autoimmune disease model, in which pathogenic T cells infiltrating the brain and spinal cord were isolated for sequencing. The curated gRNA library was focused on genes associated with glutamine transport and metabolism to interrogate differential metabolic dependencies of CD4+ T cell subsets. Notably, in vitro and in vivo screens using the same gRNA library yielded different results, highlighting the importance of employing in vivo systems when possible. Here, we show that the loss of the sodium-coupled neutral amino acid transporter SNAT1 specifically impairs Th1 cells but not Th17 cells. Mechanistically, SNAT1 loss led to decreased intracellular glutamine and shifted the metabolic program from glycolysis to mitochondrial respiration with increased uptake of BCAAs. We further show that SNAT inhibition as well as SNAT1 ablation in Th1 cells is sufficient to delay clinical symptoms in Th1-driven inflammatory disease models, but not Th17-driven disease as predicted by the initial in vivo CRISPR screen. These results demonstrate the efficacy of in vivo CRISPR screening in identifying physiologically relevant candidates for immunotherapy targeting. 
SNATs have been described in the literature to preferentially carry glutamine (Mackenzie et al., 2003; Raposo et al., 2015; Yamada et al., 2019) and or alanine (Matheson et al., 2015) depending on context. As secondary active transporters, they can drive steep concentration gradients. There is evidence that the expression of these transporters are responsive to pH, hypoxia, tonicity, ER stress, and nutrient stress in other systems (Menchini & Chaudhry, 2019; Schiöth et al., 2013). Additionally, SNAT2 has been shown to have transceptor properties, in that the non-metabolizable substrate analog MeAIB can activate mTORC1 signaling through SNAT2 in the setting of amino acid starvation (Fan & Goberdhan, 2018). While multiple previous studies have established the significance of glutamine metabolism and other glutamine transporters in regulating CD4+ T cell activation, differentiation, and function (Johnson et al., 2018; Nakaya et al., 2014), literature on SNAT1 and SNAT2 function in CD4+ T cell subsets is still lacking. 
Glutamine and alanine are non-essential amino acids. Non-essential amino acids are those that can be de novo synthesized, whereas essential amino acids cannot and must be obtained through diet. However, cells may become dependent on the import of extracellular amino acids even if they are non-essential in conditions of increased demand. Upon activation, T cells become dependent on extracellular glutamine to fuel glutaminolysis (E. Carr et al., 2010; Nakaya et al., 2014) and alanine for protein synthesis (Ron-Harel et al., 2019). These additional nutrient dependencies or addictions likewise exist in highly proliferative cancer cells (Andrejeva & Rathmell, 2017). SNAT1 has been shown to be upregulated compared to normal tissue in malignant lesions in multiple solid tumors including, breast cancer (K. Wang et al., 2013), osteosarcoma (M. Wang et al., 2017), and gastric cancer (Xie et al., 2014), as well as in acute myeloid leukemia (Y. Li et al., 2019). In cancer cells, SNAT1 expression is associated with survival and growth advantage in culture and is correlated with disease progression and poor outcome in patients. Moreover, SNAT1 knockdown was shown to inhibit cell proliferation (Kondoh et al., 2007; K. Wang et al., 2013; M. Wang et al., 2017). Increased SNAT2 expression has also been linked to worse prognosis in triple-negative breast cancer (Morotti et al., 2020).
In CD4+ T cell subsets, differential dependencies on specific amino acid transporters may arise from variations in transporter redundancies associated with the subset-specific metabolic programs (Patel et al., 2019). For example, in some cancer cells, deletion of the glutamine transporter ASCT2 deletion can be partially rescued by upregulation of SNAT1 (Bröer et al., 2016). We showed that SNAT1 loss impaired Th1 cell proliferation but had no effect on Th17 cells. It is conceivable that Th17 cells may depend on a separate transporter with function that is redundant to SNAT1, whether that may be another member of the SNAT family. In Th1 cells, SNAT1 loss was associated with decreased intracellular glutamine and a shift from glycolysis to mitochondrial metabolism, with increased BCAA uptake and oxygen consumption. Given these findings, we hypothesized that SNAT1 loss in Th1 cells results in insufficient intracellular glutamine pools that is partially compensated by increased BCAA metabolism to fuel effector functions. In summary, uptake of extracellular glutamine is required primarily during times of increased metabolic demand but not for maintaining homeostasis, and Th1 cells but not Th17 cells are specifically dependent on SNAT1. In this way, specific cell populations (e.g. highly proliferative Th1 cells) can be targeted by exploiting conditional metabolic dependencies in an effort to develop therapeutics that are more specific while having less off-target adverse effects on other cell populations.  
It is critical in studying these conditional dependencies to consider culture conditions and nutrient availability in the cellular microenvironment given that metabolic landscapes can be shaped by these factors (Rossiter et al., 2021). Using the same glutamine metabolism gRNA library, the in vitro CRISPR screens showed that primary CD4+ T cells were largely dependent on SNAT2, while the in vivo screens showed that Th1 cells were specifically dependent on SNAT1 and neither Th1 nor Th17 cells were dependent on SNAT2. It is hypothesized that this is largely influenced by the significant differences in the concentrations of various nutrients in cell culture media relative to in vivo settings. For instance, the concentrations of glucose and glutamine in RPMI 1640 are over twice their concentrations in human and murine plasma. Alanine is absent in RPMI 1640 unless supplemented with serum, whereas it is abundant in physiological conditions. This is especially critical in studying nutrient transporters like SNAT1 in that the expression and activity of many transporters are highly dependent on nutrient availability. The contrasting results of these screens thus emphasizes the potential advantage of in vivo screens, even at the expense of library size. In sum, our studies demonstrate the efficacy of our in vivo CRISPR screening approach in the Th1- and Th17-driven EAE models and identify the amino acid transporter to be specifically critical for Th1 cell proliferation and metabolic programming but entirely dispensable for Th17 cells.  
[bookmark: _Toc89941954]

[bookmark: _Toc93535051]
MTHFD2 is a Metabolic Checkpoint Controlling Effector and Regulatory 
T Cell Fate and Function
[bookmark: MTHFD2_intro]

Portions of this chapter were adapted from the following manuscript originally published in Immunity: 
Sugiura, A., Andrejeva, G., Voss, K., Heintzman, D. R., Xu, X., Madden, M. Z., Ye, X., Beier, K. L., Chowdhury, N. U., Wolf, M. M., Young, A. C., Greenwood, D. L., Sewell, A. E., Shahi, S. K., Freedman, S. N., Cameron, A. M., Foerch, P., Bourne, T., Garcia-Canaveras, J. C., … Rathmell, J. C. (2021). MTHFD2 is a metabolic checkpoint controlling effector and regulatory T cell fate and function. Immunity, S1074761321004489. https://doi.org/10.1016/j.immuni.2021.10.011

[bookmark: _Toc89941955][bookmark: _Toc93535052]6.1 Introduction
	Cell-metabolism based therapeutics began in 1948, when anti-folate chemotherapeutics were shown effective in children with acute lymphoblastic leukemia (Farber et al., 1948). Folate contributes to one carbon metabolism for purine biosynthesis, generation of methyl donors, and maintenance of cellular redox balance (Ducker & Rabinowitz, 2017; Yang & Vousden, 2016). Many drugs, including methotrexate, fluorouracil (5-FU), and mercaptopurine (6-MP), have since been developed to target this pathway. Rapidly proliferating cells, including cancer cells and activated T cells, share dependencies on these pathways to synthesize DNA and RNA. Methotrexate remains commonly used to treat autoimmune diseases like rheumatoid arthritis (RA) (Brown et al., 2016). However, due to the broad expression of the targeted enzymes, these therapeutics are associated with common and potentially severe adverse effects. Identifying metabolic enzyme targets that are selectively important in cell populations of interest could lead to development of safer and more efficacious immunotherapies.   
	One carbon metabolism includes the folate and methionine cycles with transfer of single carbon units. Serine serves as a carbon donor to activate tetrahydrofolate (THF) to 5,10-methyleneTHF, with concomitant glycine production. 5,10-methyleneTHF can then be oxidized using NAD(P) to generate the purine precursor 10-formylTHF. Alternatively, 10-formylTHF can be synthesized from formate and THF in an ATP-dependent manner. In the cytosolic pathway, 10-fomylTHF production is mediated by Methylenetetrahydrofolate Dehydrogenase 1 (MTHFD1). Loss of MTHFD1 starves cells for cytosolic 10-formylTHF ablating purine biosynthetic capacity and mutations in MTHFD1 cause SCID (Field et al., 2015). The mitochondrial pathway relies on mitochondrial Methylenetetrahydrofolate Dehydrogenase (MTHFD2) and MTHFD1-Like (MTHFD1L).


[bookmark: _Toc92613685]Figure 6‑1: The folate cycle in one carbon metabolism supports de novo purine synthesis.
MTHFD2 and MTHFD1L in the mitochondrial compartment and MTHFD1 in the cytosolic compartment interconvert 5,10-methyleneTHF, 10-formylTHF, and formate as part of the folate cycle. 10-formylTHF is required for the formylation steps in de novo purine synthesis.


	MTHFD2 is one of the most highly induced and overexpressed genes in all tumors (Nilsson et al., 2014). While broadly upregulated during embryogenesis, MTHFD2 has little to no expression in most adult tissues (Nilsson et al., 2014). In anti-cancer therapy (Zhu & Leung, 2020), MTHFD2 inhibition may lead to increased oxidative stress (Ju et al., 2019; Wan et al., 2020), glycine dependency (Koufaris et al., 2016), and insufficient purine synthesis (Ben-Sahra et al., 2016; Pikman et al., 2016). MTHFD2 deficiency can also suppress mTORC1 activity through multiple mechanisms, including through guanine depletion and subsequent inhibition of the mTORC1 activating GTPase Rheb (Emmanuel et al., 2017). MTHFD2 deficiency also causes accumulation of purine synthesis pathway intermediates including the AMP analog, 5-aminoimidazole carboxamide ribonucleotide (AICAR) (Ducker et al., 2016), which can activate AMPK to inhibit mTORC1 (C.-C. Su et al., 2019).  
	Because one carbon metabolism integrates multiple nutrient inputs and is therapeutically tractable, we examined the role of one carbon metabolism in CD4+ Teff and Treg cell subsets. Through unbiased in vivo CRISPR/Cas9-based targeted screening in primary murine T cells, we identified MTHFD2 as a hit that was also consistently upregulated in patients with inflammatory disorders. Notably, MTHFD2 deficiency impaired Teff cell proliferation and function. MTHFD2 deficiency also promoted aberrant FoxP3 expression and suppressive activity in Th17 cells, while promoting Treg cell differentiation. These effects were associated with accumulation of AICAR, reduced purine concentrations, downregulation of mTORC1 signaling, increased mitochondrial metabolism, and altered DNA and histone methylation. In vivo, targeting MTHFD2 protected against multiple inflammatory disease models. These data show that MTHFD2 serves as a metabolic checkpoint in Th17 and Treg cells and highlight the potential of this enzyme as a target for anti-inflammatory immunotherapy. 

[bookmark: _Toc92613686]Figure 6‑2: MTHFD2 deficiency in CD4+ T cells promotes a shift from a pro-inflammatory state to an anti-inflammatory state.
MTHFD2 deficiency results in impaired de novo purine synthesis with subsequent suppression of mTORC1 activity, increased mitochondrial metabolism, and altered DNA and histone methylation. This promotes an anti-inflammatory phenotype in CD4+ T cells and decreased disease burden in murine models of inflammatory and autoimmune diseases. 


[bookmark: _Toc89941956][bookmark: _Toc93535053][bookmark: MTHFD2_results]6.2 Results
[bookmark: _Toc93535054]6.2.1 One carbon metabolism and purine synthesis are differentially active in CD4+ T cell subsets. 
We hypothesized that nucleotide synthesis may differ across CD4+ T cell subsets. CD4+ T cells were differentiated in vitro into Th1, Th17, and Treg cells and collected after 72 hours for mass spectrometry. Nucleotide species amounts were generally elevated in all subsets compared to naïve cells (Figure 6-3A). Notably, purine synthesis intermediates were differentially abundant, with highest accumulation of glycinamide ribonucleotide (GAR), 1-(phosphoribosyl) imidazolecarboxamide (SAICAR), and AICAR in Th17 cells (Figure 6-3B). 
	To test the dependence of CD4+ T cells on enzymes in one carbon metabolism, we performed an in vivo CRISPR/Cas9-based screen in primary CD4+ T cells. A custom gRNA library was constructed to target genes in one carbon metabolism, along with Tsc2 as a positive control and NTCs (Appendix C). CD4+ T cells isolated from OT-II/Cas9 double-transgenic mice were transduced with this library and intravenously transferred into Rag1-/- hosts. Mice were then immunized with intranasal ovalbumin to induce lung inflammation. T cells recovered from the lungs of these mice were sequenced and enrichment or depletion of gRNAs were established relative to input frequencies. Tsc2-targeting gRNA was enriched, supporting the inhibitory role of this protein in T cells. In contrast, Ppat, Ahyc, Mat2a and Mthfd1-targeting gRNA were significantly depleted and Gart, Dhfr, Dnmt1, Mtrr, Mtr, Shmt2, and Mthfd2-targeting gRNA were reduced to a lesser extent to indicate these genes contribute to T cell proliferation and inflammatory function in vivo (Figure 6-3C). 
We next examined the expression profile of the genes identified from the screen. While all were coordinately upregulated in developing thymocytes, MTHFD2 mRNA and protein were most strongly induced in stimulated peripheral T cells (Figure 6-3D-E). Moreover, in a separately published RNAseq dataset from the whole blood of patients with a variety of inflammatory and autoimmune diseases (Aune et al., 2017), MTHFD2 was consistently overexpressed across multiple conditions including ulcerative colitis, Crohn’s disease, Celiac’s disease, rheumatoid arthritis (RA), systemic lupus erythematosus (SLE), psoriasis, psoriatic arthritis, Sjogren’s syndrome, and multiple sclerosis (MS) (Figure 6-3F). Notably, patients with recently diagnosed MS had significantly elevated MTHFD2 expression relative to healthy donors or MS patients undergoing therapy with disease remission (Figure 6-3G). Thus, CD4+ T cells proliferation and survival are dependent on certain one carbon metabolism genes, and the expression of these genes differ through the stages of T cell development, activation, and differentiation as well as in the setting of pathological inflammation. 
 
[bookmark: _Toc89941957][bookmark: _Toc89942196]
[bookmark: _Toc92613687]Figure 6‑3: One carbon metabolism is differentially regulated in CD4+ T cell subsets and MTHFD2 is upregulated in patients with inflammatory diseases.
(A) Change in nucleotide metabolism species in in vitro differentiated CD4+ T cell subsets compared to naïve cells measured by mass spectrometry (n=3 biological replicates). (B) Change in concentrations of purine synthesis intermediates in differentiated CD4+ T cells compared to naïve measured by mass spectrometry (one-way ANOVA). (C) Change in gRNA abundance from one carbon metabolism-targeted in vivo CRISPR screening in primary CD4+ T cells (statistical analysis performed by MAGeCK, n=3 biological replicates). (D) mRNA expression of genes identified in (C) during T cell development and activation. Data from ImmGen RNA-seq databrowser. (E) Protein expression of genes identified in (C) in naïve and activated CD4+ T cells. Data from Immunological Proteome Resource (ImmPRes). (F) mRNA expression of genes identified in (C) in whole blood of patients with indicated inflammatory disorders relative to healthy control patients (Aune et al., 2017). (RA-MTX = RA under methotrexate treatment, MS-Tx Naïve = treatment-naïve MS at time of diagnosis, MS-Established = MS under treatment and in disease remission; n=3-8 patient donors). (G) MTHFD2 mRNA expression in whole blood of healthy controls, patients with treatment-naïve MS, and patients on treatment with disease remission from (F) (mean±SEM, Kruskal-Wallis test).


[bookmark: _Toc93535055]6.2.2 MTHFD2 is highly upregulated in CNS-infiltrating CD4+ T cells in EAE and in activated CD4+ T cells in vitro. 
Regulation of MTHFD2 has not been well described in CD4+ T cells. To measure the expression of MTHFD2 in inflammatory lesions in vivo, CD4+ T cells with myelin-specific TCR from 2D2 mice were activated and adoptively transferred into Rag1-/- mice to induce EAE. After mice began exhibiting hind-leg paralysis, the cauda equina segment of spinal cords were analyzed by immunohistochemistry (IHC). Mice that received 2D2 T cells showed enrichment of MTHFD2 and CD3+ positive cells that was absent in the control (Figure 6-4A). To directly determine if CD4+ T cells upregulated MTHFD2 in inflamed lesions, T cells from spleen and spinal cord of mice subjected to a myelin oligodendrocyte glycoprotein (MOG) and pertussis toxin (PTX)-induced model of EAE were collected for analysis. CNS-infiltrating CD4+ T cells overexpressed MTHFD2 compared to matched splenic CD4+ T cells from control and EAE mice as measured by flow cytometry (Figure 6-4B) and RT-qPCR (Figure 6-4C). The kinetics of MTHFD2 expression in CD4+ T cells in vitro was next measured. Robust upregulation of MTHFD2 mRNA was detected after 5 hours of stimulation and began to decrease by 24 hours (Figure 6-4D), while differentiated CD4+ T cell subsets attained the highest expression of MTHFD2 protein 48 hours post activation (Figure 6-4E). These data show that MTHFD2 is upregulated in CD4+T cells with activation in vitro and at the site of inflammation in vivo.


[bookmark: _Toc92613688]Figure 6‑4: MTHFD2 is upregulated in activated CD4+ T cells and in CNS-infiltrating pathogenic T cells in the context of EAE.
(A) IHC showing CD3 and MTHFD2 staining in the cauda equina segment of the spinal cord of mice with symptomatic EAE at 200x (top, scale bar = 100µm) and 400x (bottom, scale bar = 50µm) magnification (data representative of two independent experiments). Relative (B) mean fluorescence intensity (MFI) and (C) mRNA expression of MTHFD2 in CD4+ T cells from spleen and spinal cord of mice with symptomatic EAE and spleen of control mice (one-way ANOVA, data representative of two independent experiments with n=6 total biological replicates). (D) MTHFD2 mRNA expression in undifferentiated CD4+ T cells at 0, 5, and 24 hours post activation with anti-CD3 and anti-CD28 antibodies (one-way ANOVA, n=3 biological replicates). (E) Relative MTHFD2 MFI over 5 days post activation in CD4+ T cell subsets, normalized to resting cells (n=3 biological replicates). 


[bookmark: _Toc93535056]6.2.3 CD4+ T cell subsets differentially require MTHFD2 for activation, proliferation, survival, and cytokine production. 
We next tested the role of MTHFD2 in CD4+ T cell subset activation, differentiation, proliferation, and function. CD4+ T cells were activated in vitro in the presence of cytokines for optimal Th1, Th17, and Treg cell differentiation and vehicle or an MTHFD2 inhibitor (MTHFD2i; DS18561882) (Kawai et al., 2019). After 72 hours, all subsets had reduced proliferation (Figure 6-5A) and numbers of live cycling cells (Figure 6-5B-C). Viability was reduced in Th1 and Th17 cells (Figure 6-5D) and activation, as measured by CD25 expression, was reduced in all subsets (Figure 6-5E). Lineage-characterizing transcription factor expression was reduced in Th1 cells (T-bet+), but unchanged in Th17 cells (RORγt+) and minimally changed in Treg cells (FoxP3+) (Figure 6-5F). To measure Teff cell function, cells were re-stimulated with PMA and ionomycin. Significantly fewer Th1 cells expressed IFNγ and fewer Th17 cells expressed IL-17 when differentiated in the presence of MTHFD2i (Figure 6-5G). 

[bookmark: _Toc92613689]Figure 6‑5: MTHFD2i impairs CD4+ T cell proliferation and function.
(A) Proliferation measured by CTV dilution in CD4+ T cells treated with MTHFD2i for 72 hours (one-way ANOVA). (B) Cell death CTV measured by Annexin V in relation to cell cycling in MTHFD2i treated CD4+ T cells (one-way ANOVA). (C) Live cell count, (D) Viability, (E) CD25 expression, and (F) transcription factor expression in CD4+ T cell subsets treated with MTHFD2i for 72 hours post activation (one-way ANOVA, data representative of three independent experiments with n=9 total biological replicates). (G) Cytokine expression in Th1 and Th17 cells treated with vehicle or 500nM MTHFD2i for four days and stimulated with PMA and ionomycin for four hours (unpaired t-test, data representative of three independent experiments with n=9 total biological replicates). 

This was not due to impaired initial activation as these phenotypes were maintained when drug exposure was delayed until 24 hours post activation, although lineage-characterizing transcription factor expression was unaltered in this setting (Figure 6-6A-F). MTHFD2 is thus required for maximal CD4+ T cell activation, proliferation, survival, and cytokine production.  


[bookmark: _Toc92613690]Figure 6‑6: MTHFD2i effects are not dependent on impaired activation as delayed MTHFD2i treatment reproduces phenotypes.
(A) CTV dilution, (B) live cell count, (C) viability, (D) Ki-67 expression, and (E) transcription factor expression in CD4+ T cells activated for 24hrs and treated with MTHFD2i for 48 hours (one-way ANOVA). (F) Cytokine expression in Th1 and Th17 cells activated for 24 hours, treated with MTHFD2i for 72 hours, and stimulated with PMA and ionomycin for four hours (unpaired t-test).


To validate these pharmacological effects genetically, we generated a Mthfd2fl/fl mouse strain and crossed it with Cd4-cre transgenic mice to achieve conditional genetic deletion. As anticipated, activated CD4+ T cells from Mthfd2fl/fl Cd4-cre+ (CD4ΔMthfd2) mice had lower MTHFD2 expression compared to cells from Mthfd2fl/fl Cd4-cre- (WT) littermates (Figure 6-7A). At baseline, CD4ΔMthfd2 mice had slightly fewer CD4+ T cells in the spleen compared to WT (Figure 6-7B). Upon in vitro activation and differentiation, cell numbers and viability of CD4ΔMthfd2 Th17 cells, and Treg cells to a lesser extent, were significantly lower (Figure 6-7C-D). In addition, CD25 expression was decreased in Th17 and Treg cells, and trended lower in Th1 cells (Figure 6-7E). Finally, CD4ΔMthfd2 Th1 and Th17 cells had lower expression of T-bet and RORγt, respectively. FoxP3 in Treg cells, however, was unchanged (Figure 6-7F). Despite changes in transcription factor expression, those Teff cells that did differentiate produced normal amounts of cytokines (Figure 6-7G). Differences in results between the pharmacological and genetic approaches may be attributed to the timing and completeness of enzyme function loss during development and potential compensatory mechanisms. 

[bookmark: _Toc92613691]Figure 6‑7: Genetic loss of MTHFD2 results in impaired proliferation, activation, and differentiation in CD4+ T cells.
(A) MTHFD2 expression in CD4+ T cells isolated from WT and CD4ΔMthfd2 littermates, activated with anti-CD3 and anti-CD28 antibodies, and cultured for 72 hours (data representative of n=3 biological replicates). (B) Frequency of CD4+ T cells in the spleen of treatment-naïve WT and CD4ΔMthfd2 littermates (unpaired t-test, n=3 biological replicates). (C) Live cell count, (D) viability, (E) CD25 expression, (F) transcription factor expression, and (G) cytokine expression in CD4+ T cell subsets from WT and CD4ΔMthfd2 littermates 4 days post activation (unpaired t-test, data representative of three independent experiments with n=9 biological replicates). 


[bookmark: _Toc93535057]6.2.4 MTHFD2i induces FoxP3 expression in Th17 cells and enhances Treg cell differentiation. 
Given the dependence of Teff cells on MTHFD2, we tested MTHFD2i regulation of FoxP3 and Treg cells. Notably, MTHFD2i treatment induced aberrant upregulation of FoxP3 in Th1 and more prominently in Th17 cells in a dose-dependent manner (Figure 6-8A). This also occurred when treatment was delayed until 24 hours post activation (Figure 6-8B). A similar trend was observed in the CD4ΔMthfd2 Th17 cells (Figure 6-8C). This FoxP3 upregulation was functional, as MTHFD2i-treated Th17 cells gained suppressive capacity when co-cultured with CD8+ T cells (Figure 6-8D). MTHFD2i can thus promote FoxP3 and Treg cell-like phenotypes in Th17 cells. MTHFD2i also enhanced differentiation of induced Treg cells. Treg cells were differentiated with a range of TGFß concentrations in the presence of MTHFD2i. At every concentration tested except the highest, FoxP3 expression increased with MTHFD2i (Figure 6-8E-F). This phenotype was also maintained with delayed MTHFD2i treatment (Figure 6-8G).


[bookmark: _Toc92613692]Figure 6‑8: MTHFD2 deficiency induces aberrant FoxP3 upregulation and inappropriate gain of suppressive function in Th17 cells and promotes Treg differentiation.
(A) FoxP3 expression in MTHFD2i-treated Th1 and Th17 cells 72 hours post activation (one-way ANOVA, data representative of three independent experiments with n=9 total biological replicates). (B) FoxP3 expression in Th1 and Th17 cells activated for 24 hours and then treated with vehicle or 500nM MTHFD2i for 48 hours (unpaired t-test, data representative of three independent experiments with n=9 total biological replicates). (C) FoxP3 expression in Th1 and Th17 cells from WT and CD4ΔMthfd2 littermates 72 hours post activation (unpaired t-test, data representative of three independent experiments with n=9 total biological replicates).
(D) Suppression assay measuring aberrant suppressive capacity of MTHFD2i-treated Th17 cells. Pre-treated Th17 cells were co-cultured with CTV-stained CD8+ T cells to measure proliferation upon activation with anti-CD3 and anti-CD28 antibodies (one-way ANOVA, n=3 biological replicates). (E) FoxP3 expression in Treg cells differentiated with a range of TGFß concentrations treated with MTHFD2i (unpaired t-test, data representative of three independent experiments with n=9 total biological replicates). (F) Flow cytometric plots for data tabulated in (E). (G) FoxP3 expression in Treg cells activated and differentiated with low concentrations of TGFß for 24 hours and then treated with MTHFD2i for 48 hours (unpaired t-test, data representative of three independent experiments with n=9 total biological replicates).


Treg cells have greater mitochondrial metabolism than Th17 cells (Michalek et al., 2011b). To determine the metabolic consequences of MTHFD2i, Th17 and Treg cells were assessed by extracellular flux analyses (Figure 6-9A). MTHFD2i increased basal (Figure 6-9B) and maximal (Figure 6-9C) OCR of Th17 cells to indicate a shift towards mitochondrial respiration. Conversely, both Th17 and Treg cells had decreased basal ECAR with MTHFD2i to suggest reduced glycolysis (Figure 6-9D). The basal ratio of OCR to ECAR was significantly increased in both Th17 and Treg cells as MTHFD2i shifted the metabolic program from glycolysis toward oxidative phosphorylation (Figure 6-9E). These data show that MTHFD2i enhances FoxP3 expression in Th17 cells and Treg cells differentiated in low TGFß conditions and shifts Th17 cells to a more Treg-like metabolism.



[bookmark: _Toc92613693]Figure 6‑9: MTHFD2 deficiency promotes a shift toward oxidative phosphorylation.
(A) Seahorse XF Cell Mito Stress Test performed on MTHFD2i-treated Th17 and Treg cells.
(B) basal OCR, (C) max OCR, (D) Basal ECAR, and (E) basal OCR/ECAR ratio measured in (H) (unpaired t-test, data representative of two independent experiments with n=6 total biological replicates). 


[bookmark: _Toc93535058]6.2.5 MTHFD2 deficiency in human CD4+ T cells decreases Th17 proliferation and viability while increasing FOXP3 expression and dampening mTORC1 activity. 
To test the translatability of the above findings in human cells, CD4+ T cells isolated from peripheral blood of healthy donors were in vitro differentiated into Th1, Th17, and Treg cells and treated with vehicle or MTHFD2i from the time of activation. Proliferation was significantly decreased in MTHFD2i-treated Th17 and Treg cells (Figure 6-10A), and Th17 cells also exhibited increased apoptosis (Figure 6-10B). Decreased proliferation in Th17 cells was recapitulated with a genetic approach using siRNA (Figure 6-10C-D). Similar to murine cells, FOXP3 expression was higher in the MTHFD2i-treated human Th17 cells, and trended higher in MTHFD2i-treated human Treg cells (Figure 6-10E-F). Given that the mTORC1-AMPK axis is critical to Th17 and Treg cell differentiation, phosphorylation of the mTORC1 target ribosomal protein S6 (phospho-S6) was also measured. This showed decreased mTORC1 activity in Th17 cells with either MTHFD2i or siMTHFD2 (Figure 6-10G). Thus, both the loss of proliferative capacity and induction of FOXP3 expression in Th17 and Treg cells can be recapitulated in primary human CD4+ T cells.

[bookmark: _Toc92613694]Figure 6‑10: MTHFD2 deficiency impairs proliferation and induces FOXP3 expression in human Th17 cells.
(A) Proliferation measured by CTV dilution in human CD4+ T cell subsets treated with vehicle or 2µM MTHFD2i for 72 hours post activation with anti-CD3 and anti-CD28 antibodies (paired t-test, data representative of three independent experiments with n=5-6 healthy patient donors). (B) Apoptosis measured by Annexin V in human CD4+ T cells treated with MTHFD2i for 72 hours (paired t-test, data representative of three independent experiments with n=5-6 healthy patient donors). (C) qPCR measurement of MTHFD2 in human cells transduced with NTC or siMTHFD2. Data from one donor that is representative of four donors.  (E) Ki-67 expression in human CD4+ T cells transduced with NTC or siMTHFD2 (paired t-test, data representative of three independent experiments with n=4 healthy patient donors). (E) Representative flow cytometry profiles of FOXP3 expression in human CD4+ T cells treated with MTHFD2i for 72 hours. (F) Tabulated data from (E) (paired t-test, data representative of three independent experiments with n=6-10 healthy patient donors). (G) Change in phospho-S6 expression in human CD4+ T cells treated with MTHFD2i for 72 hours or transduced with siMTHFD2 (one sample t-test, data representative of three independent experiments with n=4-6 healthy patient donors).


[bookmark: _Toc93535059]6.2.6 CD4+ T cells rely on MTHFD2 enzymatic function and phenotypes can be rescued by product. 
MTHFD2 is required for the maintenance of the mitochondrial formate pool for purine synthesis (Ma et al., 2017), but may also play non-enzymatic roles. Supporting an essential enzymatic activity, MTHFD2i treatment led to compensatory uptake of formate from the media in CD4+ T cell subsets (Figure 6-11A). The one carbon unit used for formate synthesis is provided by the conversion of serine to glycine and intracellular serine accumulated while glycine was depleted with MTHFD2i treatment in all subsets (Figure 6-11B). Methionine concentrations were also slightly increased suggesting inhibition of the methionine cycle. As expected, given that the serine-glycine conversion step is upstream of MTHFD2, these changes were not rescued by provision of formate in the media. 
We next tested if addition of formate or an adenine and guanine purine solution could rescue deficient enzymatic function and reverse downstream effects of MTHFD2 deficiency. Indeed, 1mM formate restored proliferation, viability, and activation in MTHFD2i treated cells (Figure 6-11C). Purine supplementation rescued proliferation in all subsets and activation in Th1 and Th17 cells, but not viability in all subsets and activation in Treg cells. Formate also rescued proliferation, viability, and activation in CD4ΔMthfd2 T cells (Figure 6-11D). Impaired cytokine production in MTHFD2i-treated Th1 and Th17 cells was reversed to vehicle amounts with either formate or purine addition (Figure 6-11E). Notably, aberrant upregulation of FoxP3 in Th17 cells was rescued by purine addition but not formate, while both formate and purine addition reduced FoxP3 expression to baseline in Treg cells differentiated with low concentrations of TGFß (Figure 6-11F). MTHFD2i phenotypes appear dependent on MTHFD2 maintenance of the mitochondrial formate or purine pools.

[bookmark: _Toc92613695]Figure 6‑11: MTHFD2i effects on CD4+ T cell subsets are rescued by provision of exogenous formate.
(A) Formate uptake measured by NMR in CD4+ T cell subsets treated with vehicle or 500nM MTHFD2i for 72 hours post activation (unpaired t-test, data representative of two independent experiments with n=6 total biological replicates). (B) Change in serine, glycine, and methionine concentrations in CD4+ T cells treated with 500nM MTHFD2i or 500nM MTHFD2i+1mM formate for 4-6 hours compared to vehicle measured by mass spectrometry (n=3 biological replicates). (C) Live cell count, viability, and CD25 expression in MTHFD2i-treated CD4+ T cells rescued with 1mM formate or 60µM adenine and guanine purine solution for 72 hours post activation (one-way ANOVA, data representative of three independent experiments with n=9 total biological replicates). (D) Live cell count, viability, and CD25 expression in CD4+ T cells from WT or CD4ΔMthfd2 littermates rescued with formate or purines for 72 hours post activation (one-way ANOVA, n=3 biological replicates). (E) Cytokine expression in Th1 and Th17 cells treated with MTHFD2i±formate or purines for 4 days post activation (one-way ANOVA, data representative of three independent experiments with n=9 total biological replicates). (F) FoxP3 expression in Th17 and Treg cells differentiated with low concentrations of TGFß, treated with MTHFD2i±formate or purines for 72 hours post activation (one-way ANOVA, data representative of three independent experiments with n=9 total biological replicates).


[bookmark: _Toc93535060]6.2.7 MTHFD2 regulates mTORC1 activity and DNA and histone methylation in CD4+ T cells. 
In immortalized cancer cells, MTHFD2 deficiency can lead to accumulation of purine synthesis intermediates GAR, SAICAR, and AICAR, which are upstream of 10-formylTHF-mediated formylation steps (Ducker et al., 2016). CD4+ T cell subsets were cultured for 72 hours before exposure to MTHFD2i for four to six hours. This short timeframe was chosen to avoid any secondary effects including compensatory changes. Transient MTHFD2i resulted in accumulation of GAR, SAICAR, and AICAR in all subsets (Figure 6-12A). This effect was fully rescued by addition of 1mM formate, supporting an enzymatic role for MTHFD2. Nucleotides and nucleobases, including guanine, were also depleted by MTHFD2i and rescued by formate in Th17 and Treg cells (Figure 6-12B).  

[bookmark: _Toc92613696]Figure 6‑12: MTHFD2i results in accumulation of purine synthesis intermediates and guanine depletion.
(A) Change in GAR, SAICAR, and AICAR concentrations in CD4+ T cells treated with 500nM MTHFD2i or 500nM MTHFD2i+1mM formate for 4-6 hours relative to vehicle measured by mass spectrometry (one-way ANOVA, n=3 biological replicates). (B) Change in nucleotide metabolism species in Th17 and Treg cells treated with MTHFD2i±formate for 4-6 hours relative to vehicle measured by mass spectrometry (n=3 biological replicates).


AICAR and nucleotides are established regulators of the mTORC1-AMPK axis (Emmanuel et al., 2017; Kim et al., 2016). Indeed, phospho-S6 expression was decreased with MTHFD2i in all subsets and fully restored by addition of formate (Figure 6-14A-B). The GTP-binding protein Rheb, which is an obligate activator of mTORC1, can be sensitive to intracellular guanine availability (Emmanuel et al., 2017) and Rheb expression was dampened with MTHFD2i (Figure 6-14A,C). AICAR is an adenosine analog and AMPK activator (Rae & Mairs, 2019; C.-C. Su et al., 2019). However, at 72 hours post activation, phosphorylation of AMPK (Figure 6-14F-G) or its targets, Acetyl-CoA Carboxylase (phospho-ACC) (Figure 6-14A,D) and Unc-51-like kinase 1 (phospho-ULK1) (Figure 6-14F,H), did not change with MTHFD2i. mTORC1 activity promotes Th17 and attenuates Treg cell differentiation in part through induction of HIF-1α -dependent glycolytic metabolism (L. Z. Shi et al., 2011a). Consistent with this, HIF-1α expression was decreased in both MTHFD2i-treated and CD4ΔMthfd2 Th17 cells (Figure 6-14I-J). These changes in mTORC1 activity were not associated with any deficits in TCR signaling as measured by Nur77 expression with and without re-stimulation (Figure 6-13). Signal Transducer And Activator Of Transcription 3 (STAT3) activity, which is critical for Th17 cell development, was unchanged or modestly increased with MTHFD2i (Figure 6-14K-L).


[bookmark: _Toc92613697]Figure 6‑13: TCR signaling is not impaired by MTHFD2i.
Representative flow cytometry profiles and tabulated data for Nur77 expression in Tn, Th1, Th17, and Treg cells after 72 hours of culture with either vehicle or MTHFD2i and restimulated with anti-CD3 and anti-CD28 antibodies for 2hrs (unpaired t-test).
 

[bookmark: _Toc92613698]Figure 6‑14: MTHFD2i dampens mTORC1 activity.
(A) Immunoblot and tabulation of band intensities of (B) phospho-S6/S6, (C) Rheb, (D) phospho-ACC/ACC and (E) HIF-1α in CD4+ T cells treated with vehicle, 500nM MTHFD2i or 500nM MTHFD2i+1mM formate for 72 hours post activation (immunoblot representative of three independent experiments with n=3 biological replicates, repeated measures one-way ANOVA). (F) Immunoblot and tabulation of band intensities of (G) phospho-AMPK/AMPK and (H) phospho-ULK1 (Ser777) in CD4+ T cells treated with 500nM MTHFD2i for 72 hours (paired t-test). (I) Immunoblot and (J) tabulation of HIF-1α expression in Th1 and Th17 cells from WT and CD4ΔMthfd2 littermates activated and differatiated to Th17 and Treg cells for 72 hours (unpaired t-test). (K) Immunoblot and (L) tabulation of phospho-STAT3 expression in CD4+ T cells treated with MTHFD2i±formate for 72 hours (repeated measures one-way ANOVA).


Decreased mTORC1 activity and a shift from glycolysis toward oxidative phosphorylation with MTHFD2i suggested changes in relative abundance of TCA cycle metabolites. Succinate and fumarate concentrations were significantly reduced by MTHFD2i but rescued by formate (Figure 6-15A). TCA metabolites are known inhibitors of DNA and histone demethylases (X. Su et al., 2016) and depletion of succinate and fumarate pools may support a hypomethylated state. H3K27 tri-methylation (H3K27me3) across the genome was measured by CUT&RUN (Cleavage Under Targets and Release Using Nuclease) sequencing (Skene & Henikoff, 2017). Indeed MTHFD2i-treated Th17 cells had reduced H3K27me3 compared to vehicle (Figure 6-15B-C). DNA methylation at the Foxp3 locus was also measured by bisulfate sequencing to determine whether differential methylation contributed to MTHFD2i-induced FoxP3 upregulation. While several CpG loci differed in methylation frequency between vehicle and MTHFD2i conditions, there was no discernable pattern in the Treg-Specific Demethylated region (TSDR) (Figure 6-15D). There were also no differences between the nTreg (CD4+CD25+) isolated from WT and CD4ΔMthfd2 mice, although the purity of each enriched population was low (Figure 6-15E). However, there was a significant decrease in DNA methylation frequency over the Foxp3 proximal promoter region in MTHFD2i-treated Th17 cells compared to vehicle (Figure 6-15F), indicating possible enhancement in transcription with MTHFD2i.

[bookmark: _Toc92613699]Figure 6‑15: MTHFD2i alters DNA and histone methylation.
(A) Change in TCA cycle metabolites in Th17 cells treated with MTHFD2i±formate for 6 hours relative to vehicle measured by mass spectrometry (one-way ANOVA, n=3 biological replicates). (B) Heat maps of H3K27me3 to IgG control ratio in +/- 10 kb regions around promoters of UCSC known genes in Th17 and Treg cells treated with MTHFD2i measured by CUT&RUN (Data pooled from n=3 biological replicates). (C) MA plot of H3K27me3 signal intensities measured by CUT&RUN in (B) P-values obtained by Wald test and adjusted using Benjamini Hochberg’s method. Pink indicates sites with significant differential modifications (FDR <0.05, n=3). (D) Heatmap of median DNA methylation frequency of Foxp3 locus by CpG site in Th1 and Th17 cells treated with vehicle or 500nM MTHFD2i and in nTreg cells from WT or CD4ΔMthfd2 littermates (Mood’s test, n=3 biological replicates). (E) FoxP3 and Helios expression in cells isolated by CD25 positive selection column for nTreg cell purification (unpaired t-test). (F) Tabulation of (D) by proximal promoter, distal promoter, and TSDR (paired t-test).


In addition to maintaining intracellular formate pool, MTHFD2 activity contributes to cellular redox balance through conversion of NAD+ to NADH and NADP+ to NADPH (Shin et al., 2017) and support of the transsulfuration pathway and subsequent glutathione synthesis. MTHFD2i-treated Th17 cells had decreased concentrations of NAD+, NADH, NADP+, and NADPH, which was rescued with formate (Figure 6-16A). However, NAD+/NADH and NADP+/NADPH ratios were unchanged across conditions. This, combined with the lack of change in cellular ROS and mitochondrial superoxide (Figure 6-16B), suggest that changes the redox state are unlikely to be a major contributor to the MTHFD2i phenotype. 


[bookmark: _Toc92613700]Figure 6‑16: MTHFD2i does not significantly alter cellular redox state.
(A) Change in NAD+, NADH, NADP+, and NADPH in Th17 cells treated with MTHFD2i±formate for 6hrs relative to vehicle measured by mass spectrometry (one-way ANOVA). (B) Total cellular ROS (DCFDA) and mitochondrial superoxide (mitoSOX) levels in CD4+ T cells treated with MTHFD2i for 72 hours (one-way ANOVA).
[bookmark: _Toc93535061]6.2.8 MTHFD2 deficiency in vivo reduces severity of multiple inflammatory diseases. 
The efficacy of MTHFD2 as a therapeutic target was next tested in an in vivo T-cell dependent DHT model. Mice were immunized and challenged on the ear with KLH to induce local inflammation and treated with oral vehicle or MTHFD2i. Treatment showed no overt toxicity, as animals maintained their weight (Figure 6-17A). Importantly, ear thickness (Figure 6-17B-C) and weight (Figure 6-17D) were each increased in control DTH mice but not in inhibitor-treated animals, indicating protection from inflammation upon MTHFD2i.  KLH-specific IgG was also reduced at the highest dose of inhibitor, indicating potential effects extending to B cell function (Figure 6-17E).  


[bookmark: _Toc92613701]Figure 6‑17: In vivo MTHFD2i treatment ameliorates disease severity of DTH.
(A) Change in body weight from day 0 to 10 in mice immunized with KLH with CFA on day 0 and challenged with KLH on day 7, treated twice daily with oral vehicle, 100, or 300mg/kg MTHFD2i (mean±SEM, n=8). (B) Change in ear thickness from day 7 to 10 in the DTH mice from (A) (mean±SEM, n=8). (C) Relative ear thickness and (D) biopsy weight 10 days post KLH with CFA immunization and 3 days post KLH challenge to induce DTH (one-way ANOVA). Mice were treated twice daily with oral 0, 100, or 300mg/kg MTHFD2i (mean±SEM, n=8 biological replicates). (E) KLH-specific IgG concentrations on day 10 of KLH-induced DTH (mean±SEM, Kruskal-Wallis tes, n=8 biological replicates). 
	

Similarly, dual MTHFD1/2 inhibitor LY345899 (Gustafsson et al., 2017) was efficacious in ameliorating disease in an EAE model. EAE was induced with MOG/CFA and PTX and mice were treated daily with intraperitoneal (i.p.) injection of DMSO or LY345899. Inhibitor treatment led to significantly reduced disease severity and cumulative clinical score compared to vehicle (Figure 6-18A-B). Mice were sacrificed on day 26 and spinal cord infiltrating cells were collected for immune profiling. Notably, significantly fewer CD45+, CD4+, and CD8+ cells infiltrated the spinal cord of LY345899-treated mice (Figure 6-18C-E). There were no changes in frequency of RORγt+ or FoxP3+ cells among the infiltrating CD4+ T cells (Figure 6-18F). However, there was a decrease in the frequency of IFNγ+IL17+ double-positive cells and an increase in IL17+ single-positive cells (Figure 6-18G), suggesting a possible switch to a less pathogenic phenotype. 

[bookmark: _Toc92613702]Figure 6‑18: In vivo MTHFDi treatment ameliorates disease severity of EAE and reduces pathogenic T-cell infiltration of the CNS.
Average (C) clinical score overtime and (D) and cumulative score in mice immunized with MOG/CFA and PTX to induce EAE and treated daily with i.p. vehicle or 10mg/kg LY345899 (mean±SEM, Mann-Whitney test, n=10). Cell count and frequency of (E) CD45+, (F) CD4+, and (G) CD8+ cells in the spinal cord of EAE mice in (C) (mean±SEM, Mann-Whitney test). Frequency of (H) RORγt+, FoxP3+, (I) IL-17+, IFNγ+, and IL-17+IFNγ+ cells the spinal cord of EAE mice in (C) (mean±SEM, Mann-Whitney test).


To directly test T cell intrinsic dependence on MTHFD2 in vivo, WT and CD4ΔMthfd2 littermates were subjected to three different models – EAE, IBD, and allergic airway disease. EAE was again induced with MOG/CFA and PTX and, similar to the inhibitor experiment, CD4ΔMthfd2 mice had significantly reduced disease severity over 26 days (Figure 6-19A). A separate cohort was euthanized at peak disease on day 15 post induction for T cell phenotyping (Figure 6-19B-C). While CD4+ or CD8+ T cell counts were unchanged in the spleen (Figure 6-19D), CD4+ T cell infiltration into the spinal cord was significantly decreased (Figure 6-19E). Spinal cord-infiltrating CD4+ T cells in CD4ΔMthfd2 mice had similar CD25 expression as WT, but reduced expression of CD44 pointing to partly impaired activation (Figure 6-19F). The numbers of T-bet+, RORγt+, and FoxP3+ cells (Figure 6-19G) as well as IL-17+ and IFNγ+ cells (Figure 6-19J) were also reduced in the spinal cord of CD4ΔMthfd2 mice relative to WT. Notably, the ratios of FoxP3+ to T-bet+ and RORγt+ cells were elevated in the CD4ΔMthfd2 mice than WT at peak disease, mirroring the in vitro findings of increased FoxP3 expression with MTHFD2 deficiency (Figure 6-19I). While the frequency of TF expressing cells among infiltrating cells overall trended higher, the frequency of cytokine expression was unchanged (Figure 6-19H,K). Histology of the spinal cord of control mice without EAE and WT and CD4ΔMthfd2 mice with EAE showed increased cellularity and CD3 positivity in the spinal cord in WT mice that was associated with demyelination as stained by Luxol Fast Blue (Figure 6-19L). These changes were absent in the no EAE control and CD4ΔMthfd2 mice.

[bookmark: _Toc92613703]Figure 6‑19: Genetic loss of MTHFD2 reduces disease severity of EAE and pathogenic T-cell infiltration of the CNS.
(A) Average clinical score over 25 days in WT and CD4ΔMthfd2 littermates immunized with MOG /CFA and PTX to induce EAE (mean±SEM, multiple Mann-Whitney tests, data representative of two independent experiments each with n=5 biological replicates). (B) Repeat experiment of (A), but halted at peak disease severity for T cell phenotyping. (C) Cumulative clinical score in mice from (B) (mean±SEM, multiple Mann-Whitney tests, n=5). (D) Cell counts and frequency of CD4+ T cells in the spinal cord (mean±SEM, unpaired t-test, data representative of two independent experiments with n=9 total biological replicates). (E) CD25 and CD44 expression in CD4+ T cells from the spinal cord (mean±SEM, unpaired t-test, n=4 biological replicates). (F) CD4+ and CD8+ T cell count in the spleen (mean±SEM, Mann-Whitney test). (G) Cell count and (H) frequency of T-bet+ (left), RORγt+ (middle), and FoxP3+ (right) CD4+ T cells from the spinal cord (mean±SEM, unpaired t-test, data representative of two independent experiments with n=9 total biological replicates). (I) Ratio of FoxP3+ cell count to T-bet+ and RORγt+ cell counts in CD4+ T cells from the spinal cord of EAE mice (mean±SEM, unpaired t-test). (J) Cell count and (K) frequency of IL-17+, IFNγ+, and IL-17+IFNγ+ CD4+ T cells from the spinal cord (mean±SEM, unpaired t-test). (L) H&E, anti-CD3 IHC, and Luxol Fast Blue (LFB) staining for myelin in the spinal cord of WT mouse with no immunization and WT and CD4ΔMthfd2 littermates with EAE at peak disease (200x magnification, representative of n=5 biological replicates).


The role of MTHFD2 was next tested in IBD and allergic airway disease models. WT and CD4ΔMthfd2 naïve CD4+ T cells were transferred to Rag1-/- recipients to initiate IBD. While mice that received WT cells began losing weight as IBD progressed, recipients of CD4ΔMthfd2 T cells continued gaining weight (Figure 6-20A). Significantly fewer number and frequency of CD4ΔMthfd2 T cells were found in MLNs draining the colon (Figure 6-20B) and spleens (Figure 6-20C). Numbers of T-bet+, RORγt+, and FoxP3+ CD4ΔMthfd2 T cells were also decreased In the MLNs, though frequency of FoxP3+ cells was increased (Figure 6-20D-E). However, there were no differences in FoxP3/T-bet and FoxP3/RORγt cell count ratios in the MLNs at this late-stage timepoint (Figure 6-20F). 

[bookmark: _Toc92613704]Figure 6‑20: Genetic loss of MTHFD2 protects against weight loss associated with IBD colitis and reduces T cell burden in the MLNs. 
(A) Change in body weight over time of Rag1-/- mice i.p. injected with WT or CD4ΔMthfd2 naïve CD4+ T cells to induce IBD colitis (mean±SEM, multiple t-tests, n=8 biological replicates). CD4+ T cell count and frequency in the (B) mesentery and (C) spleen of IBD mice from (A) (mean±SEM, Mann-Whitney test). (D) Cell count and (E) frequency T-bet+, RORγt+, and FoxP3+ CD4+ T cells of total CD4+ T cells in the MLNs of IBD mice (mean±SEM, unpaired t-test n=8 biological replicates). (F) Ratio of FoxP3+ cell count to T-bet+ and RORγt+ cell counts in CD4+ T cells from the MLNs of IBD mice (mean±SEM, Mann-Whitney test).


Similar to findings of MTHFD2 as a modest hit in the in vivo airway inflammation CRISPR screen, CD4ΔMthfd2 mice subjected to Alternaria-induced allergic airway disease had a trend for decreased neutrophil abundance in the BALF, although no changes were observed in BALF lymphocyte, eosinophil, and macrophage counts (Figure 6-21).


[bookmark: _Toc92613705]Figure 6‑21: Genetic loss of MTHFD2 mildly reduces neutrophilic infiltration of the airways in allergic airway disease model. 
Cell count and frequency of neutrophils, lymphocytes, eosinophils, and macrophages in BALF collected from WT and CD4ΔMthfd2 mice sensitized with intranasal PBS or Alternaria extract (mean±SEM, unpaired t-test). 


[bookmark: _Toc93535062]6.2.9 MTHFD2 inhibition does not significantly impair general immunity. 
Finally, the effect of MTHFD2i was tested on general immune activity. OT-II CD45.2+CD4+ T cells were adoptively transferred into CD45.1+ mice, which were then immunized with subcutaneous emulsion of ovalbumin peptide (OVA)/CFA and treated daily with oral vehicle or MTHFD2i. Body weight was unchanged in all conditions (Figure 6-22A). Expansion of the transferred OT-II CD45.2+ cells was slightly delayed in the immunized MTHFD2i-treated mice but reached vehicle numbers by day 7 (Figure 6-22B-D). However, the frequency of IFNγ+ cells was reduced in the draining lymph nodes (Figure 6-22E). These data show that in vivo MTHFD2i treatment allows antigen-specific T cell expansion following acute stimulation, although with dampened inflammatory cytokine production.


[bookmark: _Toc92613706]Figure 6‑22: MTHFD2i in vivo does not significantly impair T-cell response to vaccine challenge.
(A) Change in body weight from day 0 to 9 in CD45.1 mice adoptively transferred with 1 million OT-II CD45.2+ CD4+ T cells, immunized with OVA/CFA, and treated with daily oral vehicle or 300mg/kg MTHFD2i (mean±SEM, multiple unpaired t-tests, n=6). (B) Frequency of OT-II CD45.2+ cells of total CD4+ T cells isolated by cheek bleed in mice from (B) (mean±SEM, multiple unpaired t-tests, n=6). Counts of (C) total live cells and (D) OT-II CD45.2+ cells isolated from spleen and draining LNs of mice from (B) (unpaired t-test). (E) Percentage of IFNγ+ cells among CD4+CD45.2- and CD45.2+ T cells from draining lymph nodes in mice from (A) (unpaired t-test).


[bookmark: _Toc93535063][bookmark: MTHFD2_discussion]6.3 Discussion
T cell activation, differentiation, and function require appropriate metabolic reprogramming to meet the cells increased demands for energy, biosynthetic building blocks, and signaling molecules. In this study, we investigated the function of one carbon metabolism in primary CD4+ T cells. Using a combination of in vivo primary T cell CRISPR-based screening and gene expression data, MTHFD2 was identified as a potential target for anti-inflammatory therapies. MTHFD2 inhibition or deficiency generally led to decreased CD4+ T cell proliferation. Notably, this was associated with induction of FoxP3 expression and suppressive function in Th17 cells as well as enhanced Treg differentiation. These data suggest that MTHFD2 may function as a metabolic checkpoint in the Th17-Treg cell axis, with MTHFD2i skewing the balance from a pathogenic to a more anti-inflammatory phenotype. Indeed, MTHFD2 inhibition or genetic deficiency ameliorated disease severity in multiple in vivo models of autoimmunity and hypersensitivity. 
One carbon metabolism consists of serine-glycine metabolism, the folate cycle, and the methionine cycle, and is central to several processes including de novo purine synthesis, methyl-donor generation, and redox regulation (Yang & Vousden, 2016). One carbon metabolism is robustly engaged with TCR stimulation (Tan et al., 2017) and is required to support T cell expansion (Ma et al., 2017). The folate cycle is compartmentalized into cytosolic and mitochondrial components. In the cytosol, MTHFD1 interconverts 5,10-methyleneTHF, 10-formylTHF, and formate. In the mitochondria, the same reactions are accomplished by MTHFD2 and MTHFD1L. These resulting intermediates are used to support formylation steps in de novo purine synthesis. MTHFD1 and MTHFD2 can also modulate redox state through NAD(H) and NADP(H) generation (Ducker & Rabinowitz, 2017). While some cell types display flexibility in switching to the cytosolic source under settings of mitochondrial pathway dysfunction (Ducker et al., 2016), T cells have been previously proposed to predominantly depend on the mitochondrial pathway to provide single carbon units and reductive species (Ron-Harel et al., 2016). T cells have also been shown to rely on serine uptake and in vivo immune responses can be modulated by dietary serine amounts. The effects of serine starvation are mediated by limiting purine biosynthesis even in the presence of intact salvage pathways and can be bypassed by provision of glycine and formate (Ma et al., 2017). Our data add to these findings and point to MTHFD2 as a critical regulator that influences both CD4+ T cell proliferation and differentiation.
While one carbon metabolism plays a broad role in cell metabolism, we found some functions were distinct to select T cell subsets. All human and mouse T cells proliferated to a lesser extent with MTHFD2 deficiency, indicating a shared function for MTHFD2 to support T cell growth and division. The effects of MTHFD2 deficiency on T cell differentiation and effector function, however, differed in each subset tested. Th1 cells showed impaired differentiation with reduced induction of T-bet and decreased cytokine production. Th17 cells also had altered differentiation and decreased cytokine production. While RORγt was not altered, MTHFD2-deficient Th17 cells upregulated the Treg cell transcription factor, FoxP3, and gained an ability to suppress proliferation of activated CD8+ T cells. Treg cells exhibited enhanced differentiation in low TGFß conditions. It is now well established that each of these subsets can have distinct metabolic requirements (Patel et al., 2019). Our data show that MTHFD2 is also selectively required for Teff while promoting Treg cell fate and functions. It is notable that these outcomes differ from GLUT1, GLS, or ASCT2 deficiencies that impair or alter Teff differentiation while having modest effects to directly promote Treg differentiation or trans-differentiation of Th17 to Treg cells (Johnson et al., 2018; Macintyre et al., 2014; Nakaya et al., 2014). 
These distinct T cell fates appear dependent on the enzymatic activity of MTHFD2 as the effects of MTHFD2 deficiency were rescued with formate or purine nucleobases. While we found no significant effect of altered redox balance with MTHFD2 deficiency, altered de novo purine synthesis appears critical. MTHFD2i led to decreased purine concentrations, particularly guanine, while also inducing accumulation of the purine synthesis intermediates GAR, SAICAR, and AICAR. These intermediates require formylation for further biosynthesis and the effects were rescued when the MTHFD2-derived metabolite formate was added to the media, supporting an on target biochemical mechanism for MTHFD2i. De novo nucleotide synthesis to support DNA and RNA synthesis is essential for T cell proliferation (Quéméneur et al., 2003, 2004). Thus, a component of the mechanism by which MTHFD2i impairs T cell expansion appears to be through insufficient generation of nucleotides.
Failure to synthesize adequate nucleotides may suppress effector T cells through multiple mechanisms. AMPK and mTORC1 are major drivers of metabolic reprogramming with generally opposing roles in Teff and Treg cells(Patel et al., 2019). We show that MTHFD2i in T cells led to acute accumulation of AICAR, a metabolite notable as an adenosine analog and AMPK activator (Rae & Mairs, 2019; C.-C. Su et al., 2019). However, there was no evidence of increased AMPK activity at the selected time points. This may reflect additional regulation of AMPK, but AICAR can also have AMPK-independent effects (Dembitz et al., 2019). mTORC1 is also sensitive to purine concentrations, as decreased guanine availability suppresses activity of the mTORC1 activator Rheb (Emmanuel et al., 2017; Hoxhaj et al., 2017). AICAR accumulation and reduction in mTORC1 activity may thus contribute to impaired generation of MTHFD2i-treated Th1 and Th17 cells and enhanced generation of Treg cells. Suppression of mTORC1 signaling may also contribute to shift in the metabolic program from glycolysis to mitochondrial respiration and altered TCA metabolite abundance in MTHFD2i-treated Th17 cells. The mTORC1 pathway plays a central role to promote anabolic metabolism and can drive accumulation of the transcription factor ATF4, which in turn can induce MTHFD2 expression (Ben-Sahra et al., 2016).
Metabolic flux is tied to epigenetic regulation as metabolites contribute to many epigenetic modifications (Sharma & Rando, 2017), including 1C metabolism to generate the universal methyl-donor SAM for protein and DNA methylation. Carbon tracing experiments in activated T cells, however, suggest that one carbon units derived from glucose-derived and exogenous serine do not meaningfully contribute to the methionine cycle and methylation (Ma et al., 2017). Metabolic flux may also affect methylation patterns through changes in the abundance of TCA metabolites, including alpha-ketoglutarate, fumarate, and succinate. Specifically, fumarate and succinate inhibit DNA and histone demethylases (X. Su et al., 2016). Consistent with depletion of these metabolites in MTHFD2i-treated Th17 cells, H3K27me3 was widely reduced across the genome and DNA methylation was reduced specifically at the Foxp3 proximal promoter, which may be contributing to the trans-differentiation phenotype. It is also noted that the Th17 cell trans-differentiation phenotype was not rescued by formate supplementation indicating that additional pathways are likely contributing to FoxP3 regulation, such as through activity of other nucleotide-concentration sensing mechanisms. 
MTHFD2 has also been reported to play non-enzymatic roles that may contribute to the pro-inflammatory actions of this enzyme. In cancer cells, MTHFD2 can have nuclear functions, co-localizing with DNA replication sites to promote cell cycle progression (Sheppard et al., 2015). In murine stem cells, MTHFD2 was shown to modulate DNA repair to maintain genomic stability (Yue et al., 2020). In renal cell carcinoma, MTHFD2 was found to be crucial for metabolic reprogramming via mRNA methylation (Green et al., 2019). While these roles for MTHFD2 are not mutually exclusive with our findings, the ability of formate to rescue many of the phenotypes of MTHFD2 deficiency in T cells suggest that MTHFD2 enzymatic activity is the primary driver of T cell proliferation and fate. 
MTHFD2 has been largely considered as a drug target in anti-cancer settings.  It may also provide a promising anti-inflammatory target and offer fewer adverse effects compared to currently available anti-folates given low expression in most adult tissues. For instance, one target of methotrexate, DHFR, is expressed extensively in adult tissues (Nilsson et al., 2014). As such, methotrexate can be associated with a variety of adverse effects including gastrointestinal toxicities. Moreover, the mechanism of action of methotrexate remains poorly understood despite its extensive history (Cronstein & Aune, 2020). The highly regulated expression of MTHFD2 and potential for redundancy with the cytosolic MTHFD1 pathway may result in selective dependencies of specific cell populations on MTHFD2. Together our findings identify MTHFD2 as a critical metabolic checkpoint in CD4+ T cells. While there is broad overlap between cancer cell biology and the biology of rapidly proliferating T cells, we find that CD4+ T cell subsets display an additional sensitivity through modulation of cell differentiation and function. It is likely that targeting MTHFD2 in cancer therapies may restrain anti-tumor immunity. However, settings such as colorectal carcinoma, where Th17 cell-mediated inflammation contributes to disease, may be well suited to MTHFD2 inhibitors. T cell sensitivity to MTHFD2 inhibitors may provide effective form of immunotherapy in settings of CD4+ T-cell driven inflammation beyond cancer, and lead to fewer adverse effects than currently available therapeutics. 

Limitations of Study
The MTHFD2i used in this study has an IC50 value of 0.0063 μM for MTHFD2 and 0.57 μM for MTHFD1, and therefore minor off-target effects of MTHFD2 and MTHFD1 dual inhibition cannot be excluded. Given that the aberrant FoxP3 upregulation in Th17 cells was not rescued by provision of formate but mTORC1 activity was, the mechanism underlying this phenotype requires further investigation. Additionally, all in vivo models were performed with MTHFD2i or genetic ablation from the time of disease induction and T-cell phenotyping was performed at a single time point. To better characterize the effect of MTHFD2 deficiency on disease pathogenesis, further studies should include time course experiments with serial characterization of T cell populations to more definitively determine whether CD4+ T cell subsets are differentially affected in vivo. Finally, to improve the relevance of this study to clinical applications, the efficacy of MTHFD2i started after disease onset should be tested. 




[bookmark: _Toc93535064]
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	This dissertation outlined the study of differential metabolic dependencies of CD4+ T cell subsets and the development and application of the targeted in vivo CRISPR/Cas9-based screening approach in identifying these metabolic dependencies in primary T cells. This work also demonstrated the efficacy of this approach by interrogating glutamine and one carbon metabolism by in vivo CRISPR screening. Further, the metabolic and immunologic function of the identified genes SNAT1 and MTHFD2 were characterized to evaluate their potential as novel drug targets for anti-inflammatory therapy. Below, I summarize the research aims addressed, significance of the work, and ideas for future projects. 

[bookmark: _Toc93535065]7.1 Research aims addressed
	First, identifying mechanisms of CD4+ T cell dependence on amino acid metabolism was broadly interrogated in Chapter 4 using amino acid subtraction experiments. Together with expression pattern changes of amino acid transporters during CD4+ T cell activation, we identified cystine uptake, the xCT transporter, and ROS regulation to be critical to Teff cells. These findings were supported by identification of GCLC in Chapter 5 to be uniquely essential to Th17 cells and previous published literature showing that GCLC is required for metabolic reprogramming toward glycolysis and glutaminolysis. These data also support the significance of culture media and the tissue microenvironment in shaping the T cell metabolic landscape, shedding light on the advantages of in vivo models over in vitro models for immunometabolism studies. 
	Second, we aimed to establish CRISPR/Cas9-based gene editing protocols in primary CD4+ T cells in the lab. This was accomplished through designing new vectors, custom gRNA libraries, and PCR primers, as well as establishing a workflow for DNA processing, sequencing, and analysis. Approaches developed included single-gene knockout, in vitro CRISPR screens, and in vivo CRISPR screens in multiple inflammatory and cancer models. Specifically, in vivo CRISPR screening allowed for systematic and unbiased interrogation of metabolic pathways in CD4+ T cells directly involved in disease pathogenesis as a method for identifying potential drug targets. In vivo models that are currently available or under development include intranasal ovalbumin induced lung inflammation driven by OT-II CD4+ T cells, 2D2 Th1 or Th17 cell driven EAE, Th1 or Th17 driven IBD, diabetes mellitus type 1, GvHD, and anti-tumor immunity in OVA-expressing tumors driven by OT-I CD8+ T cells.  
The third aim was to apply the in vivo CRISPR screening approach to identify potential novel therapeutic targets. In Chapter 5, Th1 and Th17 cell driven EAE screens using the glutamine metabolism library identified SNAT1 as uniquely critical to Th1 cells. Further, we showed that SNAT1 loss in Th1 cells resulted in decreased proliferation, reduced intracellular glutamine, increased BCAA uptake, and a shift in the metabolic program from glycolysis to mitochondrial respiration. Further, SNAT1 deficiency delayed onset of clinical symptoms of EAE and reduced weight loss associated with Th1-driven IBD colitis. However, SNAT inhibition had no effect on Th17-driven allergic airway disease, supporting CD4+ T cell subset specific effects. 
In Chapter 6, hits from the in vivo CRISPR screen in the lung inflammation model using the one carbon metabolism library was combined with gene expression patterns in inflammatory disorders to identify MTHFD2 as another potential drug target. We further showed that MTHFD2 deficiency was associated with decreased proliferation and effector function, Th17 cell transdifferentiation with induction of FoxP3 expression and acquisition of suppressive function, and enhanced Treg cell differentiation. Mechanistically, MTHFD2 deficiency resulted in accumulation of AICAR, reduced intracellular purine, downregulation of mTORC1 signaling, increased mitochondrial metabolism, and altered DNA and histone methylation. These data suggest that MTHFD2 may function as a metabolic checkpoint in the Th17-Treg cell axis with MTHFD2 deficiency shifting the balance from pro- to anti-inflammatory phenotype. Indeed, MTHFD2 deficiency ameliorated disease severity in multiple in vivo models of inflammation, including DTH, EAE, and IBD. 


[bookmark: _Toc93535066]7.2 Significance 
	One of the general aims of the Rathmell lab is to identify immune cell-type specific metabolic vulnerabilities that can be exploited by therapeutics such that pathogenic cells may be eliminated while non-disease associated immune activity can be preserved. Many immunosuppressants that are used today are broadly acting, impairing the immune system’s capacity to fight infections and mount sufficient responses to vaccinations. In December of 2019, a global pandemic caused by SARS-CoV-2 broke out. Over the next two years, the virus infected nearly 300 million people and killed over 5 million people, and the number of cases only continues to rise even more quickly today. During this time, multiple vaccines and antivirals have been developed at astounding speeds, which has in turn been followed by a deluge of data on vaccine efficacy, an ever-evolving set of health guidelines, and terribly misplaced political unrest. In these circumstances, the need for more specific immunotherapies that can preserve or even promote general immunity has only increased.  
	In the MTHFD2 study outlined in Chapter 6, we tested the effect of the MTHFD2 inhibitor on CD4+ T cell response to a vaccine challenge. Rag1-/- mice were adoptively transferred with OT-II CD4+ T cells and immunized with ovalbumin peptide. The mice were treated daily with either vehicle or an MTHFD2 inhibitor, and expansion of the antigen-specific population was monitored over the next ten days. While there was a mild delay the T cell proliferation response in the first few days, the difference was extinguished by the end of the first week. These results are particularly critical given the increased risks of severe illness and death with COVID-19 in those with pre-existing conditions that may require the use of anti-inflammatory drugs. To this end, the experimental design may be adapted to perform parallel drug target screening in in vivo models of inflammation and vaccination to rapidly identify those that are effective in treating pathogenic immune hyperactivity but preserve general immune function including response to vaccination. 
Further significance of the MTHFD2 study include the transdifferentiation phenotype of MTHFD2 deficient Th17 cells to Treg-like cells with FoxP3 expression and suppressive capacity. While previous studies have shown CD4+ T cell subset specific dependencies such as dependencies on GLUT1, GLS, and ASCT2 (Johnson et al., 2018; Macintyre et al., 2014; Nakaya et al., 2014), MTHFD2 differs in that it directly promotes an anti-inflammatory state in addition to impairing effector functions. Additional genes that either promote or oppose Treg cell identity may be found by performing screens for FoxP3 stability, such as by adoptive transfer of iTreg cells in in vivo models of inflammation followed by recovery of the transferred cells and sorting for populations that retained FoxP3 expression and those that lost FoxP3 expression. 
In Chapters 4 and 5, we investigated CD4+ T cell subset specific dependencies on uptake of non-essential amino acids and the SLC family of nutrient transporters. SLC transporters have been associated with over 100 monogenic diseases and proposed to be potentially promising drug targets (Lin et al., 2015). Highly proliferative cells, including activated T cells and cancer cells, share conditionally dependencies on the uptake of non-essential amino acids from their extracellular environments to meet their increased metabolic demands. Both xCT (SLC7A11) and SNAT1 (SLC38A1) that were found to be significantly upregulated with CD4+ T cell activation, have also been shown to be overexpressed in certain tumors. Loss of the xCT transporter in tumor cells was shown to inhibit tumor growth (Arensman et al., 2019), while SNAT1 knockdown inhibited tumor cell proliferation and its expression was correlated with disease progression and poor outcome in patients (Kondoh et al., 2007; K. Wang et al., 2013; M. Wang et al., 2017). While these findings suggest that these transporters may be favorable targets for anti-cancer therapeutics, potential negative effects on anti-tumor immunity require further investigation. One way to address this would be to perform two in vivo CRISPR screens simultaneously in OVA-expressing tumor cells and OT-I CD8+ TILs both transduced with the SLC library in the same mouse. This would potentially allow for identification of nutrient transporters that may be targeted to inhibit tumor cell proliferation and survival while preserving or even promoting CD8+ T cell survival and anti-tumor immune function in the same TME and nutrient availabilities. 
	Next, we consider the significance of the targeted in vivo CRISPR screening approach itself. Since the paper describing the whole-genome CRISPR screen was published in 2014 (Shalem et al., 2014), numerous groups have published many different variations of this technique. While whole-genome screens remain the most common, some groups have more recently employed smaller curated gRNA libraries to interrogate specific biological questions. In our lab, we have specialized in very focused gRNA libraries targeting metabolic pathways or gene families of interest that generally range in size from few tens to hundreds of genes. By limiting the size of the libraries, we have been able to greatly increase the variety of CRISPR screening applications because it is possible to recover enough cells to maintain statical power. For example, the EAE screen requires recovery of transduced cells adoptively transferred by tail vein injection that subsequently penetrate the blood-brain barrier and infiltrate into the brain and spinal cord parenchyma. Another advantage of small-scale focused libraries is that it allows for the identification of intermediate hits. For instance, MTHFD2 was an intermediate hit that showed properties of conditional dependence with dispensability in other cell types that was essential to its potential as a therapeutic target. Whole-genome and other large-scale screens generally identify genes that cause extreme phenotypes. In the one carbon screen, MTHFD1 had a greater fold change and p-value relative to MTHFD2. However, mutations in MTHFD1 are known to cause SCID suggesting that it would not be a viable therapeutic target. Likewise, genes that cause extreme phenotypes are more likely to be fundamental to function and survival of many cell types making them unfavorable as candidates for therapeutic targets. 


[bookmark: _Toc93535067]7.3 Future Directions
	Having established a basic workflow for in vivo CRISPR screening, it has been an exciting to brainstorm further applications as well as to witness colleagues adapt the technique to further their own research. Below, I briefly outline several ideas for potential future projects that I hope to pursue in the time remaining and leave for students that follow to continue. 
The first project that requires further work is the one focused on xCT, GCLC, and ROS outlined in Chapter 4. While the preliminary results support differential dependence of Teff and Treg cells on xCT and GCLC for ROS-mediated metabolic reprogramming, much more data are needed to confirm this hypothesis. First, the xCT knockouts in CD4+ T cell subsets need to be repeated and further characterized in culture conditions with higher oxidative stress to reveal any potentially masked ROS-dependent phenotypes. If the phenotypes align with the hypothesis, further investigation of the mechanism is needed including identification of potential differences in ROS regulatory mechanisms such as xCT and GCLC expression and regulation in Th1, Th17, and Treg cells.   
The second project is continuation of the SNAT project. Thus far, we have found that SNAT1 loss in Th1 cells leads to impaired proliferation while having no effect in Th17 cells, and that this is in part mediated by decreased intracellular glutamine, increased uptake of BCAA, and a shift in the metabolic program from glycolysis to mitochondrial respiration. However, the mechanism underlying the regulation of metabolic programming in relation to SNAT1 transporter function has yet to be elucidated. Thus far, we have measured mTORC1 activity, phopho-AMPK, MYC, and HIF-1ɑ expression after confirmation of SNAT1 knockout at seven days post T cell activation at which time there were no differences detected between control and knockout cells in any of these species. It is likely, however, that the primary substrate of the transporter and downstream signaling events are temporally dependent, and thus may not be adequately captured at a single timepoint. A better method would be to knockout the transporter in naïve cells prior to activation and measure the activity of amino acid sensitive metabolic regulators serially over time. Additionally, the function of increased BCAA uptake requires further investigation. It is hypothesized that BCAA may compensate for decreased glutamine to support TCA cycle anaplerosis and mitochondrial metabolism in the setting of reduced glycolysis with SNAT1 knockout. To test this, SNAT1 knockout cells may be subject to substrate oxidation tests using the Seahorse Bioanalyzer and treatment with either CB839, a glutaminase inhibitor, or a BCAT inhibitor. OCR in SNAT1 knockout cells is predicted to be less sensitive to CB839 due to decreased intracellular glutamine. In contrast, OCR in SNAT1 knockout cells is predicted to be more sensitive to a BCAT inhibitor due to its increased dependence on BCAA to compensate for decreased glutamine availability. These experiments will help to better characterize the function of SNAT1 in CD4+ T cells.  
The third project is continuation of the MTHFD2 project. While the initial findings have been published, there are certainly more biology and applications to investigate. One potential avenue of study is sex differences in the effects of MTHFD2 deficiency. Specifically, female CD4ΔMthfd2 mice immunized with MOG/CFA and PTX to induce EAE were significantly better protected than male CD4ΔMthfd2 mice. While these results are confounded by the established finding that male and female mice respond differently to MOG immunization, the dramatic differences in the effects of MTHFD2 deficiency between the sexes warrants further study. Further avenues of investigation for the MTHFD2 project include characterization of MTHFD2 function in other immune cell types including nTreg cells, B cells, and macrophages. This is important given that systemic treatment with an MTHFD2 inhibitor will also affect other immune cells that express MTHFD2. Finally, preliminary results indicate potential applications of MTHFD2 inhibitors in cardiovascular disease that require further investigation. The breadth of possible therapeutic applications for MTHFD2 inhibitors can continue to be expanded upon in the realm of Th17 cell driven inflammatory processes. 
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[bookmark: _Toc92613707]Figure 7‑1: Sex differences in the effect of MTHFD2 deficiency on EAE disease severity.
Female CD4ΔMthfd2 mice immunized with MOG/CFA and PTX displayed minimal clinical symptoms of EAE, while male CD4ΔMthfd2 mice exhibited delayed onset of EAE but reached the same maximal disease severity as the WT group at peak disease. 


The fourth project would be focused on uncovering more general biology underlying Th17 and Treg differentiation. Unexpectedly, both SNAT1 and MTHFD2 inhibitors were observed to increase FoxP3 expression in Th17 cells and Treg cells cultured in low TGFß concentrations. Given that SNAT1 and MTHFD2 have very different functions, these data suggests that there may be convergent biology that drives this phenotype. One hypothesis is that a factor that is dependent on proliferative rate also regulates FoxP3 expression. To support this notion, I have observed that Th17 and Treg cells cultured with the same concentration of TGFß at different temperatures not only show different rates of proliferation but also different levels of FoxP3 expression. Thus, interventions that decrease proliferative rate in Th17 and Treg cells in some cases may also induce FoxP3 upregulation and vice versa. The identification of the mediating factor could potentially constitute an interesting project. One candidate factor is ROS. 
	Fifth, many new CRISPR/Cas9 methods have been published in the past few years that may be used to further refine the workflow in our lab. Long et al. (2021) demonstrate the use of lentivirus synthesized with the E-MLV envelope for transduction of naïve and resting primary T cells. Thus far, reliance on retrovirus has limited our transductions to activated and rapidly proliferating cells. Transduction in naïve cells will allow for investigation of the effect of a specific gene ablation on early events proceeding TCR engagement. This would also allow for adoptive transfer of naive cells instead of activated cells for in vivo screens that may reveal further metabolic dependencies associated with activation and differentiation of disease-causing cell populations. Moreover, many new vectors and libraries are now commercially available for lentiviral applications that can then be easily applied to our existing workflow. This includes the plenti guide Thy1.1 vector (Addgene Cat# 128063) that contains the gRNA scaffold along with a Thy1.1 reporter. The Thy1.1 reporter offers many advantages over the fluorescent reporters, including the ability to isolate the transduced population by magnetic bead sorting. Isolating the transduced population prior to adoptive transfer would in turn increase the number of cells recovered from in vivo screens. Another method that requires optimization is nucleofection of Cas9 protein. This would allow for the lab to reduce its dependency on Cas9-transgenic mice and TCR/Cas9 double-transgenic mice for specific applications that are often limiting resources. It would also allow for further applications in human cells. Methods using nucleofection of Cas9 protein in conjunction with lentiviral delivery of gRNA library for CRISPR screening has been published by Shifrut et al. (2018). 
	The last project is to develop an in vivo CRISPR screening approach to test the same gRNA library in multiple CD4+ T cell subsets in one disease model. The most suitable model for this is likely to be the intranasal ovalbumin-induced lung inflammation model. Here, CD4+ cells are isolated from the spleen and lymph nodes of OT-II/Cas9 double-transgenic mice and polarized to Th1, Th17, or Treg cells. Next, the Th1 cells are transduced with the gRNA library and combined at equal cell numbers with the Th17 and Treg cells to create a mixed population of cells. This mixed population is then adoptively transferred into Rag1-/- mice that are then intranasally treated with ovalbumin to recruit the adoptively transferred cells to the lung and cause lung inflammation. This is repeated two more times with only transducing the Th17 cells, then only transducing the Treg cells. Alternatively, the vectors may be barcoded by subset to allow for a single experiment to be performed and the subsets to be demultiplexed after sequencing. This advantage of this multi-subset approach is that Treg cells can be studied in the context of disease and that this essentially eliminates the cell-dependent differences in the tissue microenvironment as a confounding factor. The most exciting application of this approach would be the SLC transporter library given the high interest in these transporters as potential drug targets and their dependence on nutrient availability within the microenvironment.
	
[bookmark: _Toc93535068]7.4 Concluding Remarks
	This dissertation outlines a study of differential metabolic dependencies of CD4+ T cell subsets. The investigation began with a cursory survey of amino acid requirements and expression of nutrient transporters. We next developed targeted in vitro and in vivo CRISPR screening methods to systematically evaluate metabolic pathways of interest including glutamine metabolism and one carbon metabolism. Finally, we demonstrated the efficacy of this approach in identifying two potential therapeutic targets – SNAT1 and MTHFD2 – and characterized their metabolic and immunologic functions in CD4+ T cell subsets. Specifically, MTHFD2 was found to serve as a metabolic checkpoint such that MTHFD2 deficiency shifted CD4+ T cells from pro-inflammatory to anti-inflammatory phenotype. Supporting these findings, MTHFD2 inhibition or genetic ablation reduced disease severity of multiple inflammatory and autoimmune disease models, including DTH, EAE, and IBD. Our work on MTHFD2 has contributed to interest by pharmaceutical companies in further developing therapeutic agents targeting MTHFD2 for patient use. Research is certainly rewarding in and of itself as it is intellectually stimulating, but also being able to make such tangible contributions to medical science has been an extremely exciting experience. As I move forward to the next phase of my training, I look forward to seeing how the methods developed here will continue to be improved and applied by students that follow and make meaningful contributions to science and medicine someday.  
	
	



[bookmark: _Toc93535069]APPENDIX

[bookmark: _Toc93535070]A. Glutamine Metabolism gRNA Library

	Target Gene
	gRNA sequence

	Aldh4a1
	GTTCAACGCAAAGTTCGCCG

	
	CGCTCGGCATTCGAGTACGG

	
	CAACTGGTACTGTATATCGG

	
	ACCTTTATGACAGGGCAACG

	Bcat1
	TAGAAAAATAAGGTCCCACG

	
	CCCCACATTTATCGGAACTG

	
	CACAGCGTAGTGCAAAACAG

	
	CAAGATCCGATTGTTCCGGC

	Bcat2
	ACGGAACGAGCCTCTACGTG

	
	CAGGAACTATGGACCCACTG

	
	GTGGAGTGGAATAACAAGGC

	
	GCACAGAATGACGTACAGGA

	Cad
	CGCAGGGGTACCCGACCGTG

	
	AGGATTAGAACCTTTCGTGG

	
	ATGGTGAGTGCCCACCACAA

	
	CTCAGAAACTCTGTTACGGG

	Cps1
	TGAGCCTCACAATTTCGTCG

	
	ATGCAGACCGAATCATCACA

	
	TACAGTATTCCATGGAAGTG

	
	GTTGGTGGCATCTCGTGTCG

	Ctps
	ATTGGCCATTAACCACAAGC

	
	ATACCAGTACGTCATTAACA

	
	GCCCACAAGAGCGATCGAGC

	
	TTAATACCCGTAGACGAAGA

	Ctps2
	GGATAGCATCAGTAATATGG

	
	TTTGGTGTATTTACCAACCA

	
	AAAAACCCACCTGTGGCACA

	
	CTTCACAGCCATCTCAATGG

	Gad1
	CTATTCCATAAAGAAAGCCG

	
	GACATTTGATCGCTCCACCA

	
	GCGGTTGCATTGACATAAAG

	
	AGATGAGAGAGATCGTTGGA

	Gad2
	TTCTGATTAAATGTGACGAG

	
	GTATAAGATCTGGATGCACG

	
	GGCATCGGAAACAAGCTGTG

	
	GACAGCTGATTAAAATATCG

	Gclc
	TGTGCCGGTCCTTGACTGCG

	
	CAATATGAGGAAACGCCGGA

	
	AGAAACATCCGGCATCGGAG

	
	TGTAGATGATAGAACACGGG

	Gclm
	TACTTACCCTGACTAAATCG

	
	GTGCCCGTCCACGCACAGCG

	
	TTAACTCCATCTTCAATCGG

	
	GCATTTACAGCCTTACTGGG

	Gfpt1
	TGTGGCACAAGTTACCACGC

	
	AAGCTGCGGTCTTTCCCGTG

	
	GGAGAGAGGAGCCTTAACTG

	
	TCTGTTGTGAACACAATGAG

	Gfpt2
	CTGCGATACTGTAAGGATCG

	
	TACTGCACTTACAGCCACAG

	
	CACATGTCGGATATAAGACG

	
	AATTAGTGATGATCCCGTTG

	Gls
	CGACGCGTTCGGCAACAGCG

	
	TGTACATCGCTATGTTGGGA

	
	GATTGCGAACATCTGATCCC

	
	ATATAACTCATCGATGTGTG

	Gls2
	CGTCCGGTACTACCTCGGTG

	
	GGGGATCGGAATTACGCCAT

	
	AAAAGCAGGTCACCAAGTCG

	
	TGAGTCAGGCAGTGTCATGG

	Glud1
	CAGTAGCGGAGATGCGCCCG

	
	CCGCGGCGCCAGCATCGTAG

	
	ACATACAAGTGCGCTGTGGT

	
	GGAAGGAGAGGCTCAACACA

	Glul
	GATTACGGGGACAAATGCGG

	
	TGGAAGGCCAACCAAATGGG

	
	CTTGCCCAGAGTTACCTGAG

	
	TATTTCTAGAGACCAACTTG

	Got1
	GATCCCCGCAAGGTTAACCT

	
	GTTGGTGATGATACGTAGAT

	
	AGACCTAGAGAAAGATGCGT

	
	CATTCGGCCCTATTGCTACT

	Got2
	TGGAGGTCCCATTTCAACAT

	
	TTTCTGCCCAAACCATCCTG

	
	CATCCTCCTCACCTTCACCA

	
	AGCTCACCTTCCGGACACTG

	Gpt
	GTACTATGCGTCATCAACCC

	
	TTGATGACGCATAGTACTCG

	
	CCCTACCACGATGGCATCGC

	
	GTCCGGACTGCTCAGAAGAT

	Gpt2
	GCGGTGGAGTACGCTGTGCG

	
	ACGCTAAGAAACGAGCGCGG

	
	GTTCTCTGCATTATCAACCC

	
	GGGGATGGGAATCATCACGC

	Nags
	GGATGAACTAAGGCACAACG

	
	CAGCTACGGTGGCATCGTCG

	
	GACAGCCAGAAGGTGCCGTG

	
	GCTAGCGGCTGTAATGACTG

	Ppat
	ACCTTGGAATCGGACATACG

	
	ATAAGACGCCCGATGCAGAG

	
	TGATCACTCTGGGACTCGTG

	
	AGGGGTGTATGCGAGTAACT

	Psat1
	TGGAAGGAGTGCTGACTACG

	
	TGCAAACGAGACTGTGCACG

	
	CAATACAGAGAATCTTGTGA

	
	CTTTGTAGTCAAGGACTGAT

	Rimklb
	ACTATCACTCTGCACCCATG

	
	ATGGTGCTGACGGTCGAGCA

	
	GTACGAGTCATTGTTGTGGG

	
	AAGAATACAAGGGGTCATAG

	Slc1a4
	GTCTGCAACCGATTACACAG

	
	TAGAGCCACTCCTAACACCA

	
	GATGCCACCCAGACGCCCGA

	
	ACCCACCAACACTCCCGACA

	Slc1a5
	AATCCCTATCGATTCCTGTG

	
	TACAACAGAGTCGTTGATGG

	
	GCGGGAGATCAATTCAACCA

	
	GTGGTGTGCAGCCTGATCGG

	Slc38a1
	ATACTTTGGTGTGCACGCGT

	
	TGCATGGTGTATGAGAAGCT

	
	TCACCATCACCACCAACACT

	
	AGATTGGCAGGACGGACGGG

	Slc38a2
	CCACCAAAGCAGCTTCCACG

	
	CTCAAGACTGCCAACGAAGG

	
	GCAGTGACAATGGAAGAATG

	
	GAGTTGAAGATGAAATAGCG

	Slc38a4
	CCACGGACACAAATAAGACG

	
	GAAGAAGCTAGCCGATTACG

	
	GATCTCGCTGCCTAATGACT

	
	GATGAAGAGGTAGCTTGACA

	Rheb
	AACAAACTGAATTGTCAATG

	
	CCATATCCAACAACTTGCCA

	
	TTCAGCTTGTAGACACAGCG

	
	TCATAGGATACCTATTATGT

	Tsc2
	TGAACCACATGGCTATGACG

	
	CACAGGGTGATAATGAACAG

	
	CAGCTCCAAAGACCCTTGAG

	
	CTGATCCTAGCACACATGTG

	NTC
	AAACTCCCGTGTCAACCGAT

	
	AAACCTAGCGTAGATTCGGC

	
	AAAAAGTCCGCGATTACGTC

	
	AAACTCATACGTAGCGAATC

	
	AAAACGTAATTATACCGAGC

	
	AAAACGGCTCGATCGGTGAT

	
	AAACCCCCGCGCGGAGCGTC

	
	AAACGAGGCTGTTCGTACAC

	
	AAAATTGCACCTTCCCGGCC

	
	AAAGACGTGCATTCAGCGAG





[bookmark: _Toc93535071]B. SLC gRNA Library

	Target Gene
	gRNA sequence

	Slc10a1
	TACAGCAAAGGAATCTACGA

	
	TTAACCCTCGGTCCTACCTG

	
	AGGACGTAGGGTACATAGTG

	
	GAGGGGCATGATACCGTACT

	Slc10a2
	CTATTGGATAGATGGCGACA

	
	GTTGCTCTCAGGTACTACGC

	
	TAGGACATATAAAGAGACCA

	
	GCTCACCATCCTCTTAGCCA

	Slc10a3
	CTGTTCATCAGCCTACCATG

	
	GTGATCTCTAGCCAATACAC

	
	TGGTGTTGAGAGCAGAAGGG

	
	TGAGAGTGGTAGGAAACCAG

	Slc10a4
	AAGCATCGGCTTTAGCCCCG

	
	CATGTCGCCGTCTACCAGCA

	
	CTCACCCTGTCTCCCAACGC

	
	AGGCACGGCTGTAGATCCAG

	Slc10a5
	TAGACACAATCTTTAACACA

	
	ACCCCAAGAAGTATTGGCAA

	
	GGATCATCGATAAGACAAGC

	
	GTCAACCTGAAGACTTTCCC

	Slc10a6
	TGCTCTGATACGGAATGACG

	
	CTGTGACATGGCCGACCAAG

	
	CAGTAACTGCCACCACCAGG

	
	GAAGGTGAGAACATTAGAGA

	Slc10a7
	CCGTCGGTCGGAGTGAACGG

	
	GTTGAAGAATATCGTTGCGA

	
	GAAGAAGCCACCATTTGGTG

	
	AACTGCCTTGGTTAAAATCA

	Slc11a1
	GGGTGTGCTACCACATACTG

	
	GAGAAGTAGACAGAACCCGC

	
	CCTAGCATGATACCGTCCAG

	
	GAATGGGGATCTTCTCACTC

	Slc11a2
	ATGTCACCGTCAGTATCCCA

	
	AAACACAAAAGTGTCTGCGA

	
	TGAGAAAATCCCCATTCCTG

	
	CCTTGACTAAGGCAGAATGC

	Slc12a1
	CATCATCGGTTCCATCACCG

	
	ACAAACGGAGTGGTGCGAGG

	
	GTGGGTTATATCCAAGAGAG

	
	CCATGGCTATCACAAAAGTG

	Slc12a2
	CGGTTTCCGAGAACGCCGGG

	
	AAACGTCCCTATGACGAAGT

	
	GTTAAGATGTAACCACGAAG

	
	TCCGACAACATACATAGCAA

	Slc12a3
	AACCTGGTACCCGACTGGAG

	
	CGGTTACAACACCATAGACG

	
	TGTGGTCTTCCACCTCGTTG

	
	CACAGGCTAGCCCTTCGCAG

	Slc12a4
	AGCAAACGGTGAACCGACGT

	
	GGTGGCGCTTGACATGTCAT

	
	GTTACTCACGGAAACACGGG

	
	CCCAGAAGTCTATCCCAGTG

	Slc12a5
	CCAAAGGGGTGATTGTCGAG

	
	AGCCATGGCGAGACAGCGTG

	
	TGGATTACAGAGCCTCACAG

	
	GCAGGATCTCGATCGTGCCA

	Slc12a6
	AATCCCCAGGATGTTACGGA

	
	AACTATACAAATCTGACACA

	
	AATGGGGGGATGGTATCCGT

	
	CAAGATCGACACAATTACAC

	Slc12a7
	AATGAAAGATGTAGTCACGA

	
	AACAACGTTACTGAGATACA

	
	TGGTCATGGAAAGGCCAACG

	
	AGCAGATGAACATCAGCGCG

	Slc12a8
	CATCTGCCCACCAAGCACCG

	
	CAGTGAAGAATGACTCCCCG

	
	GAAAGGGCCAAATAAAACAC

	
	CCAGTTCCTCTATTGGCTGG

	Slc12a9
	TAGATGCCGATCAACACGAG

	
	GCCATGCCGGTGTGGCACGG

	
	GCTCTTCTCACCGCACGAGG

	
	AAACACGACTATGCTAAACA

	Slc13a1
	AACATGGGGAACATTAACCC

	
	TTGAATCTGTAACATAACCC

	
	AAGAATTAGAGCAACCGGGA

	
	GGTGGGCTGACAACAATCAC

	Slc13a2
	TACACCACAGCAGCGCCATG

	
	ACCCCCGACGAACAATATGT

	
	GGGTGTGGTACCCGTCAGGG

	
	GCTAGCACGGACTCACAGGG

	Slc13a3
	AGTTTCTTGCCAGTTCGGAA

	
	TCCAGAGCCAGCCCACCAGT

	
	GGCTAAAGCGGTGATCCAGG

	
	CCACCGTACCTTGGGCGGCA

	Slc13a4
	AAACAACAGACAGACGTCCA

	
	GACGGTGCTGTGGTTTACCC

	
	GGTGGTCAGGCCACCAATGG

	
	CTCAGACACCCAGTACACAG

	Slc13a5
	GATAGCCGCCAATACAGCTG

	
	GGGTCCCGTCCCGGTCAAGG

	
	AGTCCAGAACCTTCAAAAGT

	
	AAGAAGGTGTGTTTACCGTG

	Slc14a1
	AAACGTATTGTAGTGTCCTG

	
	TCATAGACATAGCAGATACA

	
	AGGAGAGCAGGATAGCACAT

	
	GTTGCTGACAAACACCACCT

	Slc14a2
	GTCCCAGCAATCGTCCACCA

	
	GAGTACCATCTTCGCCAAGT

	
	CAGCAAAGTCACCTACCCGG

	
	ACTCACAAAGAGCTCCACTG

	Slc15a1
	TTGTCCAATCGTGTAGACGA

	
	GAAGTAAGGCATATCCCAAG

	
	CCACCAAACGCAGACACACA

	
	CTGGGACGACAATCTCTCCA

	Slc15a2
	AGGAGGTATCAAACCCTGTG

	
	ACATTCCAAAGCGACAACAT

	
	TATCGGCTGATCTCCAAGTG

	
	CTGATGGACTCCACCAAGAG

	Slc15a3
	GGTGGTGAGCAACAAGCCAG

	
	CAGCAACACCAAGTAGAGGG

	
	CAGAACATCAGCTTCCTATG

	
	CAACAAAGAGATGTTAGGGT

	Slc15a4
	GCGTGGAGGGCCGTTCACAG

	
	GACACGACGCTGACCCGTTG

	
	TATCACCACCACCCATCACA

	
	CCAATTGAAAAATCTCCGAG

	Slc15a5
	CAAACGCCCTGGCGATCGTC

	
	ACTTACTCATGCACGCTGAC

	
	ATGGCGTTCATTAGCGCAAT

	
	GGTTCTCTGGCCGATAGATC

	Slc16a1
	ACTACTAAGAAAGACCAAAG

	
	CACCAGCGATCATTACTGGA

	
	GACTTGCAGCCAACACCAAG

	
	AGGCCCTATTGGTCTCATCA

	Slc16a10
	TGGCATCCAGAACGCCTACG

	
	GCCACGTCGGAGACATCCGA

	
	GAGGTGCTCTTCATGTGCAT

	
	TGAAGCTCTTTAACACGCTG

	Slc16a11
	TTCGTTCAAAGTGCTCCGCG

	
	CTACCGCCAAGACCCGACGG

	
	GCGGACCCAAATGAACGTAG

	
	GCCAGCCGAAAGTATCAAGG

	Slc16a12
	CAACAATATCGATTACCCCG

	
	GCCAGGAAAACTGTTCGATG

	
	GCTTACCTGTAAGAACTCCC

	
	ACCAGTTATCCTGTCAAGCG

	Slc16a13
	CAGATGCCACGCGCCCCACG

	
	GATCGCTTCCATAGGGATCG

	
	CTGACAGCAGCCCAATACTC

	
	CATTCCATACGTCCACCTGG

	Slc16a14
	GGCCCTAGGAGTCCTCAACG

	
	AAAGGCTACAAACATGCGGT

	
	AATAAAGAGAGACTGCACAT

	
	AAGCCCCACCCAGATATCGA

	Slc16a2
	GTAGGGGACGAAGTAACCAA

	
	CCTCTACTCCATGCTACTAG

	
	CCACACCATTGGCTAGACCT

	
	GCCTGCGCTACTTCACCTAT

	Slc16a3
	TATGGGTGTACCCGACACAA

	
	CTGAGTGTCTTCCGAGACCG

	
	AGTATCGATTGAGCATGATG

	
	AAAAGACGCTGACCGCCTTG

	Slc16a4
	AAGGAACGTCCCAAGAATGG

	
	CAATTGCCCGTTCTGGAATG

	
	CTGGCTACTAGGTGGAAAGT

	
	TTGCCATTGCTCATAAGTAA

	Slc16a5
	GCCGTACGCTATGCATCATG

	
	AGGCTCCACATACACAACAG

	
	GGCTTCTGCATATACGTCAC

	
	CTGTGATCACTCCTGCGGTG

	Slc16a6
	GCTGTCGACGATGGCCATTG

	
	ACAGAATGGTCACAGTTGGG

	
	CAATTATTATCCAAGGGCCG

	
	TGAGTCGATGGAGTCTATTG

	Slc16a7
	ATTACCTCCAATGAAGCCAA

	
	AGAGGTACTGGATTCGTGGA

	
	GCTCAGTACGCTAAACACAT

	
	TTCACCAACACACTACTGAT

	Slc16a8
	AGAGACCCCTCGCCCCACGG

	
	GACAGCCAAAGCGCGTCACG

	
	CCTGCTGGTGAACTACGCCA

	
	GAAAGCAACGAGGGTCCCGT

	Slc16a9
	CTAACGGGGATCCGTAAGAG

	
	GGACAGTCGGAGGTTTGCAA

	
	AAACAGAAAGTAGATATTGG

	
	TACCTGTTGAAATCAGGCCG

	Slc17a1
	ACAGATTCGTTAGATAAATG

	
	ATTGTGTGTCGAGTACTCCA

	
	TGGGCACCTCCCTTAGAACG

	
	ATGTCGGCGTGTATGTAACC

	Slc17a2
	GAATCAAGGACTTTAGTACC

	
	ATCCCCGCTAAATATCCACT

	
	TGTGGGAGGATTAATCTCAC

	
	ATCTGACCATCGCCTTTATG

	Slc17a3
	TATGGCATGATACTGATGCA

	
	TCTGCACTATGACCCATCAG

	
	AGCGCATGGAACATAAACTC

	
	ATGTACCTGTTGGTTCAGAG

	Slc17a5
	TCGTCACCCAGATTCCCGGT

	
	TAGAACGTCTAAGGAGTGTG

	
	GATCGTTATCTTACCCGCAT

	
	GCTGGCCGCAGACTTAGGCG

	Slc17a6
	CAGGAGGATATATCGCATCG

	
	AGAAATTTAAGACCCCATGG

	
	AAGCACGTGCAGTCGCATAG

	
	AACAACAGCACTATCCACCG

	Slc17a7
	TGGCGATGATGTAGCGACGA

	
	GGAGGAGCGCAAATACATTG

	
	GACACAGCCATAGTGAACGC

	
	TCCATCCTGAATACTGCACA

	Slc17a8
	CAGCAATGATGTACCGTTTG

	
	AATGATGGCATAGACAGGCA

	
	ACTCGCTGGGCATCTTACAA

	
	TCAGCCAGTTGTCCTCCGAT

	Slc17a9
	GATTCGAGAGAATGTCAGGA

	
	GGCAACAGTACAGACGGGCA

	
	TTGGTTACCGATCCCCAAGG

	
	TCTGGGCGTACTATGTGTAC

	Slc18a1
	GGACAATATGCTGCTCACTG

	
	GTAGTTATCCGTATAGACAC

	
	TCATAAAGCCAACAAACATG

	
	CTAAAAACAACTGCTTGCAA

	Slc18a2
	CGAGCCATACGTACCTACGA

	
	CCATCTGCTTTGCAAACATG

	
	GTACATACCTAAGACCCCCA

	
	ATGCAGAATCCAGCAAACAT

	Slc18a3
	AGATAGACGCCTAACACGTG

	
	GGTCGGCTCGGTCAATCCTG

	
	GCTTGCCCGCGAACTCGTAG

	
	CTATATCGCTCACATGCGCG

	Slc18b1
	AGTCTGTCAACTGGATACGT

	
	TAACCCAAGAGTCCGATCCA

	
	GTGAGAATAGTAGACGCCAT

	
	GTATCAATCCTTTGGCTACG

	Slc19a1
	TCTTTCTAAAGCGCCCTAAG

	
	CCTGGAACGTAAATTCACCA

	
	CATGGCCAGCTACTCACGGG

	
	CCGGTGCATACTCAGCAGTG

	Slc19a2
	GGAGTAGTAGGCGATTTCGG

	
	GACTCAGCCTGATTGTGACG

	
	CAAGTGGTGAACTACGCGCA

	
	GCAGGAACCAGCACTCGCGA

	Slc19a3
	CTGTCGGAGTATCACACTGG

	
	TGCCAATTCAAAGAATCTAG

	
	ACCAGAGGGACCAGTAAACA

	
	ACAACGTGTAGCATGATGAC

	Slc1a1
	CGACTCACCTAGTACCACGG

	
	TAGGATTACAGCAATGACGG

	
	ATCATGCTGGATACGATCAG

	
	TCACCTGATCAGGTCCAACA

	Slc1a2
	CATGTTGATAGCCTTCCCGG

	
	CCATAGCTCTCGTGCCTAGG

	
	TAATTGCCCATAGGTCTGAT

	
	GTTCATGGTTTCATTCAACA

	Slc1a3
	GTATAAAATGAGCTACCGGG

	
	GACTCTGACCCGGATCCGGG

	
	GAGGCCGACAATGACTGTCA

	
	AGGCTTCTACCAGATTGGGA

	Slc1a4
	GTCTGCAACCGATTACACAG

	
	TAGAGCCACTCCTAACACCA

	
	GATGCCACCCAGACGCCCGA

	
	ACCCACCAACACTCCCGACA

	Slc1a5
	AATCCCTATCGATTCCTGTG

	
	TACAACAGAGTCGTTGATGG

	
	GCGGGAGATCAATTCAACCA

	
	GTGGTGTGCAGCCTGATCGG

	Slc1a6
	ACAGCACACGAGTGGTGACA

	
	ATTGGTGGCATGAAGCACAA

	
	CCATGACCCGAGAGCACGTG

	
	GAAGGGAAAGGGGTTCCGAT

	Slc1a7
	GTGACAACACATACCCATCG

	
	AGTCCACAGGTAGTATGCCA

	
	CCGGCGGATCGTCATCTATG

	
	GTGATGAGGAAGTACAGTAG

	Slc20a1
	GTAGAAAGGTTACCTTACGG

	
	TCAGTATCACACCGTGCACA

	
	CCGGAACGGCTTGATAGATG

	
	GCCACATATTGCCATAGTGT

	Slc20a2
	ATACTGTACACAAAGACTCG

	
	GCCTTACCATAGGAAGCCCG

	
	AAGTGGCGATATAAACCAGG

	
	ATGGTAGCAGCATAAAACAG

	Slc22a1
	GAAGAAGCCCAAGTTCACAC

	
	TGTTAACACGCCAGACAGGG

	
	CGGAACAGGTCTGCAAACGA

	
	TCTTTAGCTCCCATCTACGT

	Slc22a12
	GGGCCTGGGAGTTACATACC

	
	ACGGTAGGCAAGCTGGACCA

	
	GAGGTGCTATTGTCCAGGAG

	
	CATCACCAAAGGGCTACCCT

	Slc22a13
	CCTGAAGAAGACCTCCCAGT

	
	AGTAGCCAAGACAAAGCGTA

	
	GAAGAGCAGTAAGACGGGTG

	
	ATCTTGGAGAACACAAGCCG

	Slc22a15
	TAGCTCCAATCAGTGCAATG

	
	CCGATCTTACAAAGTCAGCG

	
	CCTCGTTGGTTATACTCCCA

	
	GTCTTGCTAAATGAGTGCGT

	Slc22a16
	GCTATTTGTTGAAAACGTGG

	
	TCTTATCACTAGATGTGACG

	
	ATTTACGCTTACCCACTAGG

	
	TAGACGTAGCCATCGAAGCA

	Slc22a17
	TTCTCTCAATGACTCTCACG

	
	GAGGCCCAGGAAGCTTTGCA

	
	GCAGACTCCAGAAACAGACC

	
	ATCGCCAGTCCTTAGAGACA

	Slc22a18
	CTAGGTCACTTACCCGTATG

	
	CAGGTTCGCAGACCAGTGCG

	
	TACCTGGAAGTGTGTGCATG

	
	GGCCAGAGATTACCTTGACC

	Slc22a19
	ACTGTGGTTGAATATAGCGA

	
	TGTACGGAACAAGTCCAGTG

	
	GTTGGACAGACACTGTTGGG

	
	GTTAATCTGCCATGCCCTGT

	Slc22a2
	TTGGTGTTTCGATTTCTACA

	
	AAACGATGCCCACATAGATG

	
	TTCAGTCATTAGTGAACGTG

	
	GGAGACTCCGGTATGCACCT

	Slc22a20
	CTGGCGTGGCATACCTGATC

	
	GCTGGACGTACCAAGAATAG

	
	GGTGTGGTCGTACCTGCAGC

	
	GAGCCAGGTCACGAAGGGTG

	Slc22a21
	GGGACATATATCCAACTACG

	
	ACAACCCAGTAAAGCCATTG

	
	TTCGGACCAGATCATAAATG

	
	GAAGCTGAATCCGGTGTGCA

	Slc22a22
	ATTGGGTGTACCTAAAGCGT

	
	CTAGTCCCCCAAGTACACCC

	
	ATCATGAGGGGATAACACCA

	
	AGGGAACAATACATCAACAA

	Slc22a23
	GCCCGATTTCTGGTGCCGCG

	
	TCGAGAAAGAGCTTTCACGG

	
	AAATTGCGACTGCCACGCGT

	
	AAAACGGTTCATAATTACCA

	Slc22a26
	ATGAGAACTCATTGACAGTG

	
	TGGAACAAGTCACGTAGAGA

	
	CCAACTCTAATAATAACAGT

	
	ATGGCTGGGTGTATGACCAG

	Slc22a27
	TCCCCCTGGATTCCAACCTG

	
	TGTGGTACCTCATATTGCAA

	
	ATACACCCAACCATCCACAC

	
	GTTCCACAGACAATCCTGCC

	Slc22a28
	TGGACAAACCCTAAATTCCT

	
	GGTGGATGTCAGAGTCAGCT

	
	CAAGTTACTATTTACTGATA

	
	TCTTCTTCTTTATACTCACA

	Slc22a29
	ATACATCCATCCTACGTAAG

	
	TCCAATATGTGGTACTACAA

	
	GAATTCTGGAGACCTAACCA

	
	AAAGCACTGCCATCATGGCT

	Slc22a3
	AGGACACCAGAGGCGCGGAG

	
	AGGAAGAATAATGATCCCGA

	
	CCTCTCATCAAATTACTCAG

	
	CCCATTACCAGTAATAGAGG

	Slc22a30
	TGGACAAGCCCTAAATTCCT

	
	GGACCTGGTGTGTGAATCTC

	
	ACACTCACCTGTCTGACAAA

	
	CTACTGCTTACTTCGATTCC

	Slc22a4
	CAGAGCAAAGTAACCCACTG

	
	GAGAACGCCTACGAAGAACA

	
	CGCAAAGATGAACAGCATCG

	
	AACCAGGCAACGGTGCTCGG

	Slc22a5
	TTTATGATCTGATCCGAACA

	
	GGGTCAGATCTCCAACTACG

	
	CACAAGGCAACGGTGCTCCG

	
	CACACCCACGAAAAACAAGG

	Slc22a6
	AAGGAACTGACTCTAAACAA

	
	ATTCACACCCGTGCCTATGT

	
	TCTTCATTGAGTCAGCCCGC

	
	CCCGTAGTAGGCAAAGCTAG

	Slc22a7
	CGGAACAGGTCTAAGTACGA

	
	CCGTATCAGGTACCCAACCA

	
	GAGCCTGGGGATAGGCAAAG

	
	TGCATCGGGAGCAGGAATCG

	Slc22a8
	TCTGAAGACACTCCAACGTG

	
	GATCTGTAGCAAGTTGTGGT

	
	AATGGGTACCCACCTCCACG

	
	CGTTTGGCAGATGCACGAAG

	Slc23a1
	CTGGCATCCTCGTATCCGGG

	
	ACAGGCATAGTAATCACCGA

	
	CTCATCCAGTCCCAACATTG

	
	AGGCTCGAACTGATGCCCGA

	Slc23a2
	CTGGCATCCCCGAATCCAAG

	
	GTGTTTCAGTGGCACGATCG

	
	ACAGGCGTAGTAGTCACCGA

	
	GCGTGCATAGTAGCCATAGT

	Slc23a3
	GGGCACTATAGGACTTCTAG

	
	GGAAGGCCCACACACCCGAG

	
	ACCTACCTACCGAAAGGAGT

	
	GACTCACTGTGCCTACGTTG

	Slc24a1
	CACACAAGTCCACCGATGTG

	
	AGTGTGGAGGATCGACGACA

	
	GGTGAACACATAGAGAGCGT

	
	AAAGCTATATCCCAAAACCC

	Slc24a2
	TCGAAGCCACGCCTCCAACG

	
	TGAGAATGAGAGGCAGAATG

	
	GGATAACGTTATCATGTGGT

	
	AAAGAACTCATCACAGACGA

	Slc24a3
	AATCCCAATTAAGCACACAG

	
	GGCCCCAGAGCTGTTCACGT

	
	CAGCAACTGCGATGCCACTG

	
	TCCAATGAAGACCGACGACA

	Slc24a4
	TCTCATCCACCATAACCACG

	
	ACCCACGGAGATGTCGGTGT

	
	TCTGTGCAGTTCTTAGCCAG

	
	AAACGGGAGACATGAGAACA

	Slc24a5
	CCTTCGGGAAACTCCGATGC

	
	TGAACTAGTTACCGCCTTCT

	
	CAACATCCTGCGACAGTCCA

	
	GAAGTACTTGTCGCAGACGA

	Slc25a1
	ATGAACGAGCGAACCCACCG

	
	GAATAATCTCTCTAACCCCG

	
	ACTGCGACTGTACTGAAGCA

	
	CTTCACGTATTCGGTCGGGA

	Slc25a10
	CATGCGGGACTACATGACCA

	
	TACACGGTACAGACCATCCA

	
	GTCAGAGAGTAGGTCATCTG

	
	GACATTGACCAAATCTGCTG

	Slc25a11
	ACAGACTTAGGGGAGGTACG

	
	ATTTGTGGGAACGCCAGCTG

	
	AAGAACCGGATGCAGTTGAG

	
	GCCTGAAGGGCATTTACACT

	Slc25a12
	ACCCGGATGCAAAACCAGCG

	
	ATAGCACTTTAGCAGGCACG

	
	CTCTTGATAGGAGATCAACC

	
	TCACTGGAAGTCTTACCCTG

	Slc25a13
	GGGGCGACTCCCAGTAACTG

	
	CAGATTTATATGAGCCGAGG

	
	ACAAGGCATCCGGAGCACAC

	
	TACAAGATCGATAGGATACA

	Slc25a14
	GATGCCTGTCTTAGTAACGC

	
	TACCAGCAAGAAGGTACCAG

	
	TGAAACGAACATCGATACTC

	
	TTATTTGTAGAACGTTTGGA

	Slc25a15
	ACCTTTCCAGACCTCTACCG

	
	GCCCATGGTAGAAGCCCAAG

	
	GCACAGCATGCGTACTGACT

	
	GGACAGCACTTACTTCTGAC

	Slc25a16
	CTGCACTTACCCTCTCGATG

	
	CCAGTAGAAGTCTCGGCGTG

	
	ATGAACTGGATTGCACCGTA

	
	ATATAGTAGGCATCAGACCT

	Slc25a17
	GAAGTCTAGCAGTATCCAAG

	
	GCCTGGCACCATACCGAGGA

	
	ACTACAAAGGCATTATCGGT

	
	TTAATAGCCTCAAAGCAGTG

	Slc25a18
	TGGGACAGGTAATCACCACC

	
	TGGGATGTGCCTCACCTAAG

	
	AAGGTCAATGGGAAACACGC

	
	CCTGATTCCACAGGACGCAG

	Slc25a19
	ACGGACCATGTATAAGACCG

	
	TCAGCGCACTTTGTGTGCGG

	
	GACCCCAATGCCAAATACCA

	
	AGAACTGCAGGCCCGCGTAG

	Slc25a2
	GGCATCCGTGGCCTTTACAG

	
	GACACTTCACAAGCTCAGTG

	
	GGTCCCTTAGGCTTCTATCG

	
	CCACTTTCCTGACAAACTGT

	Slc25a20
	ATAGGGGTGACTCCAATGAT

	
	TCCAAGGTCCCAGAGTACAT

	
	TCAGGGGAGAACAAGTACAG

	
	TCCCAGCTGTAAACAGCTGT

	Slc25a21
	CCTGATGCATCCTCTCGATG

	
	CAATCGGAACTTGTTCAAAG

	
	CCAGATGATCTTCCGAACAG

	
	GATATATGTCACTATCACCA

	Slc25a22
	GTGTCTTAGCCAGGTCGATG

	
	ATACATGCCGAAGTAGCCCT

	
	TGATTCAGGTTGGCAAACAG

	
	GACACCAGCTCTCTAAGGAT

	Slc25a23
	GCAACTCGTGCACGTCCACG

	
	CAACCGGCTTAACATTCTAG

	
	GTTATACCCTCAGATCAAGC

	
	TCAGAGACATCTATGTGACC

	Slc25a24
	ATGAGAAAAAATCAGGACAG

	
	AGAGACTGGACAATTTCAGA

	
	AAGAAGTTGCTTACCGAGGA

	
	ATCTTTGTTGACATCGCCAG

	Slc25a25
	AACAACATGTGCATCGTAGG

	
	GAGGATCCACGAAAGGCTTG

	
	CTTGACACCCAGGTCCCGCA

	
	ACTGGAAGCACTCGACGGTG

	Slc25a26
	GGCATTCAAGGACTGTACCG

	
	AACACCCTTACCGTTAGGAA

	
	CCAGCCTTGTTAAATCCCTG

	
	ACTTTCAAGGATTCCCACAA

	Slc25a27
	GCAGCGCTTGTGAACATGGG

	
	AGTAGGAACTTGCTCGTCCG

	
	CCTACGTGTCTGTAAATGGC

	
	GCGCACCATGCCCCTATAAG

	Slc25a28
	CAACACGTTCCGATAGCGGG

	
	TTGAGTGACGTAATCCACCC

	
	CCCGAACACAGTCTGTCACG

	
	ACGTCACAGCAACAGGCGCG

	Slc25a29
	TCGTCTTGGCCAGTTCCATG

	
	TACCGGCATGAGGGCCTGCG

	
	GATGTAATGACCCGCGCCAT

	
	GGTCCTGCCCGTACCTACAA

	Slc25a3
	GCCCCGAAGTGAATGTACAA

	
	GTCAGCGAAGAATTCAGCAC

	
	AATACAGTGATGTGCGCCAC

	
	TGCGGCACTTTACTAAGTCC

	Slc25a30
	GAGCCTGAAGCGGTTAGCTG

	
	AGTCGGATTAGCAATAGCTG

	
	CAATTGATTTAACTAAGACA

	
	CAGAACAGCGCTGTTCAAGG

	Slc25a31
	GGGTTCTGGCAAAATCTAGT

	
	CACAGCTGTCTTCGACACCG

	
	GACTGATTGGTCTATACCAA

	
	AGCCCTGAGGCGCGCTACAA

	Slc25a32
	CGGATCTTCACGAGGTCGAG

	
	GGTTCTCGTACCGGACGTGG

	
	GGAGTAACCCCGAATGTGTG

	
	AGGTGTGCGTGGATTATACA

	Slc25a33
	AGTCCAGGCGTCACAGACGT

	
	CTATTTGGATGGTTAAAACG

	
	TGTCTCCGAGATCCCAGCGT

	
	CTCCAACCAAATTTGGACCC

	Slc25a34
	GCCGCGTGCTGACGACGTCC

	
	CCCTGGACGTCGTCAGCACG

	
	AGCTTCGGAAACTGGTTGCG

	
	GTGGGGACCCAAGCGCAGAT

	Slc25a35
	GCCAGAAACATGGTCTAGTG

	
	TCTGGGAAGCCCAATCTACA

	
	AAGACCAGAATGCAATTGCA

	
	AGAACTGGTACAAGAGCGCA

	Slc25a36
	TTGTAGATGTGGTGGCACAG

	
	AGGGCTATCCTGGAAAAAGA

	
	GAGTCTTTATAAGCCAAATG

	
	TATCAGACAGACGGACTGCG

	Slc25a37
	CTGGATTCATTACTGCATCG

	
	CACTGTCCGGATACAACTGA

	
	GATGAAGTGAATTGACTGGA

	
	GCATCTATGGCGCCCTCAAG

	Slc25a38
	TCCAGGGACACATCTCACAA

	
	CTGAGAAGGGGGCATCACGG

	
	AGAGGAAAGCCTTAATCACT

	
	AGTGATCAAGACACGCTATG

	Slc25a39
	GTACTCACCGCTGGTTGCCG

	
	CAAGGTGCCAGTGAACCGTG

	
	AAGTGCCTCCTATACTGCAA

	
	GGCGGACCTTCACCACATCC

	Slc25a4
	CAGTTTGACCCTCTCGATCG

	
	GGAAGATCCCTTGCCCACGT

	
	TTGTGTCGTGAGAATCCCCA

	
	GGGGAAGTACCGGATCACGT

	Slc25a40
	TATATCCATAGTGACTCCCC

	
	TTTCAACTTACAGAGTAGGA

	
	ATATACATACCTTTGGGGAA

	
	ATGTCTTTACCAATGTCCCA

	Slc25a41
	GACGCTCATAAACCCCATGG

	
	CTAGGTCGGTGCAAGCATAG

	
	GAACTTGATAGCATACTCTG

	
	ACAAACCTGCATGTACACCC

	Slc25a42
	GCTGGGTGTCATTCCCTATG

	
	AGGAATCACTCGCACCATGG

	
	GTACGTGAGGGAAGCCGCAG

	
	CTTCATCCGAATCTCGAGAG

	Slc25a43
	GTGCTGGAACCATCATACAG

	
	TGTAGGGTATGTGACAATCG

	
	GTTCCTGGCCCTTTATCGAG

	
	TCCACTGGGAAATACGGCCC

	Slc25a44
	GTCAAATCACTCGTAGCCGG

	
	GATGTCCTTAGTCTGGCCAA

	
	TGGGATGTACGTTAGCAGCG

	
	TGAGTGTGAAGGTGTTGACC

	Slc25a45
	ACAAAGTACATTCCTAACGT

	
	GGCTACCTACTGACTCATGG

	
	TTTGTAGACGGACTTTGATG

	
	TGCACAGGCCCCCGGTACCG

	Slc25a46
	GTGAATTTACACCTTTACCG

	
	TGAGATGGTAATGCCGAGCA

	
	GCGGAACCCTCGAGCGTCGG

	
	AATTGGACGAGTGATAGGCT

	Slc25a47
	GGGACACGTATCGTCAAGAG

	
	CAAAGGAGTGACCCTCACGA

	
	GTTCCTGACGTCACCCACTG

	
	ACTGCACTGTTTAGTCACAG

	Slc25a48
	AGATCAGACAGACTTCGGCC

	
	GAACACCACCGAGTTATAGA

	
	CACATTCAACTGCATCCGCA

	
	CTGGTATGCTGCCACCGCCC

	Slc25a5
	CAAGGGCATCATAGACTGCG

	
	CGCAGCCATCTCCAAGACAG

	
	TTAAGATCTACAAATCTGAT

	
	GCACAAGGATGTAGCCCCAG

	Slc25a51
	GGGATTGCAGAGTATTACCG

	
	ACCAAACATAAGTGCCAGCG

	
	TGACAAGTCCTGGTTCGAAG

	
	TTACTTGTGTGGCTACTGCG

	Slc25a53
	GTCACAGGCCTACACCCTTG

	
	GGCCCTCAGTACTTCTACCG

	
	CTGTCACTGGGCTATTATCG

	
	AAGGGAGTGTGGCCCAACCG

	Slc25a54
	AGAGACAGCAATCAAGATCG

	
	GAATAGCGAGTGCGATCACA

	
	CTCCGTGTCTTCGCTAAACG

	
	TGGCCTGAGAGAGAGAAATG

	Slc26a1
	ACAGGCCAACATATGTGATG

	
	CCAGCCGGAGGATACCCATG

	
	TACCAGACCCTAAGATAATG

	
	GCCCACATTAACATGGCGGG

	Slc26a10
	CGTGTAGAGTCCGAACACCG

	
	GCTCCCTTTCGATTCCACTG

	
	GGACACAAGATACAATGTCC

	
	AAAAGCAGCCGATCTGGCGT

	Slc26a11
	CTTGCCGTGAAGTTCAGCCG

	
	TCCGCTGCCAGCATCACAAT

	
	GGTACCTGGTCTCTCCGATG

	
	AGGGTAGGCGACGCTGTCCT

	Slc26a2
	GAGCCGACACCATGACTCCG

	
	ATGGCCGGAGAGCTTTCCGT

	
	ACTGTGCCTTATGATTGGTG

	
	TCCAAAATGAGAAGCCAATG

	Slc26a3
	CTATCCGAGTCCCTAATCAG

	
	TCCACGCTGGGTGTAATAGG

	
	CTGGCAACCAAGATGCTATG

	
	TAATCCGAGTCCAAGGACAA

	Slc26a4
	TTGTGAATCCGCCAACCAAG

	
	GCTCCCAAAATACCGAGTCA

	
	TCTGGTTCCAGTGTCTAACG

	
	GAAGACGTTGCTTATCCCAA

	Slc26a5
	GGTGCGAGGCTTTACCACTG

	
	CCTACATGAGTCCTACAGTG

	
	GATGAGTACAGGCCAAACAC

	
	TGACGATCACAATGGCGGAA

	Slc26a6
	ACCGGAACCAAGTTCGCCAC

	
	AGCTGATGATGCACGCGTGC

	
	CCCGGTATCCTGTGCGTGAA

	
	GTCCTAGATGCTCCCGTGCT

	Slc26a7
	TAGACCATACTTATTACCTG

	
	TTGTGATGTCACGACATGGG

	
	GCAGTTCAACAGGTGGCACA

	
	TCAGCTCTTTAACGAGAACA

	Slc26a8
	TGGGATCATCTTAAGCAATG

	
	AAATGTTAATGACTACCGGG

	
	GCGTAAGTGACGTTGAGGGG

	
	ACTTACAAGCAAGATAACCA

	Slc26a9
	TGTCACCAATGAGACCTACG

	
	CTGACCATTCCCTCCTATAC

	
	CTTTGCCGTTATCAGCATCC

	
	ACTCAGTGGAGGGTGTATCC

	Slc27a1
	GGATGGGGTACACATGCGTG

	
	GGCTAGAGCTGCGACGACAC

	
	GAGGCAGCCGGTTCGCGACG

	
	ATACCTGCAGAGTGGTAGAG

	Slc27a2
	TGAGCTGATCAAGTATGACG

	
	ATGCGTAGAACTCATACACG

	
	GCTTACGTAAAAGACGGACA

	
	CTTCACGGATGCATCGTGGT

	Slc27a3
	CTACGTTCAATTACACAGGA

	
	GCAGCGCTTTAGCTACGCGG

	
	GTGCCCACCGCTTTACGCCG

	
	TGTGGTACAGTGGGAGTGCG

	Slc27a4
	CAAACGGATAGGGTACACAA

	
	TCTACACATCGGGCACCACG

	
	TGACTTCAGGAAACATCGTG

	
	ACAGACCCACAAACTCATTG

	Slc27a5
	GTGGGCTTAATGAACTATGT

	
	TACCTCTGTACCATACGATA

	
	GTAACAGTGATCTTGTATGT

	
	CCTTTGTGGATGCTTTAGAG

	Slc27a6
	GAACTGTACGGAGCTACCGA

	
	AAGCCTTCATCATTTATGAG

	
	CAACTGCCAAACGTACCCGA

	
	GGTGCGCTACGGAATTCAGA

	Slc28a1
	ACACCAGCTGTTCCGGCCGC

	
	ACGAACAGCGCCAGCGCCCT

	
	TGGCCTACAATCTGCTAAAG

	
	CGCCCAGCGGCCGGAACAGC

	Slc28a2
	ACCGCTTTGCCCAAAGATTC

	
	TCCTCCTCCAGGGTGTTCGT

	
	AAAACACCCACCTGAATCTT

	
	CTGTTGTTGGCCTCATCCTC

	Slc28a3
	AGTTCCGACTTGGTGACGTG

	
	TGCAGGTGCGGACATGACCG

	
	AAGGACACGCCAAACAGGTA

	
	TCTGTGGAAGTTTATCGCAC

	Slc29a1
	GCTGATGCAGAAACGAGTTG

	
	GCATGATTGATCAGTGTCCG

	
	TACACAGCCCCCATCATGAG

	
	GGCCAAAATGACAACTGCAC

	Slc29a2
	CAGGCTGAGGTAACATACGA

	
	GCAGCATCCCCGAGTCGGTG

	
	TCTGGGCATCCACGCCACCT

	
	GATGAACCAGACGGACGCCA

	Slc29a3
	AATGATGGCCATGCACGCGA

	
	GGGAAACTGCGCAGAACCCG

	
	CAAGGAAGACTGCTGCCATG

	
	ACCAGAAAACACTCGAACTG

	Slc29a4
	GCTGTTGCACCGATACGTCG

	
	ACTGCCCAAGAGGTACACGC

	
	GTGGTGAAGATAGTCGACAT

	
	TGTGCTCCTAAACAACGTTG

	Slc2a1
	CCTGCTCATCAATCGTAACG

	
	TCAGCATGGAGTTCCGCCTG

	
	GTGTCACCTACAGCTCTACG

	
	CAAACATGGAACCACCGCTA

	Slc2a10
	CAGCCCCGTGGCGACCAAGG

	
	AGAGGCGTAATACAGCACAT

	
	TGTGCTGGTGTCCCTCTACG

	
	AGCCAACAGATAAACGGCCC

	Slc2a12
	GTCCTACACGCTCCTTATAA

	
	ATTGGAGCCCGTTAGGTGTC

	
	ATACCAGTGTCAGACCTATC

	
	GGCGCGGCCTCTAATTCCAC

	Slc2a13
	CATGGCCCCCGACACCACGC

	
	CCTCGGTGGCTGATTCAGAA

	
	CACATCCCACAACTAACGCT

	
	AAGGATAATCAGTGCTACTG

	Slc2a2
	AGAGGGCTCCAGTCAATGAG

	
	TTACCGACAGCCCATCCTCG

	
	GGACTGGTTCCAATGTACAT

	
	TGTGATCAATGCACCTCAAG

	Slc2a3
	TTAGAAGACCTACCAAGTGA

	
	GACCACGCCTGCTCCAATCG

	
	CTGGAATGATGGTTAAGCCA

	
	TGTGCCTATGTACATTGGAG

	Slc2a4
	GCAGCCTCTGATCATCGCAG

	
	AACAGAGCTACAATGCAACG

	
	AACCAGAATGCCAATGACGA

	
	CCAGGTCTAAAGCGCCTGAC

	Slc2a5
	CTGGCCCCGAAAAACCTACG

	
	TGCGCTGAGGTAGATCTGAT

	
	CCTGCCCAGTTTATTCACCA

	
	CGGGGACTCCAGTTAGACCC

	Slc2a6
	GAGTAGCCGAGTGTCGTGGG

	
	GAGAGACAGGGATCCAAACA

	
	CATCTTCGACAACACATCCG

	
	ACTACACCTGGACAAAATCC

	Slc2a7
	CGGCGATGTTGTAGCCATAC

	
	TGCCCCACTTATTGACCATC

	
	GACACGCACTTTGAGCGACA

	
	TTCCCACCAGCACTCGAGAC

	Slc2a8
	CCTGCGCCTCGGAGACAATG

	
	ACAGCAAAGCCAGTCACGAA

	
	GATTATGCCCACAGTGACCG

	
	TTGAGTGAGGAGAAAACGTG

	Slc2a9
	CGGAGAGGTTGTACCCGTAG

	
	GCATGCCATCAGCAACGCTG

	
	CCAACTATGTGGACTCAATG

	
	TCTCAACGAGATCTCACCCA

	Slc30a1
	TGGGCCAGCGTCACGCATCG

	
	CCAGGAGGAGACCAACACGC

	
	GGCATTCACGACCACGATCA

	
	GGAGTCTGACAATCTGGAAG

	Slc30a10
	CCATGACAACAGTCAAACTG

	
	AGCCGTGATGACCACAACCA

	
	GCACAGCAGTGACTCTCCGG

	
	TGCTGCAGATGGTCCCCAAG

	Slc30a2
	CTGGTCGGGAAGACACCCAG

	
	TGGAGATTATGAGATCAAAG

	
	AGGCCACATAGAGTTTGCGT

	
	GATGGAAAGCACGGACAACA

	Slc30a3
	GATAGTCACTATGAAGCAGG

	
	GTCTCCCAGCACATGCACAA

	
	GCCCACTTGCTAGCAGACAT

	
	TGCAGAGTATGCACCTCTAG

	Slc30a4
	CGGACGAGGTGAGCGACGAG

	
	TCCACTAGATACCATGCTTG

	
	ACCTTTGGATTTCATCGCCT

	
	ACTTTGTACCAAGTCTCCCA

	Slc30a5
	TGTTCTTTCTGTGACGACTG

	
	GGCGTGCTAACCAACAGTCT

	
	ACCACTCTATCACTTCATGG

	
	ACAGAGCACGTCCTGTCTGG

	Slc30a6
	AACTGACCGATAACATGAGG

	
	TCAGAACAAACGGATTCATG

	
	GGGCAACATACCGATGCTGT

	
	CTTACCCAAATGAATAGACA

	Slc30a7
	AGGAGTCGGAGATCAAGCCT

	
	CATTAAAGAGGGAATGACTG

	
	AAACAAGCAGCAGTCTCTCG

	
	CATGACCATGACCACGCTCA

	Slc30a8
	GCTCTGAAATACATCCCCCA

	
	TGGTATGACTTACACAATGT

	
	TCTGGCTATCCTCACTGATG

	
	CTTGCTCGACCTGTTCCCTG

	Slc30a9
	AAGGACTCGGTGTCATCGTG

	
	ACTGAGACCGCTCTGGAACG

	
	ATTATCTGATACTTGTAACC

	
	CTACGAATGTCCAGAAAGGA

	Slc31a1
	TGTGGTTCATACCCATATGG

	
	TTGGTAATCAATACACCTGG

	
	GGACTCAAGATAGCCCGAGA

	
	TCAGCCTCACACTCCCACGG

	Slc31a2
	CTGTATGAGGGCATCAAGGT

	
	CAGACAATAGGACCCGCCTC

	
	GGACCAGACCAGGATTCTAC

	
	CAAGATGAACTGCTGGCTGT

	Slc32a1
	GACGTGTATCTTGTACGTCG

	
	ACAAACCCAAGATCACGGCG

	
	GGAGACATTCATTATCAGCG

	
	CAGCAGACTGAACTTGGACA

	Slc33a1
	GTGACTTACCTAAAGCCCCG

	
	ATGTTATCCCGGGAAAACGT

	
	GAAAGGGTAACGATTCCCCT

	
	AAATATTGATGGCAGAACAC

	Slc34a1
	AGTTGAGCATCTTCACAAGG

	
	TGACCCACTACCTACCAAGC

	
	GTGTCACCCAGACACAACAG

	
	TGCCATCCTATCCAACCCAG

	Slc34a2
	TCATAGAGGAGCATCCCGAG

	
	CTCCATCACCAACACGATCG

	
	AGAGGTGCAGTTATCAGTCG

	
	CTCACCGATGAGTGGAGTCA

	Slc34a3
	AGGTTAGGCCTGCGCCAACG

	
	AGTTGAGCAGTTTAACGATG

	
	GATAGCAGTGTGATAACCAG

	
	CAATGACCAAGCCCGCCACA

	Slc35a1
	GAACACTCAGCAAATTACAG

	
	ATAGCACCAAAGCCTAACAA

	
	TGCACAGCATACACTAGTGA

	
	TCTTAAAGCTACGGTGTAAG

	Slc35a2
	TCACCCGCTGTAGTGGACCC

	
	CTGCTCTTCGCACAAAAGAG

	
	CTGCAAGGTATAGATGAGAG

	
	GGCCACTGGATCAGAACCCG

	Slc35a3
	GCTGTAGAAGACAGATAACG

	
	TGAAGCTCGCTATCCCGTCA

	
	TCCTGCCATCAGAATTACTA

	
	CAAACTGTGAGCCTGTTGAA

	Slc35a4
	TGTTTGCCAGCCTACCAGGA

	
	AGTGGACAGGAAGAGCAACA

	
	GTTCTTAGCACTGTGCCATG

	
	TCCCAGTGGAGTGATATGCA

	Slc35a5
	ATTGAACTATAATCAGAACG

	
	AAGAGACAATTGTACATCGA

	
	GATTCTGTTCTTGTCTATCG

	
	CTCTGAGCACACGTTCACAG

	Slc35b1
	CCTGTGTGTATTGCTAATTG

	
	GTTTGTCAACTATCCAACTC

	
	TGTTTCGTCTTAGCACAAGA

	
	GGAGACCATGGCACCCACAT

	Slc35b2
	AAGCAATATAGCCTGCCAGT

	
	CTGCAGGAAAGAGTGATGAC

	
	GGCTCCGCGGACAGAGACAG

	
	TACATGGGTGCACCATGACG

	Slc35b3
	GTACACAAACCCGATTGAGT

	
	TCCTCAACTGACTTGATGTG

	
	AAGGTAAGGTACCAGCCGTA

	
	TCTTGTCTCACATAGGAAAG

	Slc35b4
	GATCTGAATATCATATGCAG

	
	CACGCTGACAGTGAAGAACA

	
	GCAGTTCTTATTTATTGCTG

	
	GAGGCCAAGAAGATGAACCC

	Slc35c1
	AGGGCACCCCTACGTACTTG

	
	AGGTTAGGCGCCAGATACTG

	
	CTCACCAATGATGACGCCGC

	
	GCAGTGAGGTCACCAGGCAT

	Slc35c2
	CGAAGGCCAGAATCCCACCG

	
	GTATTTGTGTAAGGGTCCAG

	
	CCTTCGAATATGGCAAAGAG

	
	AGGTGGAACATGGTGTCAAT

	Slc35d1
	GGCGCCGGCCGAAACGCTAA

	
	TGTGTGTGGAGGATTTCGCG

	
	ACTGTATTTGCAATGATCAT

	
	TGGTTCCCAAAATATAGTAG

	Slc35d2
	AATTCCAAGTACAATTGGTG

	
	TTCCTGAGCACGGTGAACAT

	
	CTTGAATGATATCTTCACCG

	
	TCCTGGAGGCTATCATACTT

	Slc35d3
	CGCCCGTTACGTACCCAATG

	
	CTCACTCTCTGGTCGCTGCG

	
	GACGGCGATCACATACTGTG

	
	CGAATATGGAAACCATGGCC

	Slc35e1
	CAGAGCTGTCCTTCGACGTG

	
	TGTTCTTCATGATCCCCACG

	
	GACCAGCCCCCACACGTCGA

	
	CTGGGTTGCGCAGCATAATG

	Slc35e2
	TGCGTTATCCACCAACATTA

	
	ATGCTGTCAACAACGTTAAT

	
	ACTAGCGTTGTGCACTGCCA

	
	ATGATTCTGGGGGAGTACAC

	Slc35e3
	CGTCAGAATACAGCTCACGC

	
	AAATGGATCTATGTACACCA

	
	AGTCACGTCCCTTTATCAAG

	
	CTGGTAGTAAAGTAGCTGCA

	Slc35e4
	TGAGCAGCAGCACTCGACGG

	
	CTTGAAGCCTCGCAGACAGG

	
	GCTGCCACAACCACTCTCGC

	
	CAAAGAAGTGGCATACAGCA

	Slc35f1
	TTCGTCGTAAAATTGCCAGG

	
	GACATTTGAGATCCCGTACA

	
	ACCGGCCCCGCCGAACCATG

	
	AGGAGAGCAAAATCACCACC

	Slc35f2
	GGCCGTGCCGCAAATACACA

	
	TTGGTGCAGACATATTAGCT

	
	TCTTGCCCGGAGAATAAACC

	
	CCAGCATCAACGTGTAAACC

	Slc35f3
	GTCATGATGACCTATGCCGA

	
	GGTCCTGACCCTCACCAAAG

	
	GTTGGTGGCAAACCACGTCA

	
	ACTGGACATGTTCTCAGGAG

	Slc35f4
	GATGGCCGGAATAATAGACT

	
	TCAGTTACTCGATGCAAACC

	
	CATTGTCATGATGGCGTATG

	
	ATGGTTCTGAAGACCATCTG

	Slc35f5
	GCTGTATTTCCGAGTAACAG

	
	CAGGAGAATCACTATCCCCA

	
	TCAGAGAAGCCCTTGCAACA

	
	CTCCCAAGAAGTCCCGTGTA

	Slc35f6
	GGGACCAGCATCATGTACGT

	
	GGATGTAGAACATAGGCACA

	
	AATGCTGGTACCTGGACGAA

	
	GATCACTATTGCGGGACTGG

	Slc35g1
	ACAGCTAAACGCAATAACTG

	
	ACGCACTGATCTCTACAGCA

	
	TCATTTAAATTTGCAGAACG

	
	GTCCACGTGCTCCTCGCCGG

	Slc35g2
	GAAAATGGCGTATGTTGACA

	
	CTTGGGTCTTCTGACGACGA

	
	AGTCGTAATCTGTATCCGCT

	
	TACTATCATAGAAAGCGCCG

	Slc35g3
	CTTGGGCTAATCATCATCGT

	
	GAAAGCCAGTACATAGCCCA

	
	ACCACGGAACTTAAGTAACA

	
	TGTAGGCGCAACCAATGCTG

	Slc36a1
	AGAAGATGGACAACACACGC

	
	GTCCGGAACCACTCCCACTG

	
	CTGTACTCTACATCAGCCTG

	
	ATCGCTGTGCCAAAGAACAG

	Slc36a2
	TGACTAGGATGTGCATACAG

	
	GGTAGTTCTGACGCCCACCA

	
	AGCAAAGTACCTCCCCCAGT

	
	AGCCCCGATAGCAATGTACA

	Slc36a3
	TCCCCAGATACAGCACAGCG

	
	AGAGACCACAATGTACAGCC

	
	TGAGCGCCCCGATGGCCAAG

	
	CACCTGTTGAAAAGCAACAT

	Slc36a4
	TTTCGATGGGTCGTCCGACG

	
	TCAGGCATTGAACATCGGCA

	
	CCGCGTTCTTTATAGCCAAG

	
	TTGCCATGGAGGCTAGTCCG

	Slc37a1
	CTGAACAATGAGACCGACTG

	
	GTTCCCCTATTATTCCACTG

	
	CCACAGCCTGGGATTCTACG

	
	ATCATGCTGTGTTGTAGGCG

	Slc37a2
	TTAGCACCATTCCAGCCGAG

	
	ACGATCTCAATGATACCACC

	
	CCCACATTGAAGATGTACAA

	
	GGCTTGTGCAGACTACAGGC

	Slc37a3
	ACCATACTGGAGAACCGATG

	
	TCAGCGGCATCATAGGCGAT

	
	GCCTAACTATTCGATCCAGG

	
	CCTAGGTCTCCCGAGTATCG

	Slc37a4
	CTACGTTGACCAGACCAACC

	
	TCTTTACTCCGAAGACCACG

	
	CACAAACTTGCTGATGGCGT

	
	CAGAGCGATCTCATCCACCA

	Slc38a1
	ATACTTTGGTGTGCACGCGT

	
	TGCATGGTGTATGAGAAGCT

	
	TCACCATCACCACCAACACT

	
	AGATTGGCAGGACGGACGGG

	Slc38a10
	TTGACGCAAGAAGCTCGCAG

	
	TGCACGGCAGAATCATCATG

	
	GCTTCACAGGAGCAACGATG

	
	TCACCTGTAGCAGCACGGCA

	Slc38a11
	TTTCCCTCCGTGTTCATGTC

	
	TGAAAGGGTACATAAACTGT

	
	AATGTAGTCAATTCTGTTAT

	
	CCTTATTCAATGAAGCAAGC

	Slc38a2
	CCACCAAAGCAGCTTCCACG

	
	CTCAAGACTGCCAACGAAGG

	
	GCAGTGACAATGGAAGAATG

	
	GAGTTGAAGATGAAATAGCG

	Slc38a3
	AGCTGTCGCATCAGTGCTAG

	
	CATGACATACATGACAGCAA

	
	GATGTATAGGTAGCTGGACA

	
	ACCTGCTCCTCAAGTCTTCG

	Slc38a4
	CCACGGACACAAATAAGACG

	
	GAAGAAGCTAGCCGATTACG

	
	GATCTCGCTGCCTAATGACT

	
	GATGAAGAGGTAGCTTGACA

	Slc38a5
	AGCTACAGGCAGGAACGCGA

	
	ACCTGCCGGGAAAGTAGTCG

	
	GGAAGGTGCCAATAACAAGG

	
	ACCTCAGCAACGCTATCATG

	Slc38a6
	CGTGACGTCTTACGAAGATC

	
	CCTTGGTTTGGCGTATGTGA

	
	CAGATCTTCGTAAGACGTCA

	
	CCATCACATACGCCAAACCA

	Slc38a7
	GCTGGTCCCCAATAATGATG

	
	AGTTGAGCAGACCCGCACCG

	
	AGATAAAGAGATGCGCCCGG

	
	ATGTGGTACCTAAGAGTGAG

	Slc38a8
	TCACGGTGCAATACTACCTG

	
	ATTTCCCGAAGTGCTGACAG

	
	GCTGGTCCCCGATCACTCTG

	
	TCTTTGGTCTTCCTGATCAG

	Slc38a9
	TACTCACATAGTAACTAAGC

	
	AAAAAGGCTGGATTTACCAC

	
	AAACTCAAGAGTTACACTGA

	
	ACTTTACTGCTGCTATAGAG

	Slc39a1
	AGCACTGGCACGATGGACCA

	
	CCAAGATGAACTCTTGCAAG

	
	GGTGATGGAGCAGATCACGC

	
	AGACCAGGACACAAGCACGC

	Slc39a10
	CGTGCGTATGCTGATGACTG

	
	TGAACAATATGAGCATAACC

	
	AGTCGTTGAGATTAATCACG

	
	CGATCTGATACAGCAATGCA

	Slc39a11
	AGAATGGCGAGGTATACCAG

	
	CCACTGTGAACTCACCCCTG

	
	GAGATGGCGACATCCTCGGG

	
	CAGACTTCTTCATCAATGCA

	Slc39a12
	CAATCTTACCAGATAGGTGG

	
	ACCAATACCCTCCACCTATC

	
	GATGCACTGTTACTCACAGC

	
	TGAACATGCTCACGACCAGA

	Slc39a13
	ATAAAGAAAGCGAGTCCTGG

	
	TACACCTGTAACATCACCCC

	
	CTCACCTTCTGACTGTAACA

	
	CTGGGGCTATGGGTCATCGC

	Slc39a14
	GAGCGAGCGATCTCAGATCG

	
	GTAGAGGGTTCCAATCGCCA

	
	TAAAATGGTTATGCCCGTGA

	
	GTGACCGAGAAGCTACAGAA

	Slc39a2
	TCCATAGGGATACTCCACCT

	
	TTTATTAGGTCATCACCACA

	
	TGGATTCCACAAGCATCCAG

	
	CTGTATGGTGGCCGCCACTG

	Slc39a3
	CAGCGCACACCCATGGCGCG

	
	GAGTACGAGAGCCCGTTCGT

	
	GCTGCCTGTGAAGGTCATCG

	
	CATCAGCACCGACTACCCGC

	Slc39a4
	GGTCCTGAATACGGATAGTG

	
	CAGTTGGGGAAGATCTACAC

	
	CATGCAGCGTGATATTGGGA

	
	TGGAGAGGGTCACACCCATG

	Slc39a5
	CAGCAGAGCGAACTGACGAG

	
	AGGACCTAGTGAGCAATCAG

	
	GTGGAGACAATTTCACACAC

	
	TCAGATGGTCAGCCAACGAA

	Slc39a6
	CGTGGTCCGAGTGATGCTCG

	
	AGGAATCATTCTCTCCGTAG

	
	CAGCCACGGAACTTACGTGT

	
	GACAGCGTTGTATACCGCCG

	Slc39a7
	TCACGTGAGGAATTACACCA

	
	TCACAAATTTCTCCACCACG

	
	TCACATGAAGATTTCCACCA

	
	GGTGGAGGAACGCATCACCC

	Slc39a8
	TCAGCTGCTGTAAGATCGCG

	
	AGGGGGTTAAAATCAATCCC

	
	CGTTAGGCTCAGTGACAGCG

	
	CGGCGCCAACCGGAGCCTGT

	Slc39a9
	TGCACTGGCGGTCATCGTCC

	
	TTGCCACGAACACAATTAAC

	
	TGTCCAGTTAATTGTGTTCG

	
	TTTCTAGGAGCGGCTGAAGC

	Slc3a1
	CCATATACCAGATCTACCCG

	
	ATCCTTGGTTCCAATCGAGT

	
	AGAGGAGCCTCACCTAAAGG

	
	TGGCAAGCCATAGTACATCA

	Slc3a2
	GTTCACCGGCTTATCCAAGG

	
	CGCCCGAACGATGATAACCA

	
	TATCACCAAGAACTTAAGTG

	
	GTACTGAATCCCTAGTCACT

	Slc40a1
	CAGGGTACGCCTACACTCAG

	
	CCTTTGGATTGTGATCGCAG

	
	TCATCAGGATGATTCCGCAG

	
	CCCATCCATCTCGGAAAGTG

	Slc41a1
	TGAGTCCCGAGCTAACGCCA

	
	TCCCCAGGTACAAGCCACGG

	
	CTGGCGATACATCTATCCCC

	
	TCATTGGGTCTCGAAAGATT

	Slc41a2
	CCCGCGCTTCTTGGTCTTAA

	
	TAACTCTCGCCATATTAGCT

	
	TCCTTTAAGACCAAGAAGCG

	
	CTTCATCGCATCTCTACTGC

	Slc41a3
	GGAGTTCGATTGGTCCAAGG

	
	TTTCCCTTCAGACCGACGAG

	
	GGTGGATGCCAAATCACTGG

	
	TCTGCATAGTGATTGGTGCT

	Slc43a1
	GGATATCCCTGGTACCTCAG

	
	CTGACCCACAATGGTTACAT

	
	CTTAACGTTTACCTCACTCA

	
	CGGTCCATGAGAATTCCCAG

	Slc43a2
	GTCACTAACAGCACGGTCGG

	
	GCTTTGACCACAAGATCACA

	
	CACACTGTGCATAAACGATG

	
	GGAGGTATAGAGGGCAACTG

	Slc43a3
	TGACCGCTTCAAGACTACTG

	
	GATTCATCTTGCACGTGGTG

	
	TGCTCCAGAGCAATGTAACA

	
	TACCCATAGCTGTAGTTGGG

	Slc44a1
	CTGGAAGCAATACCGAACAG

	
	GTACATGTGGTGGTACCACG

	
	GTGGCACGGGTGTATTATGG

	
	CACCATCGCCTTGTTCCACG

	Slc44a2
	ATCAACAACCTTGTACACGG

	
	GAACATTACAGATCTAGTGG

	
	GGTGAAACGCATTACCTGAG

	
	TCAAGTGCAGGTACACTCGG

	Slc44a3
	AGGATGGCACACGTCCACAG

	
	GTTCATCATGGGTTATTCGG

	
	GAACCGGAAGGCGAACAACA

	
	CCACCACATATACCGAATGC

	Slc44a4
	TGGGCACGAGGAATTCAACG

	
	GATGTCGAAGTATAGAACGT

	
	TCTCCATCCCCAGATAGTGG

	
	AGTTGGTAGTGAAGCCCAGT

	Slc44a5
	TTGAAGACTATGCTACCTCG

	
	ACTGGGTAGATTAACGCACT

	
	TCAAAGTTATGGTCCCAGCG

	
	TGGCCATACTCACTCATTGG

	Slc45a1
	GAGTACCGGAGTCACGTACG

	
	AGGAGTACTCACCCGCCATG

	
	GGAGTGACCGATGTACCTCA

	
	CCACCCCGCACACTGTCAGG

	Slc45a2
	GCATGTTTACTAATGCCCGA

	
	CTGGGCCATAAGCATCACCA

	
	GGCACCCAAAATGTAGCCAA

	
	GGAGCAGGAATCCCAAGATG

	Slc45a3
	TGGTACAGAAGTTCGGCACA

	
	GAGGCTTAGCAGGACACCCA

	
	CAGCCACAAAGAGTCGGCGT

	
	AGCCACTCTGTTTGTGACGG

	Slc45a4
	AGGTCGCTCATGCTTCGGGA

	
	CGTAGCCAATGGCCCCACCA

	
	GCATGACCCATAGGCGTGTG

	
	GGAAAAGTGCAACACCAATG

	Slc46a1
	AGAGCTAACATCTGCCACAG

	
	GGGCAATGGATCGATGATGG

	
	TGGACCAGAAGAGTCCCACC

	
	GAACTGTGGGAACCAAAGCG

	Slc46a2
	GATGGGCACCTATCGAACCC

	
	CATGACCCCGGACCAATAAG

	
	AGCCCAGGACTAAATCGATG

	
	GGAGTAGTCCTGCGTCGTAG

	Slc46a3
	CAGCGCAGTACGTGTACCGG

	
	TGCTGGAATGAGGTTTACAT

	
	TTAGCGAGCAGCGACAACCA

	
	CAGGTTGACTATAAGAACCA

	Slc47a1
	AGCCAGAACTTAAAGCACGT

	
	GAAGATCATGACGTAAGTCT

	
	GGGCGCAGGAAACATTGACC

	
	GCGATGCCCGTCATAATCTG

	Slc47a2
	CGTCCAACTCGACTTTGCCC

	
	TACGGAAACAGCGAGTGTCA

	
	AGGCAAGAACTTGAAGCGCG

	
	GGTGCTCACCTGGCGACATC

	Slc48a1
	CGGTGGTCTACCGACAACCG

	
	TGTACATGCAGGATTACTGG

	
	GCTGGGTGATGGCCAATGCC

	
	TACCGAGCTGAAGCCGGAGT

	Slc4a1
	CTCCATGGCGCATAACCGAG

	
	AATAACCTGGAGTATATCGT

	
	TCTACAACAGACTTGAACGG

	
	CTTACCCACTAGCACCAGTG

	Slc4a10
	AGAGAACATCTGGCACGTAG

	
	CACGATGCCTGTGACGACGA

	
	TGAGATTTGCTGGCGTGAAG

	
	TTCCTGATACCAAGTCATTG

	Slc4a11
	GGTCCGTGCACACCGGGACC

	
	CAAAGCGGTTTAGCATAGTT

	
	GCTCTTACACACCTCTCGCA

	
	GAGTCACTGCCACTGTCCGA

	Slc4a2
	GGAAGTCACTTAGGTAGTGG

	
	GGGTACGGCGACACTTGGTG

	
	TAGCGGATGATGGATATGGT

	
	GAGCCCGCTGAGATGTTTCG

	Slc4a3
	CCGAGACCTACTACGTTCGG

	
	TGGAGCTTGACGGATTTCGG

	
	CCACCCACACTCGACCGGTG

	
	CTCACCCACAAGCACGACAG

	Slc4a4
	AGCCTGCTGTAGGCGAACAA

	
	GCCTCCAAAAGTGATGGCGT

	
	ACTTTGAAGTCAGAGTTGAT

	
	AGAGAATGTTCAGATGAATG

	Slc4a5
	AGCTATGCACGAAATCGGGG

	
	TGGGGCTGAGGCATTGACCG

	
	TTACCTTGGTGGGAAAATAG

	
	CACCTCGCCCACGAGCACGT

	Slc4a7
	TCAGGAACATAAGGTCCATG

	
	TCTGCAAAGGATCGAACCAG

	
	ACAGTATAGGAAAAGAATCG

	
	GCAGATCCATTAGGAAACAC

	Slc4a8
	TCATGAAAAAAATTCCCACG

	
	AACGACTCAATCGCACTCTG

	
	ACAGCGTGAGGGTTAAAGTG

	
	CCTTCCAATACTGTAAGGTG

	Slc4a9
	TAGGGGCCTTCGTAAGACTG

	
	ACAGACTTCGAAGCTTCTGG

	
	GTATTGACAGAAGCAACCAT

	
	GAGGTGACAGCTCTACCCCC

	Slc50a1
	TTATCATCGTCAATAGCGTG

	
	ACTCACCAAATCAGCCAGTG

	
	ACACTCTCACTTGACATCCG

	
	CTGAGTTACGGAGTCTTGAA

	Slc51a
	CACTGAAGGACACCCCGATG

	
	TGGTGAGGGCTATGTCCACT

	
	TCTACAAGTGTGAGGGCGCG

	
	TCAGAGTCCTCTTCTTGATG

	Slc51b
	ACCAGGATGGAATAATTCCA

	
	TCCTTGGAATTATTCCATCC

	
	TCATCAAGATGCAGGTCTTC

	
	GCATTTCTTCCAGCAGTTCC

	Slc52a2
	TGTTGTGGGTTCAGATGTCG

	
	ATGGGAGACACCTCGATCGG

	
	GGCCTCTCTGTGGAACCACG

	
	AAGACCGTAAAAAGGGGGGT

	Slc52a3
	GTGACCTCCTGGATACAGGG

	
	TGTCTCCGTGACATTGACAC

	
	GCTGGTGACTGAGTTGCCCG

	
	GGGTCGGAAGCGGTGCATCA

	Slc5a1
	AGGAAGAATGCTACACACCG

	
	GAGACATGTTCTTGGCCGAG

	
	CATCGCCTACCCCACGCTCG

	
	CCGGCCACCACACCATACTT

	Slc5a10
	ACAGGACAGATAAGTACGTG

	
	CAGGCTCGCAGACACTCGGA

	
	AGCCGGCCAATCCTACGAAG

	
	GGTTCTTACCCATATGCCCA

	Slc5a11
	CGATGCCAGAATATCTAAGG

	
	GCGATGTCTGAACAGCCAGA

	
	ATGTGGAAGGCATCTTCTCG

	
	CCTGCACAATGGGGATCCAG

	Slc5a12
	AGGTACTCAGTTTGTCGGAG

	
	CATTATCTACATCGTACAGA

	
	TCTCGGGAATTCTTAGTAGG

	
	ATCCAAGGATCAAATCATGT

	Slc5a2
	ATGATTTATACTGTGACAGG

	
	CTGGCACAAAAAGCCATCCG

	
	GGTCTCTTCGACAAATACCT

	
	ATTGGTTCTGAACATAGACT

	Slc5a3
	CCCCTGACCGGATGTAAATG

	
	CTGACCAAGTCATCGTACAG

	
	GAACACTGCATGCAAGTGTG

	
	CTGTGTAGATCACTGCAACA

	Slc5a4a
	CTGACTTACCGAATACCATG

	
	GTGGTACTGGTGCATAAACC

	
	CCCCAGCCTTGATGTAAATG

	
	TCTGAGTGTGTGAAGCATTG

	Slc5a4b
	TCAATGGTGAGAAGCAACCG

	
	GATGCAGGCGGCCTTCACGT

	
	AAGAACCAGCACCATAAGCA

	
	ACACTCAGAAGGTACAACGC

	Slc5a5
	CTGCACCTTGTACACGACCG

	
	GCTGGCCGCTAGCTTCATGT

	
	GTCCACCAGTATCAACGCTA

	
	GTACATGCCATTGCTCGTGT

	Slc5a6
	GGAATCCTTACCTGCATTGA

	
	CATCCTATAGGTGATATACA

	
	CTTACTTAATCCCAGAGATG

	
	TCCGCTTCAATAAAGCAGTT

	Slc5a7
	CACAGCTGTGAATCCGATGT

	
	CTTGGGATCTGGATACCCGT

	
	GCCCAAGCTAGACCACAACC

	
	CATGGCAAGCCTACTTCCAG

	Slc5a8
	CATCTATTACGCCTTCGCGG

	
	CGCCCCAAAACGGTAGACCT

	
	TCTGAGAGAGACTTAAAGCG

	
	CAGGCATCAATAACTCAACA

	Slc5a9
	TACCTGAAGAAACGATTTGG

	
	TGAGAGCCATAACCAGCTTG

	
	AAGAATCTTTCACATGCCAA

	
	CAGACTGTGATCATGGTTGG

	Slc6a1
	CACCAACATGACCAGCGCCG

	
	GCAGAAATACACGAGCACCC

	
	TACCTCTGTGGGAAAAACGG

	
	TCCATGTGTCCCGGTCAGGG

	Slc6a11
	CTCCCAGAACTCCATGACCG

	
	AGGCATTGGCTATGCAACAC

	
	GTTGTTGTAACTCCCCAGAG

	
	GGGTACTAAGTCGACTGGAA

	Slc6a12
	CTGAATCACTCATCGGCCAG

	
	TCTTGGGCCTCATGTAGGTG

	
	GATGGAGTTTGTGCTGTCAG

	
	GGGAATACCCATTTCTGAAG

	Slc6a13
	CTTGGCCAGTACACCAACCA

	
	GTAACATCACCACAGCTCGA

	
	ACCCCAACATCACACGTCTG

	
	CCAGAACTCGATGACAGGGG

	Slc6a14
	CTTCTCATTCTGTTAATACG

	
	CAAGAAGAACAATTTGCCCA

	
	AATGCTAGCATGATTGCATA

	
	TCAGTAAAGTGACACTTCAG

	Slc6a15
	TTCCCGGTACCAGTAATAGG

	
	GAAACATATAAGGACCACGT

	
	TTGTTCCAAACATGCTGCCG

	
	ACATAAGCCCTAAATTGGGT

	Slc6a17
	CACGAGGGTGGCCAACACCG

	
	GGCCTCTCGGTACCAAAAGT

	
	TGTAGTACAGCCCAACGAAG

	
	GAACATGACGGACCAGAACG

	Slc6a18
	AGAGCGTACCTACGCCACCG

	
	GTGTACCTGTGTGTCATCAG

	
	GAATGCCACTCAGACTGCGA

	
	TTGCAAGCTACAACCCACCC

	Slc6a19
	ATCGGTCAGAGGCTACGCAA

	
	ACAGTCATCAAAGCGCTCAG

	
	AGCTGAGCAACCCCAACACG

	
	TCCGTGGCATCGAGACCACT

	Slc6a2
	CTTCACCACTAGTAGATCGG

	
	AGCAGTGGGATCCATGACAT

	
	AGCCGACATAGAGGGCAATG

	
	ATAAGGGAACCGCCACACGT

	Slc6a20a
	TACATGTTCACACCTAAGGT

	
	AACACAGTAAGGCATCGATG

	
	GACAATGCTGGCAAATATGG

	
	CAACCACACAGGCTACGATG

	Slc6a20b
	CCACTGAATAGTAATCACAC

	
	CTGTGCCAGATGTATGGCGG

	
	GATGACATTGAAGTACACAG

	
	CACAAAGTAAGGCAGTGACG

	Slc6a3
	TAGATGATGAAGATCAACCC

	
	GCTCGTCAGGGAGTTAATGG

	
	CAGGGAGGGTGACTCCACGC

	
	TTACTCAAAATACTCAGCAG

	Slc6a4
	AGTTCCCAGTACAAGCGCTG

	
	AGGAGTCAAAACGTCTGGCA

	
	TACATATGCTACCAGAATGG

	
	CCGCATATGTGATGAAAAGG

	Slc6a5
	GGGATGGTCACCGATAACAC

	
	GTGTACGCATCACTGGCGAA

	
	GCTTACCGGTATGGTAGTGG

	
	GAGGACGCGAACGTGAGTGT

	Slc6a6
	GGCCCCCAGGCAGATTGCGT

	
	GGCCAGTACACATCAGAAGG

	
	AAACAGAATAGACCAAAAGG

	
	CATGGCAAACGGGAAAGTAG

	Slc6a7
	TCCAGCGAATCTCCCCCGGT

	
	TCACCTTTGAAGATAACAGG

	
	GTAGACTTCGCAGCAGACAG

	
	TACCGAGCCTACACCAATGG

	Slc6a8
	GGAAGCGCCACACGTTACCG

	
	GCATCAGTGTGACAGCCCGT

	
	GCACAACGAGGACCACGTAG

	
	ACTCGATGACAGGGGACCGG

	Slc6a9
	ATACCTCTGCTATCGCAACG

	
	GTAGTACATGATACCCGTGA

	
	ATGGTGGTGTCCACATACAT

	
	TGTGCTACCAGCGTCTACGC

	Slc7a1
	GCCATGGCATAGATAACTCG

	
	CACAAACGTGAAATACGGTG

	
	TGACGTGAGAACTCTCCGAT

	
	CCAGGTCCTTCAGTTCAAAG

	Slc7a10
	GTGTACACAAAGGTGACCAG

	
	TGATCCCTCCAAAAGTAGAG

	
	TGAGCCAATGATGTTCCCTG

	
	GGCCATGGAGAGTACTCGAG

	Slc7a11
	TCATTACACATACATTCTGG

	
	GAAGAGACACAAGTCTAATG

	
	GGGCTACGTACTGACAAACG

	
	ACAGGCAGACCAGAAAACCA

	Slc7a12
	TGATGATCCTAGATATGAGT

	
	ATTTACCTGCTATGACGATG

	
	TGGCTTCAAGCTAACCTTAA

	
	ATTCTACTCTGCAAGTCAAG

	Slc7a13
	GTGGGAATTCTGAATTCTCG

	
	GGAACAGTCCATGTGAATTG

	
	AAGTACACGACAGTTACCAG

	
	AGGAATATTTGTGTCCCCCA

	Slc7a14
	AAATGCCACGAACTCCCCAA

	
	GGGATGCCGTGATGGCGTAA

	
	CTTCGCAGCATAGAAGCCAT

	
	TCTGGGAGTGAAAAACTCTG

	Slc7a15
	AGTGATGACTGCCGTCCCCC

	
	TCGCAGCTGCATAGCACACG

	
	TGCTATGCAGCTGCGAGAGA

	
	GCAGGTAACTGATATTGACC

	Slc7a2
	AGGACGTCACTATTCCGATG

	
	GAACGGAACAAGCATCTACG

	
	GTATCTATACACTTACGTCA

	
	CCGAGACAACATATTTGGCG

	Slc7a3
	ATCTATCTCACCAATGACGT

	
	GCCATTGAATACATCACCCG

	
	CACCCAGAGCCACTAAGTCG

	
	AGTGCCGTTGGATTCACTCA

	Slc7a4
	AGGTATGCTGAGCCAGTACG

	
	GCACAGCCTAGACCCTGACT

	
	AATAACATCAAATCCCACGA

	
	GCCATGGCGTAGACAATGCG

	Slc7a5
	GCCCTCCTCGCAGTACATCG

	
	ACCCCTACTTACGCACGCAG

	
	AGCGGCCTCTTCGCCTACGG

	
	GTAGCAGAGTGCGCCCACGA

	Slc7a6
	AACTGAACATGCCGAATGTC

	
	TGCATTTAGGCCCCCGAAGC

	
	ACGCCTTTAAAGGTTCCTCG

	
	CAGCCACAGCGTCACTCTTA

	Slc7a7
	AAGAGATCAGGAACCCCGAG

	
	CAGCGCCAACACCTTAGCAT

	
	GGCCCCGGATTTCTTAATGG

	
	GAGACACACGCCATTAAGCA

	Slc7a8
	TGGAGCAGTTGACCCATGTG

	
	CCTGAAGAAAGAGATCGGAT

	
	TATGTGAAGGACATCTTCGG

	
	GACTCCACCAAACGTGGACA

	Slc7a9
	GAGCACTTACCAACCATCGT

	
	CAAAGGCCTCCATCAGATAG

	
	GGACTGCAAGAGCTCCGTTG

	
	GCTGGCCAACACAGAATCCG

	Slc8a1
	CTGATTATGAATTCACGGAA

	
	AATCGCACTCTGTGTTTACG

	
	ACTCACGTGAGCGAGAGCAT

	
	CTGCAATAATAGAAACTCCA

	Slc8a2
	GTGGACTACCGTACCGAGGA

	
	TTCCACTGCGAGGGTCGGTG

	
	ATCCTGGACGACGACCACGC

	
	CGGCAATGATAGACACACCC

	Slc8a3
	AGAACAATGAGTCCTGTTCG

	
	TACCGCACAGATAAACACCG

	
	GTACGTGGACTACAAAACAG

	
	CTGGGACCATCTACCATCGT

	Slc8b1
	TGACCACGTAGAACACGTAG

	
	CCACACACGGCTCGGCACTG

	
	TGGACCCCGACAAGGACGAT

	
	CCACACTCACAACTTGGCCG

	Slc9a1
	ACGGCCAACAGGTCGACCAG

	
	GGGGCGCATCACTACTCCTG

	
	CGCCCACAAACACCCCACCG

	
	GAAGGTCCAGTTCCACTGGT

	Slc9a2
	GGTCAGCACCTACCCGACAG

	
	TCGAAAGGGATTTGCACGTG

	
	AGTTCATCATTGCCTACGGA

	
	ACGCCATGATGCCTGAAAGG

	Slc9a3
	CTTCATAGTGTAGCGCACAG

	
	CATTGCGCTCTGGATCCTCG

	
	ACTTACCCATCAAGCCACTG

	
	CTTGGTGAAGCGAGTCACCA

	Slc9a4
	AGTGAAACGTGTGATAAATG

	
	TTAGTATGTTGTATAAGACC

	
	GACCGGAGGCGATTTGTGGT

	
	GAGATGCGAGCAGTATCCAG

	Slc9a5
	TGCCATCCTCACCTACGCCG

	
	CTCGATGATGCGGACCCGCT

	
	AATACTGACCGACGCCCTTT

	
	CCGCATCATCGAGCCGTTGC

	Slc9a6
	GGAAAGTGTCCTCAATGACG

	
	GAATGCCGTACCGAAGCACG

	
	TTTAACCCAACATTTGTCGT

	
	CATATGCTAAGATAGACCCA

	Slc9a7
	TACTTACGAGGATAGTACAA

	
	CATGAAGGAAACGCACCCGG

	
	CAGAAATCTTATGTATGGAG

	
	CCCTGGCAAGATCAACAACG

	Slc9a8
	CTTATTCACCTAGGACGAGG

	
	CGCTCGACTGCTCCTCCTGC

	
	CCACCTATTATCTTTGAGTC

	
	TATCCTGACTCAAAGATAAT

	Slc9a9
	GCGCCGACTGATATTGATAG

	
	ATGTTGACTAGTAGAGTTGA

	
	CACTTACCCTATGACCACAC

	
	CCTCCCATCATATTTCATGC

	Slc9b1
	TATACTTACCAATGAGAGGT

	
	AAGAAGGGAAACACAAACGA

	
	CCCAATAAGAACGTCCCGCA

	
	TCTAGGAGAGACTTACGCAG

	Slc9b2
	ATACCTTTGAATCTAGACCA

	
	CTGGCAAGAGTGATAACGAA

	
	CCAACCTTACTCATGGCCGC

	
	CAGCGGTGAAAAAAAGCCAC

	Slc9c1
	ATGTGCTCATTAATACCACA

	
	CCAACGACAGTACAGGAATG

	
	GACCAAGTCGAGACAAGATG

	
	CTTACCAAGGTCTCTTATGG

	NTC
	AAAAAGTCCGCGATTACGTC

	
	AAAACGGCTCGATCGGTGAT

	
	AAAACGTAATTATACCGAGC

	
	AAAATTGCACCTTCCCGGCC

	
	AAACCCCCGCGCGGAGCGTC

	
	AAACCTAGCGTAGATTCGGC

	
	AAACGAGGCTGTTCGTACAC

	
	AAACTCATACGTAGCGAATC

	
	AAACTCCCGTGTCAACCGAT

	
	AAAGACGTGCATTCAGCGAG

	
	AACATGTTAAGTCGCGTTAT

	
	AACCAGCATTTGACCGCGCT

	
	AACCCCGGCTGTCATCGCCG

	
	AACCCGCCGGAACAATCAGC

	
	AACCGGCTGCGCGTTTGCAA

	
	AACCGTACTGCGAGGAGCAT

	
	AACCTCGTCTCATGTACGAA

	
	AACGCCCCGGATTTCGTTGA

	
	AACGGCTGCGCCCGCGGCAA

	
	AACGGGCGCAATACCCTTTT
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	Target Gene
	gRNA sequence

	Ada
	GTTGTGGATCTTGTGAACCA

	
	ATTCATCGGACCGTCCACGC

	
	CTTCATCTCCACAAACTCGT

	
	GCTGCGCAACATTATCGGCA

	Ahcy
	GCGCACCTGACAGAAGCTGT

	
	TGTCAACGATTCTGTCACCA

	
	TGACCCTATCATACCCTCCA

	
	TGTGATGATTGCGGGCAAGG

	Aldh1l1
	CCAGCCAGCGAAGTATCGGA

	
	AGTACCATAAACCCAACGGA

	
	TTGGATCCTACAGATCAACT

	
	TCCAGGCCTAGTCACCAAAG

	Amt
	AAATGGTGGCGTTTGCAGGG

	
	TTGTAAGCAATACTTCTGAG

	
	TGCGGAACTAAGGCCTAACC

	
	TGTAACACCTGTGTTGCCGT

	Atic
	AGACGACTGTCACTCGAGCG

	
	GAGATGTGTCTGAGCTAACA

	
	AATTGCTTCATCGTATTGAG

	
	TTCTTTCAAGCACGTCAGCC

	Bhmt
	TCCCTCGGGCCCAATGCACA

	
	CGTGGACTTCCTCATTGCAG

	
	ACCTGCCTCAGGATGCTCCA

	
	GCAGTTCACGCCGACAATGG

	Bhmt2
	CCATGTGCATCGGCCCAGAG

	
	TGAAGACAATATGGCCAGCA

	
	TCACACAGAATTCTTGAGAG

	
	AGAGAGGCTTCGTGAAGGCG

	Cbs
	ACACTACGATGACACCGCCG

	
	TCGCCATGCCACTCCCACGT

	
	GTGAGTTCTTCAATGCGGGT

	
	ATAATGTGGGGAGTCCGCCA

	Cth
	TGCATGGATGAAGTGTATGG

	
	GCAATGGAATTCTCGTGCCG

	
	TTCCAAAACCAAATTGCTAG

	
	TTTGTGGACAATTTGTGCGC

	Dhfr
	GACATGGTTTGGATAGTCGG

	
	AACCTCAGAGAACCACCACG

	
	TCGCCGTGTCCCAAAATATG

	
	CAGCCCGGCCAATACCTGAG

	Dnmt1
	TAATGTGAACCGGTTCACAG

	
	CAGAGCCCTATCGCATCGGT

	
	CATCACGGCTCACTTCACGA

	
	ACCTCGGGCCAATCAATCAG

	Dnmt3a
	GATCATTGATGAGCGCACAA

	
	AGTTTACACCGACATGTGGG

	
	CTTACCAGTATGACGACGAT

	
	CAGGCCGAATTGTGTCTTGG

	Dnmt3b
	TGGTAGCCGGAAACTCCACA

	
	CAGCCTTCTGAATTACACGC

	
	GGAGGGTATGGATACCACAC

	
	CAGTAGGCTTGAAGCCACCG

	Ftcd
	CAGGTTAAGAGCAATACGGT

	
	CCGAACAAAACCGCGCAGTG

	
	GCACTGTCTACACTTTCGTG

	
	CACAGCTCAAACAGGCCGAG

	Gart
	ACTCGTAGTTGTCGGACCAG

	
	TGACGGCTTCAGTTGTACTG

	
	GCTAGAAAGGATCACCGAAG

	
	GGCAAAGTAGTGACCAGCGG

	Gldc
	CCACTGAAATCCATTTCGTG

	
	TTTACTCAACTACCAGACCA

	
	CTTGATCCAGGGATGCCACA

	
	AGGCCACAAACAGCTACCAG

	Gnmt
	TGTGTGGCAGCTGTACATCG

	
	AGAACATTGCAAGCATGGTG

	
	GAGCCATCCTTTGACAATTG

	
	GGGCTTCAGCGTGATGAGCG

	Mat1a
	ACAGGTATGGTGCTACTGTG

	
	CTATGCTACTGATGAGACCG

	
	GTGTTGCACAGAGATGACGA

	
	GACACATTGGGCAATATCTG

	Mat2a
	CCTGATGCTAAAGTGGCTTG

	
	GTGCAATATATGCAAGATCG

	
	ACCAAGGCAATGTACCATTG

	
	ATTTACCACCTACAGCCAAG

	Mtfmt
	GTGTACGAGTGGCCCGACGT

	
	GTGCCTTCGCTATCCCCCAA

	
	ACCGTGTGGATTATCGGAGC

	
	GTCAAAACTTGGTGCCAACA

	Mthfd1
	ACACCAACGATAGATTCCTG

	
	CACTATGAATCCGTGCACAG

	
	GATTGCCGGAAGGCACGCGG

	
	GGTAGCGTCCAGTAAGAAAG

	Mthfd1l
	GGGTGACCGACATCAATCTG

	
	GCCTCACAGACATGAAAGAG

	
	TGGTTGCGGGGTCAATGTTG

	
	TGAGAGCACTCAAACAGACA

	Mthfd2
	TCGATGAGATATTGTGACTG

	
	AGATAATTAAGCGAACAGGT

	
	GCTTTCATGTCATTAACGTG

	
	CTATGTTCTCAACAAAACCA

	Mthfd2l
	ACTAAAATGATACTCAGATG

	
	GCGGGAAGATCCAAGAACGT

	
	GAGCTCACTGCAGATACCTG

	
	AACATGGATCCAAGAGTCAG

	Mthfr
	AGACCCTGTAGGTGACCACT

	
	GACTGGGATGAGTTTCCTAA

	
	AGGTAACATCTACGAAGAGG

	
	CGAAGCTCTCTGCATCGGGG

	Mthfs
	TTGCTCTGGAATTGGTACCG

	
	CTTCTCGCACCTTCTGCGTG

	
	GATGAGGTCAAGTCCACCTG

	
	ATCTTGCATGCTTAGAAAGA

	Mtr
	TCAGGTGCTCGATATCAACA

	
	GGGGTCCGAATGAGACACGC

	
	TGTGGATAGCATCATACACA

	
	CTTCAAAAACACTAGCAGGG

	Mtrr
	GATGAAGCGGTTGTAATCAG

	
	GGTGAGCAAAATAGTCCGTG

	
	GAACAAAATGAGACAAACAG

	
	CTCGACCGTACTCATGTGCA

	Phgdh
	CCACACTGAGAGCCTACCTG

	
	CTCACTTCTGACCAGACTGT

	
	TAGTAGCAGACCGGACAATG

	
	CTGCGATTTCCTCCCCACAG

	Ppat
	ACCTTGGAATCGGACATACG

	
	ATAAGACGCCCGATGCAGAG

	
	TGATCACTCTGGGACTCGTG

	
	AGGGGTGTATGCGAGTAACT

	Prkaa1
	GAAGATTCGGAGCCTTGACG

	
	GATCGGCCACTACATCCTGG

	
	ATCACCATGAAAATATCAGA

	
	CCTGTGACAATAATCCACAC

	Psat1
	TGGAAGGAGTGCTGACTACG

	
	TGCAAACGAGACTGTGCACG

	
	CAATACAGAGAATCTTGTGA

	
	CTTTGTAGTCAAGGACTGAT

	Psph
	TTCGTACATTTCAGACACTG

	
	CTTATGCCAGGAGTCAGATG

	
	CCTGGACATTACGCTCCTGG

	
	CAGCCTATTGGCAAACACAT

	Sardh
	CCTTGACTACGACTACTACG

	
	CGTCGTCACTGAGCGCATCG

	
	AACCGAGTAGTTCTTGGCAT

	
	CGGTGACTGGCATCCGTGTG

	Shmt1
	TGTAGAATATCATACCAGCA

	
	TCGGCTGGCAAAATTCTCCG

	
	CCCGGAACCTGGACTACGCA

	
	AAGCCCATGATTCGCCCATG

	Shmt2
	CGGCAGATACTACGGAGGAG

	
	AACATCCGCGTACTTGAAAG

	
	AGCCTCATGATCGAATCATG

	
	TAGTCGATGAGGCCAGTTTG

	Slc25a32
	CGGATCTTCACGAGGTCGAG

	
	GGTTCTCGTACCGGACGTGG

	
	GGAGTAACCCCGAATGTGTG

	
	AGGTGTGCGTGGATTATACA

	Tyms
	CAGGCACGATACAGCCTGAG

	
	GACAATTCTACAGATTACTC

	
	TCACCACATAGAACTGACAG

	
	TTCAAGAAGGAGGACCGCAC

	Tsc2
	TGAACCACATGGCTATGACG

	
	CACAGGGTGATAATGAACAG

	
	CAGCTCCAAAGACCCTTGAG

	
	CTGATCCTAGCACACATGTG

	NTC
	GCGAGGTATTCGGCTCCGCG

	
	GCTTTCACGGAGGTTCGACG

	
	ATGTTGCAGTTCGGCTCGAT

	
	ACGTGTAAGGCGAACGCCTT

	
	GACTCCGGGTACTAAATGTC

	
	CCGCGCCGTTAGGGAACGAG

	
	ATTGTTCGACCGTCTACGGG

	
	ACCCATCGGGTGCGATATGG

	
	CGGGCGTCACCTGCTAGTAA

	
	GCTTCTACTCGCAACGTATT
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