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ABSTRACT OF THE DISSERTATION 
 

Modulators of Th17/Treg Differentiation and Function 

 

By 

 

Christine Pai 

 

Doctor of Philosophy in Biological Sciences 

 

 University of California, Irvine, 2016 

 

Professor David A Fruman, Chair 

 

 Dysregulated immune responses against our own normal tissues result in autoimmunity, 

an often chronic, debilitating, and life-threatening group of diseases. Traditional approaches in 

treatment involve the deliberate induction of broad immunosuppression, which undoubtedly 

exposes the body to a higher risk of infection. An alternative approach would be to disrupt key 

steps during differentiation of selected T cell subsets, in order to offer a targeted 

immunosuppressive treatment. Investigating T cell differentiation in the pathogenesis and 

treatment of autoimmune diseases can be approached in a two-fold manner. Inflammatory T 

cells, specifically the Th17 subset, are a main driver in the pathogenesis of autoimmune disease, 

including multiple sclerosis, psoriasis, and colitis. On the opposing axis lie regulatory T cells, 

which modulate the immune system by maintaining tolerance to self-antigens and suppressing 

effector T cell proliferation. 

 The ability of naïve T cells to proliferate and differentiate into effector T cells depends on 

the mechanistic target of rapamycin (mTOR) pathway. The mTORC1 complex activates 

biosynthetic processes that are crucial to sustain T cell growth and effector function. The potent 

immunosuppressive drug rapamycin (RAP) strongly blocks CD4 T cell proliferation and effector 

differentiation, despite only partial inhibition of mTORC1. The ribosomal protein S6 kinase 1 



 

 

x 

and 2 are activated by mTORC1 and are highly RAP-sensitive. The first aim of this dissertation 

focuses on the role of S6K2 in Th17/Treg differentiation and function in autoimmunity. 

 Distinct metabolic processes separate the CD4+ effector subsets Th17 and Treg. The 

metabolic signature of inflammatory Th17 cells involves a high glycolytic capacity that requires 

de novo synthesis of fatty acids. Conversely suppressive Tregs rely on oxidative 

phosphorylation, which involves beta-oxidation of extracellularly obtained fatty acids. Acetyl-

CoA Carboxylase, or ACC, is a master regulator of fatty acid synthesis and oxidation. 

Enzymatically active ACC catalyzes the irreversible carboxylation of acetyl-CoA to produce 

malonyl-CoA, which results in fatty acid biosynthesis and inhibition of beta-oxidation of fatty 

acids. Previous findings report Th17 cells to require ACC1 in their development, but that this 

isoform is dispensable for the induced Treg subset. Using a newly developed allosteric inhibitor 

of ACC1 and ACC2, the second aim of this dissertation is to evaluate the potential to target ACC 

enzymes using this novel inhibitor as a therapeutic strategy in the treatment of autoimmune 

diseases. 
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Chapter 1 

Introduction 

 

I got sick the way Hemingway says you go broke: “gradually and then suddenly.” 

                               -Meghan O’Rourke, author of My Struggle with Autoimmune Disease 

 

The need for targeted immunosuppression in treating autoimmune diseases 

Approximately 50 million Americans, or 1 in 5 people, suffer from autoimmune diseases. 

Autoimmunity is most commonly experienced as a chronic illness and is the leading cause of 

morbidity in women in America (1). Traditional therapies have relied on broad 

immunosuppressive strategies that often work well at easing disease symptoms, but at the 

expense of exposing patients to increased vulnerability to opportunistic infections and some 

serious toxicities. Rapamycin is one such FDA approved immunosuppressant, with potent 

ability to block inflammatory responses, but also causes a number of undesired on-target 

effects.  

With a global, ever-increasing incidence of autoimmune diseases that include multiple 

sclerosis and celiac disease, there is a growing need for a more targeted immunosuppressive 

treatment. Advances in transplant surgery also have much to gain in assuring long-term host 

acceptance of donor tissues, which require immunosuppressive treatments as well. These 

therapies should ideally suppress only the dysfunctional inflammatory responses while 

sparing the rest of the otherwise healthy immune system. More recent developing 

immunotherapies have focused on two main concepts in targeting autoimmunity: Blocking 

the dysregulated inflammatory responses and/or augmenting suppressive regulatory immune 

responses.  



2 

 

CD4+ T cells are an integral component of the adaptive immune system that has essential 

pathogenic roles in a number of autoimmune diseases. Several CD4+ T cell subsets are each 

key players in hypersensitivity responses and also drive inflammatory pathogenesis in several 

diseases, including diabetes, multiple sclerosis, and graft-versus-host disease. Based on these 

crucial roles in autoimmunity, targeting CD4+ T cell subsets has been an important 

component in the development of targeted immunosuppressive therapies. The focus of this 

thesis is elucidating regulatory pathways that are essential to inflammatory T cell subset 

proliferation and function, but dispensable to other subsets that provide host defense or 

regulate immune responses. Specifically, I have sought to identify cellular targets whose 

inhibition reduces the ratio of inflammatory Th17 cells to suppressive Treg cells. 

 

CD4+ T cell subsets and their role in host defense and autoimmune diseases 

Naïve CD4+ T cells take part adaptive immunity, an immune response that requires 

processing and recognition of highly specific antigens. This is in contrast to innate immunity, 

which involves a nonspecific immune response that offers a first line protection in the form 

of quick acting leukocytes (e.g macrophages, mast cells and natural killer cells) and natural 

physical barriers (e.g skin and digestive enzymes). Adaptive immune responses produce 

long-lasting protection to antigens and have the ability to respond quickly to secondary and 

subsequent infections. CD4+ T cells bear the responsibility of orchestrating an immune 

response. Several distinct CD4+ T cell subsets can be identified upon activation by their 

cytokine production and signature transcriptional factors. Each subset has unique roles in 

controlling infections of various nature, which can include intracellular and extracellular 

pathogens (Figure 1). Each CD4+ T cell subset, however, is itself capable of harming the host 

through dysregulated responses. The following illustrates the four major subsets of 
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differentiated CD4+ T cells (i.e. Th1, Th2, Th17, and Tregs) and their roles in both immunity 

and disease. 

 

Th1 subset 

The pro-inflammatory effector subset Th1 has the primary host defense role of generating 

immune responses against intracellular bacteria, viruses and protozoa. CD4+ T cells can 

differentiate into Th1 by the polarizing cytokine IL-12 and then secrete the effector cytokine 

IFNγ (1, 2). Th1 cells can be also identified through expression of the transcription factors 

STAT4 and Tbet. During a Th1-type immune response, secreted IFNγ strongly activates 

macrophages and promotes proliferation and differentiation of CD8+ T cells to help identify 

and clear infected cells (2). Overactivation of proinflammatory Th1 responses, however, can 

lead to uncontrolled tissue damage and subsequent autoimmune diseases. Undesired Th1 

based inflammatory responses can also involve autoantigens, leading to breakdown of 

otherwise healthy tissues in the body. Type IV hypersensitivity (also known as delayed type 

hypersensitivity or DTH) is caused by Th1 cell proliferation induced by macrophages 

secreting IL-12, which leads to Th1 cells further proliferating by their own production of IL-2 

and IFNγ (2). Diabetes mellitus type 1 is one such type of DTH, where beta cells of the 

pancreas are attacked by both CD4+ and CD8+ cells, which secrete effector cytokines in 

response to autoantibodies produced against the islet cells or insulin (3). Autoimmune 

gastritis is another example, where the proton pump of parietal cells is targeted by Th1 cells 

and can lead to digestive problems (4). The chronic inflammation can originate from either 

genetically inherited factors or persistent infections by Helicobacter pylori. The gram-

negative bacteria H. pylori is a well-known microbe that resides in more than 50% of the 

world’s population and has been implicated in many dysregulated autoimmune responses, as 

well as cancers of the digestive tract (5). In summary, Th1 immunity is primarily important 
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for destroying and clearing infected host cells, but overactivation of this subset leads to 

certain organ breakdown through excess inflammation and cytolytic T cell activity. 

 

Th2 

Th2 cells are responsible for controlling parasitic infections and most forms of inflammatory 

responses that result in allergies. These Th2 responses are collectively categorized as type 2 

immune response and mainly involve the cytokines IL-4, IL-5, IL-9, and IL-13 (2). IL-4 is a 

differentiating cytokine for Th2 cells, which can be distinguished from the other subsets by 

expression of the transcription factors GATA3 and STAT6. A major mechanism by which 

Th2 cells function is through secretion of IL-4, which promotes B cell antibody class 

switching to IgE. IgE is a potent antibody, capable of inducing inflammation through mast 

cell degranulation (i.e. histamine and heparin release) (2).  Though IL-4 and IgE production 

through Th2 mediated immune responses are important in expelling extracellular parasites 

(e.g. helminths), an overactive type 2 response is the primary driver of allergic conditions 

caused by otherwise harmless antigens. One popular medical hypothesis involving Th1 and 

Th2 subsets is the “hygiene hypothesis”, where a dearth of exposure to natural microbes 

during early childhood leads to a defective development of immune tolerance (6). In this case 

of intracellular microbe clearance, Th1 cells play an important protective role in removing 

the recognized antigen. An imbalanced immune response, however, to otherwise harmless 

environmental antigens cause Th2 responses to dominate, leading to allergies of the skin, 

lungs, and gut. Th2 type autoimmune reactions are grouped into Type I hypersensitivity and 

include asthma, allergic rhinitis, and atopic dermatitis (7). In conclusion, Th2 cells ensure 

expelling of extracellular parasite infections, though an underdeveloped immune system early 

in life can lead to this subset to activate in response to innocuous antigens, an inappropriate 
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response that leads to excess inflammation and activation of unnecessary immune functions 

(e.g. B-cell class switching to IgE and mast cell degranulation). 

 

Th17 

Th17 cells are a proinflammatory CD4+ T cell subset that have a key role in regulating 

mucosal surface immunity. Polarizing cytokines that promote Th17 differentiation include 

IL-6, IL-17, IL-21, and IL-23 (8). TGF-β is also an important differentiating factor and the 

identifying transcription factors are STAT3 and RORγ. Th17 cells then can produce all these 

differentiating cytokines, in addition to tumor necrosis factor-α (TNF-α), IL-1β, and IL-22. 

Specifically in the intestine, Th17 cells must constantly keep the localized immune cells and 

natural microbiota (both extracellular bacteria and fungi) in check by ensuring a balanced 

interaction at the mucosal barrier (8, 9). Indeed, loss of Th17 populations at these interfaces 

leads to chronic inflammation and infiltration of pathogens. Dysregulated Th17 responses 

have been found to be a factor of major intestinal autoimmune diseases, inflammatory bowel 

disease (IBD) and Crohn’s disease (8, 9). Mechanistically, Th17 cells keep local microbial 

populations in check by releasing IL-17 and IL-22 that recruit neutrophils and promote 

secretion of antimicrobial peptides (8, 9). Interestingly, the Th17 subset has been found 

paradoxically to possess antitumor properties in certain types of cancers while promoting 

tumor growth in others. Several reports have attributed this curious finding to the local 

inflammatory milieu present and that the close interplay of Th17 cells with the interconnected 

Treg subset dictates the type of response to tumors (10–12). A well-characterized 

dysregulated Th17 immune response is their activation during viral and parasitic infections. 

During a mouse model of chronic viral infection, Th17 cells promote a persistent viral 

infection and induce a chronic demyelination disease. The IL-17 secreted causes upregulation 

of antiapoptotic molecules (i.e. Bcl-xl and Bcl-2), which enhances survival of cytotoxic T 
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cells (13). In a different model using chronic infection by Toxoplasma gondii, IL-27 was 

found to suppress the proinflammatory responses of Th17 cells (13–15). When IL-27 was 

knocked out in mice, the chronic infection by T. gondii caused severe neuroinflammation that 

was attributed to a prominent IL-17 response. In addition to these autoimmune disorders, 

rheumatoid arthritis, psoriasis, and systemic lupus erythematosus have all been found to have 

elevated IL-17 levels in the affected tissues (8, 9).  

 

Treg 

Tregs are a unique subset of CD4+ T cells that provide a suppressive response to maintain 

homeostasis during infection, thus opposing chronic inflammation and autoimmunity. The 

essential function of Tregs is apparent in that humans deficient in the FOXP3 gene lack this 

effector subset and develop a severe autoimmune disease called IPEX (immunodysregulation 

polyendocrinopathy enteropathy X-linked syndrome) (16). IPEX results in early death, due to 

a massive inflammatory response to many organs of the body, as well as multiple allergies 

and infections. Scurfy mice that have genetic frameshift deletion of their Foxp3 gene lack 

Treg development and also develop severe autoimmunity that affects multiple organs (17). 

Tregs are able to reduce activation and proliferation of effector T cells by secreting IL-10 and 

TGFβ. Tregs are identified by expression of CD25 and the transcription factor FoxP3; in 

addition, these cells possess a distinct metabolic phenotype when compared to the other 

effector subsets (explained later). A unique feature for Tregs is that there is a naturally 

occurring population of Tregs at any point in the host, called nTregs. Unlike other effector T 

cell subsets, nTregs are generated like naïve conventional CD4+ T cells in the thymus and 

also undergo selection by affinity interaction (18). However, Tregs can also be induced under 

certain conditions from naïve conventional CD4 T cells like the other subsets and are termed 

induced Tregs (iTregs). Though both share the same immune function, iTregs are "an 
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essential non-redundant regulatory subset that supplements nTreg cells, in part by expanding 

TCR diversity within regulatory responses" (19). While the lack or dysregulation of Tregs 

can cause systemic autoimmune disease (i.e. lupus), the subset also has been implicated in 

helping tumors evade detection. Though most tumors can elicit an immune response, the 

tumor infiltrating lymphocytes (TILs) often carry a higher than normal population of Tregs 

when comparing their portion in regular CD4+ populations (20, 21). The increased prevalence 

of Tregs in the tumor microenvironment can be attributed to the secretion of TGFβ by the 

tumors themselves, which also produce a chemokine that favors trafficking of Tregs to the 

site (21).  

 

Targeting the mTOR signaling network in T cells 

History of mTOR 

Originally discovered during a Canadian medical expedition to Easter Island in 1964, 

rapamycin was isolated from the bacteria Streptomyces hygroscopicus as an antifungal 

macrolide (22). After initial studies in the lab, researchers found it to be potently 

immunosuppressive, possessing antiproliferative properties towards lymphocytes that led to 

FDA approval for the use of rapamycin in preventing transplant rejection (23, 24). Genetic 

studies in the early 1990s led to the identification of TOR, or target of rapamycin. TOR is a 

serine/threonine kinase that is evolutionarily conserved across species from yeast to human. 

The mammalian enzyme (mTOR) exists in two separate complexes, mTORC1 and mTORC2, 

each that can initiate distinct cellular processes. mTORC1 is selectively and allosterically 

inhibited by rapamycin, though certain kinase activities remain unaffected. Rapamycin also 

can inhibit mTORC2 function in some cell types through inhibiting the assembly of new 

mTOR complexes. Interest in further utilizing rapamycin for its antiproliferative properties in 

cancer led to development of analogs, termed “rapalogs”. The orally active rapalogs include 
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temsirolimus (CCI-779) and everolimus (RAD001), which showed clinical efficacy as single 

agents previously in only a small number of cancers (e.g. renal cell carcinoma and mantle cell 

lymphoma) (25–27). The limited ability for rapalogs to treat cancer can come from several 

mechanisms, including that mTORC1/2 signaling possesses rapamycin insensitive 

downstream functions and that inhibition also removes existing negative feedback loops to 

PI3K and Akt. 

 

Upstream inputs and downstream substrates of mTOR  

mTORC1 in T cells acts as a sensor of both immunological (i.e. TCR stimulation, cytokines, 

costimulation) and environmental (i.e. growth factors, hormones, amino acids) inputs. Once 

activated, mTORC1 can initiate anabolic processes to support growth and proliferation 

(Figure 1.2). Rheb (ras homolog enriched in brain) is a small GTPase that can activate 

mTORC1 when bound to GTP (28). This mechanism itself is regulated by the TSC1/2 

complex, which promotes GTP hydrolysis by Rheb to maintain T cell quiescence and 

homeostasis (29). Engagement of immunological sensors on the surface of naïve T cells 

results in activation PI3K, which recruits PDK1 to the plasma membrane (Figure 1.2). PDK1 

is then able to activate Akt by phosphorylation, which in turn allows the later to 

phosphorylate and inactivate the TSC1/2 complex (30, 31). Removal of this repression allows 

the GTP-bound Rheb to activate mTORC1. The level of mTORC1 activity can be measured 

by the level of phosphorylation of its canonical downstream substrates, S6K and 4E-BP (32). 

The function and targets of mTORC2 are lesser known, but do include Akt,  

serum- and glucocorticoid-induced kinase (SGK) and protein kinase C (PKC). (33). 

Activation of Akt requires phosphorylation by both PDK-1 on Thr 308, and mTORC2 on Ser 

473. mTORC2 is thought to be activated by binding to PI3K lipid products and by 

association with ribosomes. 
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Upon phosphorylation by activated mTORC1, 4E-BP family members (4E-BP1, 2, 3) 

dissociate from eIF4E. Free eIF4E can then form the eIF4F complex, which stimulates 

initiation of cap-dependent translation. Activated mTORC1 also phosphorylates and activates 

the S6Ks, serine/threonine kinases that are known to promote cell growth (size increase). 

S6K1 and S6K2 share an 83% amino acid sequence homology of their kinase domain (34). 

S6K2 possesses a nuclear localization sequence (NLS) at the C-terminus, which keeps this 

isoform in the nucleus while the cell is in a quiescent state (35). Both kinases phosphorylate 

the ribosomal protein S6 (rpS6) at five C-terminal serine sites. There are many characterized 

roles for S6K, though it is not yet clear which of these is exclusively a function of S6K1, 

S6K2, or both kinases (Figure 1.2). Suppressing S6K1 activity has been shown to increase 

Akt activity through removal of a feedback loop that inhibits the PI3K pathway through 

phosphorylation of IRS-1 at several Ser residues (36–40). However, though S6K2 inhibition 

studies in cancer cells suggest an opposite role in decreasing Akt activity (see below), it is 

unknown in lymphocytes what role S6K1 and S6K2 may play in feedback signaling to Akt. 

Sterol responsive element binding protein (SREBP1) and CAD are such proteins whose 

function and/or phosphorylation is promoted by S6Ks, though it still remains unknown to 

what degree by each kinase (41–43). SREBP and CAD are involved in lipogenesis and 

pyrimidine biosynthesis, respectively, and are utilized during activation and proliferation to 

help sustain the biosynthetic needs of the cell. 

Though S6K1 and S6K2 share a high sequence homology, the conservation of two 

isoforms through mammalian evolution suggests that the isoforms have distinct functions. 

More recent research has characterized distinct biological functions for each isoform. S6K1 

has been much more thoroughly studied, most likely due to its discovery a decade before 

S6K2.  
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Some studies have characterized distinct biological functions for S6K2. However, much 

of the characterization of this isoform has been done in cancer cell lines that often have 

aberrant expression and function of signaling proteins. One example is the finding that S6K2 

in breast cancer cells increases Akt activity, as knockdown of S6K2 caused reduced Akt 

phosphorylation and cell death via the mitochondrial cell death pathway that involves the 

Bcl-2 family protein Bid (44). 

Therefore, there exists a need to study S6K2 function in normal tissues to tease out 

important roles and phenotypes. Most normal tissues exhibit low S6K2 expression, though 

over 88% of cancer samples have comparatively higher levels that often correspond with 

prognostic outcome (45–47). B- and T- lymphocytes are another tissue that have elevated 

expression of S6K2, but this elevated expression pattern was not observed for S6K1 (48). 

Additionally, malignant tissues often have prominent nuclear accumulation for S6K2. In 

particular, S6K2 interacts directly with the transcription factor Yin Yang 1 (YY1), which is 

possible only through its C-terminus (49). YYI can recruit transcriptional machinery like 

RNA polymerase II and various transcriptional co-activators/repressors, such as DNA 

methyltransferases, histone deacetylases (HDAC 4), and histone- lysine N-methyltransferase 

(Ezh1/2) (50). Though S6K2 does not play a major role in cap-dependent translation, it is 

selectively involved in cap-independent translation of mRNAs involved in cell survival (34, 

51, 52).  

 

mTOR signaling in T lymphocytes  

Genetic studies have identified roles for mTOR signaling in T cell fate decisions. By 

incorporating immune signals, environmental cues, and available nutrients, the complex 

mTOR signaling pathway can initiate transcriptional and translational networks to alter or 

adjust biosynthetic/energetic pathways. These steps are crucial in ensuring the T cell obtains 
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a proper and sustainable immune response (53). In T cell specific deletion models, partial or 

complete abrogation of required mTORC1 components (Rheb or raptor) or mTORC2 

components (rictor) lead to deficiency in various T helper subsets. Deletion of both mTORC1 

and mTORC2 diminishes Th1/Th2/Th17 differentiation, but increased Treg generation (54). 

Singular disruption of just mTORC1 reduces Th1/Th2/Th17 differentiation, while mTORC2 

disruption reduces Th1/Th2 differentiation (54). These findings clarify that RAP has 

longstanding immunosuppression effects that are due not only to reduced proliferation but 

also to impaired T helper effector function. The role of mTORC1 in both Th1 and Th17 

differentiation suggests the immunomodulatory potential of blocking mTORC1 or its 

downstream substrates in T cells to prevent transplant rejections and treat autoimmune 

disorders. 

 

Selective effects on lymphocytes through mTORC1 inhibition 

RAP is a potent and selective immunosuppressant that is used clinically to prevent transplant 

rejection and as a local anti-inflammatory. However, long-term systemic RAP treatment is 

not well tolerated, due to a broad range of on-target effects (e.g. peripheral edema, 

hypertension, thrombocytopenia, pneumonitis) (55). This is a main reason why RAP is not a 

standard treatment of autoimmune disorders, though it is sometimes prescribed off-label for 

example for SLE patients. One of the hallmarks of RAP activity in most cells is profound 

suppression of S6K phosphorylation and activity; thus there is potential in identifying S6Ks 

as new immunosuppressive therapeutic targets (56, 57). The greater selectivity of targeting 

S6Ks instead of mTORC1 and its many other substrates could reduce the potential for side 

effects in patients. In addition, studying S6K function could elucidate the long-standing 

fundamental interest in how RAP causes immunosuppression and exerts a more selective 

effect on lymphocytes than other cell types.  
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Targeting a downstream mTORC1 effector as a potential autoimmune treatment  

Possible roles for S6Ks upon T cell stimulation include control of metabolic reprogramming, 

compensatory mechanisms in feedback signaling, and activation of key transcriptional 

signaling networks. In non-lymphoid cells, S6K has well-established roles in initiating 

anabolic processes during growth factor stimulation. Studying S6K function in lymphocytes 

has been difficult previously; this is due partially to perinatal lethality of double S6K1/S6K2 

knockout mice, and an early assumption that both kinases have a mostly redundant function 

(34, 58). Moreover, until recently there were no selective chemical inhibitors of S6Ks. Two 

compounds that are ATP-competitive and selective inhibitors of S6K1 have been developed 

and are now available (LY2584702 and PF4708471) (59). In addition, the availability of an 

S6K2 knockout mouse has allowed for the study and characterization of S6K2 alone. It has 

increasingly become important to separate the functions of each kinase, as recent papers have 

reported unique roles for both S6K1 and S6K2 in Th17 differentiation. 

 

S6K function in Th17 differentiation 

Current knowledge of S6K function in CD4+ T cell effector function put emphasis on its role 

in the Th17 subset. In 2012, Koyasu and colleagues found differential roles for S6K1 and 

S6K2 in promoting Th17 differentiation, using mainly biochemical approaches (60). 

Utilizing rapamycin and the p110δ inhibitor IC87114 to reduce S6K activity, S6K1 was 

found to inhibit Gfi1, a negative regulator of Th17 differentiation. This was attributed to 

upstream activation of the mTORC1-S6K1 pathway by TGFβ, which in turn increases RORγ 

and EGR2 expression, with the latter found to inhibit Gfi1 expression. S6K2 was found to 

play a distinct role in promoting Th17 differentiation by augmenting nuclear translocation of 

RORγ. The amount of cytoplasmic RORγ is unchanged between untreated and rapamycin-
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treated T cells, but the latter showered severely reduced nuclear RORγ. This indicates a 

defect in the shuttling of the Th17 transcription factor into the nucleus. Transfection of 

embryonic kidney (HEK293T) cells with tagged RORγ and S6K2 showed direct interaction 

by co-immunoprecipitation. Since S6K2 but not RORγ possesses a nuclear localization 

sequence (NLS), the authors proposed that the interaction of these proteins increases the 

nuclear translocation of RORγ. 

Park et al. and Sasaki et al further explored S6K1 function in Th17 cells in two recent 

publications (61, 62). Though both papers also found S6K1 to enhance Th17 responses, in 

vivo EAE studies performed on S6K1 knockout mice by Sasaki and colleagues found only 

delayed progression of clinical scores compared to wildtype mice. Notably, no published 

work has examined the effects of S6K2 loss of function on T cell activation and 

differentiation.  

 

Metabolism of T lymphocytes 

Although one might consider metabolic flux to be a static housekeeping function of cells, it is 

becoming apparent that specific metabolic programs are induced in distinct T cell subsets and 

developmental stages. For example, the metabolic status of naïve T cells is significantly 

different from their activated counterparts. Naïve T cells actively maintain a quiescent state 

through engagement of both intracellular signaling pathways and cell extrinsic signals (63), 

resulting in efficient use of available energy sources (64). These quiescent lymphocytes 

maintain a catabolic state and do not actively take up nutrients, nor do they secrete effector 

cytokines (65). Antigenic stimulation of mature T cells facilitates metabolic changes that 

support various bioenergetically demanding processes needed for rapid clonal expansion 

(65). It is proposed that T cells must shift from catabolic to anabolic metabolism in order to 

build biomass necessary for rapid proliferation, which is required for effective response to 
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microbial infection (66). Indeed, CD8 T cells have the capacity to divide once every 4–6 h 

(67), a process that is highly energy dependent. Naïve T cells appear to favor energetically 

efficient processes such as the tricarboxylic acid (TCA) cycle linked to the generation of ATP 

via oxidative phosphorylation (OXPHOS), which results in roughly 30–32 ATP units per 

molecule of glucose. In contrast, antigenically stimulated T cells rapidly shift to a 

dependence on aerobic glycolysis, a less efficient process that yields only two ATP units per 

molecule of glucose (68, 69). Although less efficient, activated T cells can meet their energy 

demands through uptake of alternative fuels such as glutamine. Furthermore, glycolytic 

intermediates are needed to provide building blocks for synthesis of nucleotides, proteins and 

lipids. Activated T cells that fail to switch metabolic processes are rendered anergic or 

undergo apoptosis (70), likely a consequence of failing to accommodate the specific 

bioenergetic demands of proliferation and differentiation (64, 71). Thus, it is clear that the 

metabolic status must match the needs of distinct T cell subsets and developmental stages in 

order for appropriate immune responses to be generated. 

 

mTOR and T cell metabolism 

With regard to the intracellular signaling involved in metabolic regulation, it has long been 

appreciated that the mechanistic target of rapamycin (mTOR) has a critical role in T cell 

metabolism (72). mTOR serves to integrate nutrient and immune signals, including the 

availability of amino acids and oxygen, as well as the presence of extracellular growth 

factors. mTOR then acts as an effector to modulate downstream cellular metabolic processes 

needed to meet the demands of the cell upon stimulation (73). Such processes include mRNA 

translational initiation via phosphorylation of S6K1 and 4E-BPs (74), and lipid biosynthesis 

through the transcription factor SREBP1 and the nuclear protein receptor PPARγ (31). It is 

crucial, however, that mTORC1 activation does not become prematurely activated until T 
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cells are antigenically stimulated, as the quiescent metabolic state of resting T cells appears to 

be important for their homeostatic proliferation (75). As detailed later, the energy sensing 

protein kinase AMPK acts as a master regulator of the metabolic status in resting T cells. 

AMPK, whose activity is determined by the AMP/ATP ratio, influences mTOR activity 

through the tumor suppressor tuberous sclerosis complex (76). Comprised of TSC1 and 

TSC2, the tuberous sclerosis complex suppresses mTORC1 activation by Rheb GTPase (77) 

and is crucial to maintaining homeostatic proliferation of naïve T cells. Supporting this, Yang 

and colleagues observed that TSC1-deficient naïve T cells possess hyperactive mTOR 

activity, with a resulting loss in quiescence and a predisposition to undergo apoptosis (78). 

Though naïve T cells do not initially require mTORC1 activity for TCR induced activation 

(as measured by activation markers and IL-2 production), genetic deletion of mTOR in 

mouse CD4 T cells yields a skewed differentiation toward induced T regulatory cells over 

other effector T cell subsets (79). There is also a profound delay in proliferation. In addition, 

mTOR has a central role in the regulation of both activated and long-lived memory T cells as 

its genetic deletion or pharmacologic inactivation leads to diminished CD4+ memory T cell 

activation and function (31, 80, 81). 

 

Metabolic States in Distinct T Cell Subsets 

Naïve T cells utilize efficient oxidative metabolism to maintain their quiescent state. 

Conversely, once T cells are stimulated by antigen, they must quickly expand their numbers 

to eliminate an antigenic challenge. This metabolic program is reminiscent of the Warburg 

hypothesis; in which heightened glycolysis observed in cancer cells is thought to allow for 

rapid tumor cell proliferation. The usage of aerobic glycolysis is contrary to normal cell 

types, which utilize glycolysis only when oxygen is in deficit (hypoxia), which severely 

restricts the amount of ATP generated per molecule of glucose.  
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For both cancer cells and proliferating lymphocytes, glycolysis is utilized in normoxic 

conditions for optimal use of glycolytic byproducts that are shunted away for use as building 

blocks for protein, lipid, and nucleotides. The production of lactate also generates NADPH, a 

necessary reducing equivalent for the synthesis of long chain fatty acids.  Alternatively, it has 

been recently proposed that the switch to aerobic glycolysis is instead necessary for 

commitment to effector T cell differentiation. Pearce and colleagues demonstrated that 

blockade of glycolysis prevented the expression of interferon gamma in activated T cells, but 

did not impair clonal expansion (82). Moreover, the rapid recall response observed in 

memory T cells, which must respond quite rapidly to antigenic rechallenge, is supported by 

enhanced respiratory and glycolytic capacity (83, 84). OXPHOS is required to maintain the 

long lived memory T cell population, while glycolysis is needed should they reactivate in 

order to sustain quickly initiated transcriptional programs to produce appropriate effector 

responses. It remains to be determined if this may reflect differential survival of unique 

subpopulations during clonal expansion. Regardless, distinct metabolic processes are clearly 

involved in providing for the energetic demands of unique T cell subpopulations, with fatty 

acid oxidation (FAO) and aerobic glycolysis playing significant roles. 

 

Fatty acid oxidation 

In resting T cells that circulate in the periphery, FAO is the default metabolic state, and the 

metabolism of these quiescent cells is characterized by a need for basal energy utilization 

over macromolecular biosynthesis (85). These naïve T cells utilize high energy yielding 

OXPHOS processes, involving β-oxidation of fatty acids and oxidation of glutamine and 

glucose (at equal rates) via the TCA cycle (85). 

While an increase in glycolysis generally is observed in activated T cells, this is not always 

the case. iTregs differentiated from peripheral CD4+ T cells, are a unique subset of CD4+ T 
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cells that suppress effector T cells and are vital to immune peripheral tolerance (86). 

Following a lag phase heavily dependent on glycolysis and glutaminolysis (80), T cells 

activated in the context of extracellular signals that favor iTreg differentiation (e.g., IL-2 and 

TGF-β) acquire a metabolic phenotype similar to naïve T cells (87). Relying on lipid 

oxidation as their primary source of energy, peripherally differentiated iTregs and their 

thymically derived nTreg counterparts have intermediate to low mTOR activity (71). The 

distinct metabolic profile of Treg can be replicated through in vitro culture with addition of 

glycolytic or mTOR inhibitors, such as 2-deoxyglucose or rapamycin, respectively (88). As 

with naïve T cells, PPARα and PPARγ are important for Tregs, serving as fatty acid sensors, 

and promoting Foxp3 expression in CD4+ T cells activated in the presence of TGF-β (89). 

Fatty acid oxidation also plays a vital role in the maintenance of memory T cell pools. 

Following clearance of an acute viral infection, the antiviral CD8+ effector T cell pool is 

radically depleted, with a loss of 90–95% of virus specific CD8+ T cells (90). The surviving 

cells in turn become long-lived memory T cells (91), possessing unique metabolic 

characteristics when compared with effector cells (63). Memory CD8+ T cells must be able to 

withstand periods of both antigenic neglect and rapid antigen specific recall. This can be 

handled through the acquisition of increased spare respiratory capacity (SRC) which is 

obtained through biogenesis of mitochondria and increased glycolytic flux (84). Thus, in 

contrast to their effector counterparts, these long-lived CD8+ T cells have significantly 

enhanced spare respiratory capacity. Memory CD8+ T cells share an analogous metabolic 

profile with resting T cells and Tregs, primarily engaging in FAO to maintain their survival 

and homeostasis (92). These metabolic processes are maintained by IL-15 signaling, which 

facilitates the biogenesis of mitochondria and expression of CPT1A, an enzyme responsible 

for the rate-limiting step of FAO (84). 
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Glycolysis 

As noted above, activated T cells switch their metabolic programing to aerobic glycolysis 

upon antigenic stimulation (69, 93). This may seem counterproductive, as the effective ATP 

output per glucose molecule taken into the cell is roughly one fifteenth of the units generated 

via OXPHOS (88). Instead, it has been proposed that this switch is necessary to facilitate the 

rapid clonal expansion required to eliminate a microbial infection (63), as well as support the 

commitment of activated cells to specific Th lineages. Growth factor stimulation results in 

enhanced uptake of glucose through the upregulation of the glucose transporter Glut1 on the 

surface of cells, along with increased expression of the glycolytic enzymes hexokinase and 

phosphofructokinase (68), processes activated in T cells by TCR ligation (94). Costimulation 

through CD28 leads to increased kinase activity of Akt, thereby enhancing glycolytic activity 

in T cells by increased Glut1 surface expression (69), and the prevention of growth factor 

withdrawal induced cell death (95). Supporting a crucial role for Akt in promoting metabolic 

changes and the survival of activated T cells, ectopic expression of an active form of Akt 

leads to increased rates of glycolysis and T cell survival, even in the absence of CD28 

signaling (96). The converse result is seen when activated T cells are treated with a chemical 

inhibitor of Akt1 and Akt2, with lower glycolysis rates measured. 

The AMP-dependent protein kinase AMPK serves a critical regulator of cellular 

metabolism, both in naïve and newly activated T cells. In resting cells, a high ratio of AMP to 

ATP leads to elevated AMPK activity and diminished mTOR function. TCR engagement 

activates LKB1 and in parallel, increases intracellular Ca2+ stores, both leading to an increase 

in the activation of AMPK (97). LKB1 phosphorylates and activates AMPK (97, 98), the 

latter of which can phosphorylate TSC2 and activate TSC (99). As TSC1 inhibits mTOR 

activity in naïve T cells through the tuberous sclerosis complex, AMPK restricts the 

engagement of metabolic programs associated with clonal expansion. Deletion of 
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the Tsc1 gene leads to metabolic alterations in T cells, most notably, increases in glucose 

uptake and glycolytic flux (98). Thus, while AMPK may be associated with a quiescent T cell 

state, the TCR induced increase of cytosolic Ca2+ enhances AMPK activity. This effectively 

conserves ATP by inhibiting mTOR associated anabolic processes, and by promoting 

OXPHOS (97, 100). With time, the resulting increase in the ATP to AMP ratio leads to 

diminished AMPK activity, and downstream restriction of mTOR is overcome, allowing the 

T cell to shift its metabolism from FAO to OXPHOS. 

Upon successful engagement of the TCR and the costimulation molecule CD28, the T 

cell begins to reprogram metabolism, utilizing aerobic glycolysis, the phosphate pentose 

pathway (PPP), and glutaminolysis (71). Glutamine is used as an alterative source of carbon 

to enter the TCA cycle since glycolytic intermediates are shuttled to biosynthetic pathways. 

Two transcriptions factors that coordinate metabolic status following T cell activation are 

Myc and HIF1α (80, 101). Induction of Myc expression in activated T cells is largely 

responsible for metabolic reprograming at a global gene transcriptome level, as its acute 

deletion inhibited glycolysis, glutaminolysis, and provoked an overall failure in cell growth 

and proliferation (81). Myc is also found to intersect with the mTOR pathway, as loss of Myc 

in activated T cells led to reduced expression and phosphorylation of the downstream mTOR 

targets S6 and 4E-BP (81). mTOR itself, specifically the mTOR complex 1 (mTORC1), is 

responsible for activating two key metabolic transcriptional targets, HIF1α and SREBP1/2. 

Specifically, HIF1α activates transcription of genes involved in glycolysis and glucose 

uptake, while SREBP1/2 activates genes encoding proteins important for the PPP and lipid 

biosynthesis (102). However, while SREBP activity is essential for metabolic reprograming 

in activated T cells (103), HIF1α appears to play a more selective role in T cell subsets such 

as Th17 cells (101, 104). It is likely that HIF1β serves a compensatory role in HIF1α-
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deficient T cells, as loss of HIF1β leads to defective glycolysis, survival, trafficking, and 

function of CD8+ T cells (105). 

One metabolic process that diverges in Th17 cells and Tregs is their utilization of fatty 

acids. Th17 cells participate in de novo fatty acid synthesis. Creation of their own lipids 

provides substrate for cell membrane synthesis, subset specific signaling, and 

posttranscriptional modifications. Acetyl-CoA Carboxylase (ACC) is the critical enzyme that 

catalyzes the rate-limiting step of fatty acid synthesis through the irreversible carboxylation 

of acetyl-CoA into malonyl-CoA (106, 107). ACC1 performs this step in the cytoplasm, 

while the other isozyme ACC2 prevents the oxidation of fatty acids by further increasing 

malonyl-CoA levels to directly inhibit carnitine palmitoyl transferase 1 (CPT1) in the 

mitochondria. CPT1 shuttles cytoplasmic fatty acid into the mitochondria for ATP 

generation. Tregs on the other hand do not utilize de novo fatty acid synthesis, rather taking 

up exogenous FAs for use as a main source of fuel for oxidative phosphorylation and ATP 

production. This is in part due to an elevated activation of AMPK, which directly inhibits 

ACC1 (106, 108). 

As a primary driver of autoimmune diseases, effector T cell responses offer an attractive 

therapeutic target whose inhibition may spare the rest of the immune system.  The goal of this 

thesis is to evaluate two novel approaches to selectively suppress Th17 responses, while 

sparing or promoting suppressive iTreg generation. The feasibility of achieving these two 

goals is evidenced by previous genetic studies of mTOR function in CD4+ T cells, where 

inhibition of mTORC1 blocks Th17 responses while sparing iTreg differentiation. The first 

goal of this thesis extends this approach to a downstream signaling component by 

inactivating the canonical mTORC1 substrate S6K2 in order to identify unique functions of 

S6K2 in Th17 differentiation. A second approach is to exploit the divergent metabolic 

reprograms engaged by Th17 and Treg subsets after activation (Figure 1.3). To this end, the 
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second goal of this thesis is to target the enzymes ACC1 and ACC2 to inhibit de novo fatty 

acid synthesis while increasing fatty acid oxidation, which accommodates Treg metabolism 

over Th17. 
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Figure 1.1: CD4+ T cell effector subsets have critical roles in host immune defenses that 

range from intracellular viruses and bacteria to mucosal surface protection and immune 

homeostasis maintenance. The effector functions are carried out by cytokines secreted by 

each subset. The same cytokines, however, can drive autoimmune diseases through 

dysregulated responses. iTregs are a unique CD4+ subset that produce suppressive cytokines 

to balance proinflammatory responses, though a drawback to these types of regulatory 

properties can result in tumors evading host immune responses. 
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Figure 1.2: T cell activation by immunological and environment inputs result in the activation 

of the PI3K/Akt/mTOR intracellular signaling pathway. S6Ks are activated by PDK1 and 

mTORC1, resulting in phosphorylation of rpS6 and CAD. S6Ks promote SREBP activation 

through an indirect mechanism. The role of each S6K in activation each of these target 

substrates are unknown, but is required to support biosynthesis through ribosome biogenesis, 

lipogenesis, and pyrimidine synthesis.  
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Figure 1.3: Proinflammatory and suppressive T cell subsets utilize differential metabolic 

programs to execute effector processes. CD4+ T cell subsets Th1 and Th17 engage in 

glycolysis, which upon activation involves increased fatty acid synthesis and decreased lipid 

oxidation. mTORC1 activation also results in increased Glut 1 expression, which helps fuel 

glycolysis. Treg utilize OxPhos instead, increasing lipid oxidation and utilization of 

exogenous fatty acids. Stable AMPK expression due to mostly lower levels of mTORC1 

activity suppresses glycolysis and glucose uptake. 

 

 

 



34 

 

Chapter 2: 

Context-specific function of S6K2 in helper T cell differentiation 

 

Abstract 

The mammalian target of rapamycin (mTOR) is essential for helper T cell proliferation and 

effector differentiation, making the mTOR signaling network an attractive 

immunomodulatory target for autoimmune related diseases. However, direct targeting of 

mTOR-complex-1 (mTORC1) through the immunosuppressive drug rapamycin is poorly 

tolerated for long-term treatment due to systemic toxicities. Here we evaluated p70 ribosomal 

protein S6 Kinase 2 (S6K2), a downstream effector of mTORC1, for its role in T cell 

function and autoimmunity. S6K2 is a direct substrate of mTORC1, with a potential role in 

Th17 differentiation suggested by biochemical studies. Using a genetic approach with S6K2 

knockout mice, we found that S6K2 loss reduces Th17 skewing and increases Treg 

differentiation in vitro when cultured in RPMI media. However, S6K2 was dispensable for 

Th17 differentiation in IMDM media. In an in vivo EAE model, S6K2 knockout mice did not 

exhibit differences in clinical score or Th17 differentiation. These results suggest that S6K2 

is dispensable for Th17-driven autoimmunity and highlight how distinct experimental 

conditions can produce significantly different results in T cell differentiation. 
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Introduction  

The mTOR protein is a serine-threonine kinase that forms two separate complexes, 

mTORC1 and mTORC2. Each complex has distinct regulation and downstream target 

substrates (1, 2). mTOR signaling in both naïve CD4+ and CD8+ T cells can be activated by 

engagement of a recognized antigen through the PI3K-Akt-mTOR pathway (3, 4). The 

complex mTORC1, defined by the regulatory-associated protein of mTOR (Raptor) subunit, 

regulates both bioenergetic and biosynthetic processes that are crucial for T cell growth and 

division (5, 6). These include protein translation, lipid biogenesis, and suppression of 

autophagy. Downstream of mTORC1, two directly phosphorylated substrates are ribosomal 

S6 Kinases (S6Ks) and eukaryotic initiation factor 4E (eIF4E) binding proteins (4E-BPs), 

both of which have evolutionarily conserved roles in cell growth and metabolism (1, 7, 8).  

Newly activated T-lymphocytes utilize mTOR signaling to initiate transcription of 

metabolic regulatory genes (9), a process crucial for driving proliferation and differentiation. 

The ability to produce a sustainable effector program selectively requires mTORC1 activity 

to integrate both immune and nutrient cues. In the context of an autoimmune response, 

proinflammatory Th1 and Th17 subsets are highly dependent upon glucose consumption, 

whereas suppressive Tregs favor increased mitochondrial respiration (10, 11). Interestingly, 

while mTORC1 activity is required for the differentiation of both Th1 and Th17 subsets (12, 

13), functionally induced Tregs do not (12, 14).  

Rapamycin, a potent inhibitor of mTORC1 activity, suppresses pathology in several 

animal models of T cell-driven autoimmunity (15–19). Yet trials of rapamycin in human 

autoimmune diseases have not led to regulatory approval, perhaps due to side effects of 

sustained rapamycin treatment (20, 21). Targeting mTORC1 substrate pathways is a 

reasonable alternative that might provide a better therapeutic window.   
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There are two S6K isoforms, S6K1 and S6K2, both of which are expressed in T cells (22, 

23). Activated mTORC1 phosphorylates S6Ks, which in turn phosphorylate the ribosomal 

protein S6 and other substrates involved in protein and lipid biosynthesis (7). When 

mTORC1 phosphorylates 4E-BPs, these proteins are released from eIF4E to promote cap-

dependent translation (24). Thus, S6K and 4E-BP signaling pathways converge to regulate 

mRNA translation. The inhibition of mTORC1 by rapamycin results in profound suppression 

of S6K phosphorylation and activity (25, 26), but only partial inhibition of 4E-BP1 

phosphorylation (27). However, it is unclear which mTOR functions are mediated by S6Ks 

during T helper (Th) cell differentiation.   

Previous studies have provided limited and sometimes conflicting information about the 

functions of S6Ks in T cell growth, proliferation and differentiation. S6K1-/- mice have a 

small size phenotype but apparently normal lymphocyte function, associated with massive 

compensatory upregulation of S6K2 in T cells (23). One study reported that the S6K1 

inhibitor PF-4708671 suppresses CD4 T cell growth and proliferation (28). However, we 

found that PF-4708671 has non-specific effects at the 10µM concentration used (29). Mice 

with a germline deletion of both S6K1 and S6K2 exhibit perinatal lethality, making it 

challenging to analyze mature immune cells (30). In the few adult double knockout mice that 

survive, T cell growth and proliferation is surprisingly unimpaired (29). Koyasu and 

colleagues used gain-of-function approaches to suggest unique roles for S6K1 and S6K2 in 

Th17 differentiation (13). A later study by Sasaki et al. (31) utilized S6K1-/- mice to show a 

role for S6K1 in differentiation of Th17 cells, but not other CD4+ T cell subsets. S6K1 was 

found to promote expression of Th17 associated genes (e.g. IL17a, IL17f, and IL-23R); 

however, it did not affect expression of the Th17 master transcription factor retinoic acid 

receptor-related orphan receptor gamma (RORγ). In addition, mice lacking S6K1 did not 
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show improvement of clinical disease scores in experimental autoimmune encephalomyelitis 

(EAE), a mouse autoimmunity model. 

In this study, we investigated the specific role(s) of S6K2 in mouse T cell activation, 

development, and proliferation. S6K2 germline knockout mice are viable, fertile and of 

normal size; moreover, S6K1 expression is unchanged in S6K2-deficient T cells. We found 

that S6K2 knockout (S6K2-/-) mice had no defects in T cell development and early CD4 T cell 

activation, despite a measurable decrease in overall S6K activity as determined by S6 protein 

phosphorylation. Interestingly, S6K2-/- cells exhibited a context-specific Th differentiation 

phenotype. In vitro experiments using RPMI culture media revealed decreased Th17 and 

increased Treg differentiation in S6K2-/- cells. However, in an in vivo EAE model of 

autoimmunity, S6K2-/- mice showed no difference in clinical outcome or Th17 differentiation. 

Re-evaluation of the in vitro differentiation assay conditions surprisingly showed that the 

Th17 differentiation defect depends on the culture medium used. IMDM medium, known to 

induce more robust Th17 differentiation (32), led to Th17 skewing and robust proliferation 

that was indistinguishable between S6K2-/- and wildtype T cells. This unexpected result 

indicates that S6K2 is dispensable for Th17 differentiation under optimal activation 

conditions. In addition, our findings suggest that the use of IMDM media for in vitro Th17 

studies better predicts the in vivo response in EAE models. 
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Materials and Methods  

Animals  

All mice were kept in specific pathogen–free animal facilities and in accordance with 

guidelines of the University of California Institutional Animal Care and Use Committee. 

C57BL/6 mice were obtained from Jackson Laboratories. S6K2-/- mice were a gift from Sara 

Kozma.  

 

Media and cell culture  

Primary cell culture was performed in complete media consisting of RPMI or IMDM media 

(Gibco) supplemented with 10% FCS (Gibco), L-glutamine (Corning), ßME and antibiotics 

(Gibco).  

 

Antibodies and reagents 

Stimulatory anti-CD3 (2C11) and anti-CD28 (37.51), as well as neutralizing anti-IFN-

γ (XMG1.2), anti-IL-2 (JES6-1A12), anti-IL-12p40 (C17.8), and anti-IL-4 (11B11) were 

from eBioscience. For differentiation, recombinant cytokines were used: TGF-beta (R&D 

systems), mouse IL-6 and IL-12 (eBioscience). For flow cytometry analysis, surface and 

intracellular staining antibodies were purchased from eBioscience and Cell Signaling 

Technologies. For immunoblotting, rabbit antibodies specific for total and phosphorylated 

forms were obtained from Cell Signaling Technologies: AKT (#2965, #9267, #4058, #4685), 

rS6 (#4838, #2215, #2211), S6K (#9205, #2708), pCAD (#12662). For imaging, anti-Mouse 

RORγt (B2D) from eBioscience was used.  

 

Cell purification 
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Splenic CD4+ T cells depleted of natural Tregs were purified by negative selection using the 

EasySep Mouse CD4+ T Cell Isolation Kit from Stemcell Technologies with biotinylated 

anti-CD25 (0.5 µg/ml) added.  

 

Cell cycle analysis 

T cells were stimulated in T-conventional (Tconv), Th17, or Treg skewing conditions for 40h 

and fixed with 100% ethanol. Cells were incubated with RNAse A and propidium iodine (PI) 

diluted in cell cycle buffer (5mM EDTA in PBS) before cell cycle analysis was performed 

using FACS. 

 

Cell stimulation and differentiation 

Unless otherwise stated, T cells were stimulated as Tconv, with plate-bound anti-CD3 (5 

μg/ml) and soluble anti-CD28 (2 μg/ml) from eBioscience. 10 nM of Rapamycin (LC 

Laboratories) and 500 nM of LY2584702 (S6K1i) (Eli Lilly & Company) were also used 

when indicated. When proliferation is measured, isolated T cells were prelabeled with CFSE 

(eBioscience). Cell stimulation cocktail (500x) from eBioscience containing PMA (phorbol 

12-myristate 13-acetate), ionomycin, Brefeldin A, and monensin were used for restimulation 

(detection of intracellular cytokines). For Th polarization assays, isolated naïve T cells were 

skewed with anti-CD3 and anti-CD28 for 4 days (unless otherwise noted), restimulated for 4 

hours, and harvested for flow cytometry analysis. Skewing conditions were as follows: TH1- 

IL-12 (20 ng/ml) and anti-IL-4 (10 μg/ml); TH17, TGF-β (5 ng/ml), IL-6 (20 ng/ml), anti-

IFN-γ (10 μg/ml), anti-IL-4 (10 μg/ml) and IL-2 (1 ng/ml); Treg, TGF-β (5 ng/ml).  

 

Intracellular staining for flow cytometry analysis 
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After restimulation with cell stimulation cocktail, cells were fixed and made permeable with 

BD Cytofix/Cytoperm and then stained for cell surface markers and cytokines. Intracellular 

staining of transcription factors (i.e. FoxP3) was done without restimulation. Gates were set 

appropriately with unstimulated controls and voltages were set on the basis of isotype-

matched control antibodies. Data were acquired using a BD FACSCalibur flow cytometer 

(BD Biosciences) and analyzed using FlowJo software (Tree Star). 

 

Enzyme-linked immunosorbent assay 

Cells were harvested after indicated stimulation periods and supernatants were collected to 

measure cytokine production according to manufacturer’s instructions. IL-2, and IL-10 

ELISA kits were obtained from eBioscience and IL-17 ELISA kit was obtained from R&D 

systems. 

 

Experimental Autoimmune Encephalomyelitis 

11+ week-old female wildtype and S6K2-/- mice were immunized with 100µg of MOG35-55 

antigen in 200µg of CFA per mouse. Pertussis was administered i.v. on day 0 and 1 at 400ng 

per injection. Mice were scored on a scale of 0–5: 0-no clinical symptoms; 1-limp tail; 2- 

limp tail and partial hind limb paralysis; 3- limp tail and complete hind limb paralysis; 3.5- 

partial front or one-sided paralysis; 4- moribund; 5- death. Mice scoring 3.5 or more for two 

consecutive days were euthanized. Spinal cords were harvested and centrifuged through a 

Percoll gradient. Isolated infiltrating lymphocytes were restimulated for 4h before stained 

intracellularly for IFNγ and IL-17A. To analyze separately for MOG-specific CD4+ T cells 

during disease induction, wildtype and S6K2-/- mice were immunized with MOG peptide 

without pertussis and sacrificed after 10 days. Lymph nodes were harvested for analysis of 

the percentage of pS6+ among CD4+ cells. Splenocytes were restimulated with MOG (10 and 
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50µg/mL), IL-23 (20ng/mL), and anti-IFNγ antibody (10µg/mL) for 3 days and then 

harvested for cytokine measurement in the supernatant, as well as stained intracellularly for 

IL-17A and FoxP3 expressing CD4+ T cells. 

 

Immunofluorescence Microscopy 

CD4+ T cells were harvested after 40 hours of stimulation, washed, and centrifuged. The 

pellets were fixed with 4% formaldehyde for 10 min at 37oC, permeabilized with 0.1% 

Saponin (Acros Organics) in PBS for 10 min at room temperature, blocked with 5% anti-rat 

serum in 1X PBS / 0.1% Saponin and stained with anti-mouse RORγT (eBioscience) for 2 hr 

at 37°C in PBS containing 1% BSA / 0.1% Saponin. F(ab')2 Anti-Rat IgG PE (eBioscience) 

were used as a secondary antibody. Specimens were further stained with DAPI (Thermo 

Fisher Scientific) and Rhodamine-phalloidin (Thermo Fisher Scientific).  Single cell 

suspensions are spun onto a microscope slide by use of a cytocentrifuge Images were 

obtained using a Leica TCS SP8 confocal scanning microscope and LAS X core microscopy 

software. For statistical analysis, the Manders’ Overlap Coefficient was used to measure 

RORγ localization in the nucleus (as determined by RORγ and DAPI staining overlap) in at 

least three representative fields of view for each condition. 

 

Metabolic studies 

Metabolic flux analysis was performed in complete Seahorse media (Seahorse Bioscience, 

102365) supplemented with 25mM D-Glucose, 1mM Na-Pyruvate and 2mM L-glutamine.  

 

Treg suppression assays 

nTregs were sorted by CD4+CD25+ expression from combined spleen and lymph nodes of 

aged matched mice. nTregs were then seeded with CFSE labeled naïve CD4+ T cells at 1:2 
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and 1:8 ratios. The wells were pre-coated with 2µg/mL of CD3 and 1µg/mL of soluble CD28 

was added. After 3d of stimulation, the cells were washed and analyzed by FACS. 

 

Statistical Analysis 

Mean and SEM values were calculated from at least three independent experiments. p values 

were calculated using a two-tailed unpaired Student’s t-test when determining differences 

between groups and the Wilcoxon signed-rank test was used to determine pairwise 

differences (specifically indicated in figure legends). 
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Results 

S6K2-/- mice have normal T cell development and proliferation  

S6K2-/- mice are viable, fertile, and exhibit normal development. They exhibit no 

evidence of autoimmunity or inflammatory conditions. Using these mice, we sought to 

determine the role of S6K2 in T cell development and activation. Analysis of peripheral 

lymphoid organs in S6K2-/- mice revealed normal percentages and ratios of CD4+ and CD8+ 

populations (Fig. 1A and 1B), and developing T cell subpopulations in the thymus were 

indistinguishable (Fig. 1A and 1B). Natural Treg (nTreg) populations (CD4+CD25+) were 

also comparable in number and percentage in the peripheral lymphoid organs (Fig. 1C). The 

suppressive ability of nTregs was comparable when comparing CD4+CD25+ cells sorted 

from WT versus S6K2-/- mice (Fig. S1A). 

We then isolated naïve conventional T cells (CD4+CD25-) and stimulated them with anti-

CD3 and anti-CD28 for 24h to assess the role of S6K2 in early T cell activation. Expression 

of the activation markers CD25 and CD69, and the induction of blasting as measured by 

forward scatter, were similar between wildtype (WT) and S6K2-/- T cells (Fig. 1D). 

Production of IL-2 was also unimpaired (see below).  

Upon TCR engagement, the enzymes PI3K and Akt are essential for the induction of 

numerous signaling cascades (4). mTORC1 is a main effector downstream of PI3K and Akt, 

yet little is known about the roles of S6Ks in these processes. First we assessed the 

contribution of S6K2 to total S6K activity. Naïve T cells were stimulated for different times 

and analyzed by flow cytometry to measure phosphorylation of the S6 ribosomal protein 

(pS6). Phosphorylation of S6 at the Ser 240 and 244 residues (pS6) is S6K-dependent and a 

robust readout of mTORC1 and S6K activity (30, 33). This analysis revealed that S6K2-/- T 

cells have a reduction in the fraction of cells with high pS6 at early time points, and a delayed 

increase in pS6 positive cells when compared to WT T cells (Fig. 2A). Focusing on the 24hr 
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time point, we observed a significant reduction in both the mean fluorescence intensity (MFI) 

and fraction of the population positive for pS6 in S6K2-/- cells (Fig. 2B). Rapamycin was used 

as a positive control to show that the pS6 measurements were completely mTORC1-

dependent. We also assessed the contribution of S6K1 to this response using the selective 

inhibitor LY2584702 (here termed S6K1i) (34). We used S6K1i instead of S6K1-/- mice 

because of the reported compensatory upregulation of S6K2 in such mice (23). The results 

showed that S6K1 inhibition strongly suppressed the activation-induced increase in pS6 in 

both WT and S6K2-/- T cells.  

We recently demonstrated that S6Ks are surprisingly dispensable for both growth and 

division in activated T cells (29). Confirming these findings, S6K2-/- T cells showed 

comparable proliferation to WT T cells at 72hr (Fig. 2C and D). At an earlier time point of 

40hr, there was no difference in cell cycle distribution between WT and S6K2-/- T cells (Fig. 

S1B). Addition of S6K1i to both S6K2-/- and WT T cells also did not impair their proliferation 

despite fully suppressing pS6 induction (Fig. 2C). Similarly, there was no difference in 

growth (cell size measured by forward scatter (FSC)) in WT and S6K2-/- T cells treated with 

or without the S6K1i inhibitor (Fig. 2E and 2F). We also tested allogeneic stimulation by 

mixed lymphocyte reaction and also observed no difference in proliferation or cell death 

(data not shown). These results show that in the absence of S6K activity, T cells are still able 

to grow and proliferate under neutral stimulation conditions.   

 

Distinct signaling roles for S6K1 and S6K2  

The first study of S6K1-/- mice reported that S6K1-deficient lymphocytes have a 

compensatory upregulation of S6K2, even under resting conditions (23). To determine 

whether S6K2-/- T cells have altered expression of S6K1, we used Western blots to measure 

total S6K1 in resting and 24h stimulated T cells. S6K1 expression in the S6K2-/- was similar 
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to WT T cells under basal and activated conditions (Fig. 3A and 3B). This confirms that 

S6K1 is not upregulated to compensate for loss of S6K2 in the S6K2-/- T cells. 

In many cells, S6K1 mediates strong negative feedback on growth factor receptor 

signaling and the activation of PI3K and AKT (35). Consequently, inhibition of mTORC1 or 

S6K1 often leads to increased phosphorylation of Akt (pAkt). In accord, WT naïve T cells 

treated with S6K1i had a statistically significant increase in pAkt following TCR stimulation 

(Fig. 3C). This increase was not observed in S6K2-/- T cells, which instead showed a variable 

reduction in pAkt. These results are in accord with a study of breast cancer cells, which 

reported reduced pAkt when S6K2 was suppressed (36). We also measured phosphorylated 

CAD, reported to be a selective substrate of S6K1 (37, 38). CAD is essential for the de 

novo synthesis of pyrimidine nucleotides and is directly phosphorylated by S6K1 at Ser1859. 

Though S6K1i significantly reduced pCAD in activated WT T cells, loss of S6K2 had no 

apparent effect (Fig. 3A and 3B). These signaling studies support the conclusion that S6K1 

and S6K2 have distinct substrates in activated T cells and contribute differently to feedback 

pathways. 

 

S6K2-/- mice generate more Tregs and fewer Th17s in vitro 

Although S6K2-/- T cells proliferated normally under neutral stimulation conditions, we 

considered the possibility that S6K2 deficiency impairs proliferation and differentiation 

under T helper skewing conditions. For these in vitro differentiation assays, highly purified 

naïve CD4+CD25- T cells were labeled with CFSE and activated with under conditions that 

polarize cells towards Th1, Th17, or Treg differentiation. On day 4, the cells were harvested 

and stained for intracellular cytokines or transcription factors indicative of each subset. 

Though S6K2 loss did not affect skewing to the Th1 subset, the percentage of IL-17-

producing cells was reduced under Th17 culture conditions when compared to WT T cells 
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(Fig. 4A and 4B). Conversely, S6K2-/- T cells showed an increased percentage of FoxP3+ 

cells when stimulated under Treg skewing conditions (Fig. 4 and 4B). Importantly, S6K2-/- T 

cells showed comparable proliferation to WT T cells for all three of these helper T cell 

subsets (Fig. 4C), indicating that altered differentiation was not linked to changes in cell 

division. 

To assess cytokine production of both early activated and differentiated T cells, we first 

measured IL-2 production by ELISA using supernatants of 40h stimulated Tconv, Th17, and 

Treg cultures. Wildtype and S6K2-/- T cells produced similar amounts of IL-2, with minimal 

production for both under Th17 conditions (blocking anti-mouse IL-2 is added to Th17 

skewing cultures) (Fig. S1C). Next we measured IL-10 production under Treg skewing 

conditions and IL-17A production under Th17 conditions, 4 days after stimulation. WT and 

S6K2-/- T cells produced comparable amounts of each cytokine, though there was a trend 

towards increased IL-10 production by S6K2-/- T cells (Fig. 4D). 

 

S6K2 deficiency does not ameliorate EAE clinical symptoms 

Drawing upon our findings of reduced Th17 and increased Treg generation in vitro, we 

tested whether S6K2-/- mice were protected from autoimmune disease in a mouse model. We 

chose MOG35-55 induced experimental autoimmune encephalomyelitis (EAE), a classical 

mouse model of multiple sclerosis (MS) in which Th17 cells are required and mTORC1 

activity plays a prominent role (12, 13, 39, 40). The pathogenesis of EAE is strongly 

reinforced by a Th17/Treg imbalance (41). Surprisingly, disease onset and severity was 

comparable in S6K2-/- and WT mice (Fig. 5A). We also quantitated cytokine production of 

infiltrating lymphocytes in the spinal cord and found similar percentages of IFNγ and IL-17A 

producing CD4+ T cells (Fig. S1D). To confirm the role of mTORC1 in our hands, we 

conducted a second EAE experiment comparing WT mice treated with rapamycin or vehicle. 
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As reported (12, 16), rapamycin treatment significantly lowered EAE scores (Fig. 5B) and 

reduced the percentage of CD4 T cells producing IFNγ or IL-17A in the spinal cord (Fig. 

5C). Concurrently, we analyzed cohorts of WT and S6K2-/- mice that were not injected with 

rapamycin or vehicle. Again the absence of S6K2 did not affect EAE onset or severity (Fig. 

5B), and did not affect inflammatory cytokine production in CD4+ T cells isolated from 

spinal cord infiltrates (Fig. 5C). The inability of S6K2 deficiency to reduce EAE clinical 

symptoms led us to reconsider our initial in vitro findings concerning T helper differentiation. 

Because we did not detect any differences in proinflammatory responses between WT 

and S6K2-/- mice at the peak of disease, the EAE model was also used to characterize T 

effector and Treg responses in vivo during immune response development. Cohorts of WT 

and S6K2-/- mice were immunized with MOG35-55 without pertussis to characterize MOG 

specific T cells. This model provides another different type of immune response to our in 

vitro differentiation assays, since activated T cells are antigen-specific instead undergoing 

polyclonal T cell activation. After 10 days, the mice were sacrificed and lymph nodes were 

harvested to measure pS6 amounts in CD4+CD44hi T cells, a population enriched in antigen-

activated cells. WT and S6K2-/- cells had similar pS6 as measured by both MFI and % 

positive (Fig. 5D). Splenocytes were restimulated with MOG peptide in cultures that included 

IL-23 and anti-IFNγ antibody for 3 days, to specifically measure frequencies of MOG-

specific Th17 and Treg cells. Supernatants of restimulation cultures were also harvested to 

measure IL-17 cytokine production, which showed no difference between WT and S6K2-/- 

cells (Fig. S1E). Though the percentage and MFI of CD4+IL17A+ T cells were no different, 

CD4+FoxP3+ populations was significantly increased in cultures from S6K2-/- mice (Fig. 5D). 

In summary, our data suggest that S6K2 is not required for in vivo Th17 differentiation, but 

does seems to suppress Treg generation in this model.  
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The role of S6K2 in Th17 differentiation is context-specific 

To understand why significant in vitro differences between S6K2-/- and WT T cells did 

not translate into altered Th17 differentiation in vivo, we reassessed the cell culture media 

used for T cell differentiation. We initially used RPMI media, which is commonly used for 

primary lymphocyte culture but supports very low levels of Th17 differentiation (32).  Thus, 

we compared RPMI to IMDM, the latter a medium rich in aromatic amino acids that was 

shown to support robust Th17 differentiation (32). Not only did IMDM media enhance Th17 

skewing in WT T cells, it also restored Th17 differentiation of S6K2-/- cells to levels 

equivalent to WT (Fig. 6A and Fig. S2C). In contrast to the rescue of Th17 differentiation, 

S6K2-/- T cells in IMDM still generated a higher percentage of FoxP3+ cells under Treg 

skewing conditions compared to WT.  

The tryptophan metabolite 6-formylindolo[3,2-b] carbazole (FICZ) found in IMDM can 

enhance differentiation of Th17 cells in RPMI media (32). Therefore, we supplemented 

RPMI with 300 nm FICZ to see if this could account for restored Th17 differentiation in 

S6K2-/- T cells. Indeed, the proportion of IL-17+ cells was comparable between WT and S6K2-

/- T cells when cultured in RPMI plus FICZ (Fig. 6C and Fig. S2A). Proliferation, however, 

was not restored to the robust response obtained using IMDM (Fig. S2B). To further explore 

these media-based phenotypic differences, we measured mTORC1 signaling output as 

assessed by pS6 intracellular staining. 24hr after T cell stimulation under neutral conditions, 

cells cultured in IMDM exhibited significantly higher mTORC1 activity compared to cells 

cultured in RPMI, as assessed by the MFI of pS6 as well as the proportion of pS6-high cells 

(Fig. 6B). This difference was observed in both S6K2-/- and WT populations.  

A previous study by Kurebayashi et al. reported that S6K2 functions downstream of 

mTORC1 to shuttle the Th17 transcription factor RORγ to the nucleus (13). This study did 

not assess the role of RORγ localization in Th17 differentiation in S6K2-/- T cells. Therefore, 
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we measured nuclear localization of RORγ in WT and S6K2-/- T cells after 40hr of 

stimulation in Th17 conditions, comparing both RPMI and IMDM media. In RPMI, S6K2-/- T 

cells indeed showed significantly reduced RORγ nuclear localization when compared to WT 

T cells (Fig. S3A). Culturing cells in IMDM media resulted in significantly increased nuclear 

localization for S6K2-/- T cells, but did not rescue this to WT levels (Fig. S3B). WT cells 

cultured in IMDM did not exhibit an increase in RORγ nuclear localization compared to 

RPMI conditions. 

Because mTORC1 activity is strongly tied to cell metabolism, we used a Seahorse 

metabolic flux analyzer to analyze metabolism in both WT and S6K2-/- cells activated in 

Th17, Treg, and neutral (Tneu) differentiation conditions. In these experiments, initial 

stimulation was done in IMDM media for Th17 conditions and RPMI for Tneu and Treg 

conditions.  Interestingly, basal glycolysis (extracellular acidification rate (ECAR)) and 

oxidative phosphorylation (oxygen consumption rate (OCR)) of all three subsets were not 

significantly different (Fig. S4A and S4B). Rapamycin treated WT cells were used as a 

positive control in reducing both ECAR and OCR of Tneu stimulated cells (42). 

 

 

 

Discussion 

S6K1 and S6K2 are canonical mTORC1 substrates whose inhibition has potential to 

modulate T helper differentiation and treat T-cell mediated autoimmune diseases. Indeed, 

S6K1 knockdown reduces Th17 differentiation in both WT cells and in cells with hyperactive 

mTORC1 resulting from TSC1 deficiency (43). Although S6K2 is also prominently 

expressed in lymphocytes (22), the role of this isoform in T cells has not been investigated. 

Here we used S6K2-/- mice to assess the impact of S6K2 deficiency on T cell development, 
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proliferation and differentiation. Previous genetic studies of T cells lacking mTOR pathway 

components (i.e. mTOR, raptor, and Rheb) have generally reported no changes in early T cell 

development and homeostasis. Our data show similarly that S6K2-/- T cells develop normally 

and that CD4+ T cells have no defects in early activation. This allowed us to ensure that 

functional studies were unaffected by preexisting cell-intrinsic defects. Proliferation of S6K2-

/- T cells was unimpaired under neutral stimulation conditions or when polarized to Th1, Th17 

or Treg subsets. Analysis of T helper differentiation in vitro showed a modest but significant 

decrease in Th17 differentiation using RPMI media, but not in IMDM. Using MOG35-55-

induced EAE as an in vivo model of Th17-driven autoimmunity, we compared WT and 

S6K2-/- mice and observed comparable clinical scores and Th17 cell percentages in the spinal 

cord. Utilizing the same model to study in vivo Th17 and Treg responses to a specific 

antigen, we gated on CD4+CD44hi infiltrating T cells in the spinal cord and saw no change in 

pS6 signaling, which corresponds with our in vitro signaling data using IMDM. We also 

restimulated splenocytes with MOG and detected no difference between WT and S6K2-/- 

mice in IL-17A expression. However, there was a significant increase in CD4+FoxP3+ 

populations. These findings suggest that S6K2 may play a negative role in Treg generation, 

but is not a key driver of Th17 differentiation or autoimmune pathology in vivo, at least in 

this EAE model. Moreover, the discordant findings using RPMI media compared to IMDM 

and to the EAE model emphasize the importance of using optimal in vitro activation 

conditions for assessing Th17 differentiation. 

Signaling measurements indicate a lesser role for S6K2 compared to S6K1 in 

phosphorylation events triggered by TCR/CD3 engagement. The phosphorylation of S6 

protein was modestly reduced within 24hr of activation, indicating that S6K2 contributes 

significantly to the overall S6K signaling output. However, S6K1 blockade with the selective 

inhibitor LY2584702 caused a stronger inhibition of pS6 at all time points assessed. 
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Furthermore, S6K1 inhibition but not S6K2 loss reduced phosphorylation of CAD, a key 

enzyme in de novo pyrimidine synthesis (37, 38). mTORC1 and S6K1 mediate negative 

feedback loops that suppress upstream phosphorylation of Akt in many cellular systems (35, 

44, 45). In accord, S6K1i treatment of WT T cells significantly increased pAkt, indicating a 

removal of feedback signaling. In contrast, pAkt in activated S6K2-/- T cells was similar or 

slightly reduced compared to WT cells. We also found that S6K1 is not upregulated in the 

absence of S6K2, whereas a study of S6K1-/- mice reported massive compensatory 

upregulation of S6K2 in T cells (23). These distinctions further support the conclusion that 

S6K1 loss has greater impact on T cell biology compared to S6K2 loss. Nevertheless, the fact 

that S6K2 is expressed in T cells suggests that this kinase has a functional role, prompting us 

to assess T cell proliferation and differentiation.  

S6K2-/- T cells became activated (based on expression of CD25 and CD69 surface 

markers and production of IL-2) and proliferated (assessed by CFSE dilution at 72hr and cell 

cycle at 40hr) to a comparable extent as WT cells. In fact, when we fully suppressed S6K 

function by treating S6K2-/- T cells with S6K1i, proliferation was unimpaired. These data 

agree with our recent finding that S6Ks are dispensable for lymphocyte proliferation 

downstream of mTORC1; instead, the 4E-BP/eIF4E axis is the main driver of lymphocyte 

clonal expansion (29). It is reasonable to propose that the primary role of S6Ks in T cells is to 

control differentiation rather than proliferation. A role for S6K1 in Th17 differentiation is 

supported by both gain- and loss-of-function studies (13, 43). S6K2 can promote nuclear 

localization of RORγT, the Th17 cell hallmark transcription factor (13), but whether this 

function is required for Th17 differentiation has not been determined. Therefore, we tested 

S6K2-/- CD4 T cells for the ability to differentiate into Th17 and other Th cell subsets. 

Our results show that S6K2 has a context-specific role in Th17 differentiation in vitro. 

When CD4 T cells were cultured in RPMI media under Th17 polarizing conditions, S6K2-/- 



52 

 

cells generated a significantly lower percentage of IL-17A+ cells. This correlated with 

reduced nuclear localization of RORγT. This finding is consistent with the model that S6K2 

and not S6K1 shuttles RORγT to the nucleus as proposed by Kurebayashi et al. (13). 

Importantly, when cells were cultured in IMDM to support more robust Th17 differentiation 

(32), both WT and S6K2-/- CD4 T cells generated higher percentages of IL-17A+ cells and 

there was no difference between the genotypes. The IMDM condition also fully rescued the 

S6 phosphorylation defect in S6K2-/- T cells, and partially restored nuclear localization of 

RORγT. It is not clear how the distinct composition of RPMI and IMDM media can affect the 

wiring of signaling pathways, such as the S6K2-dependence of S6 phosphorylation and 

RORγT localization.  Compared to RPMI, IMDM has increased D-glucose and L-glutamine 

amounts in addition to higher concentrations of inorganic salts, vitamins, and amino acids. A 

key difference in IMDM is the greater abundance of aromatic amino acids that are precursors 

of endogenous agonists for the arylhydrocarbon receptor (AhR) that drives Th17 

differentiation (32). It is possible that AhR activity alters gene expression in ways that 

reprogram T cells to be less dependent on S6K2. In support, addition of an exogenous AhR 

ligand FICZ corrected the Th17 differentiation defect in S6K2-/- T cells. 

We chose to assess Th17 differentiation in vivo using the MOG35-55-induced model of 

EAE, since chemical and genetic approaches have established a role for mTORC1 in this 

model (12, 13, 16, 17). As expected, rapamycin treatment muted clinically apparent EAE 

symptoms and reduced the percentage of IL-17A+ as well as IFNγ+ cells in the spinal cord. 

However, S6K2-/- mice showed no difference in clinical scores or inflammatory T cells. This 

result suggests that selective targeting of S6K2 has limited potential for the treatment of T 

cell-mediated autoimmunity. Another implication of this result is that in vitro Th17 

differentiation in IMDM, compared to RPMI, provided a better prediction of in vivo 

outcomes. Differences in media composition might underlie some of the differences reported 
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among various studies of specific mTORC1 pathway components in T helper differentiation 

(9, 12, 13).  

mTOR inhibition enhances the formation of induced Tregs (12, 14), yet the relevant 

downstream substrates involved in this effect are not clear. Interestingly, naïve S6K2-/- T cells 

had an increased propensity to differentiate into FoxP3+ cells under Treg biasing conditions 

in vitro, regardless of the media used. The increase was consistent across experiments but 

quantitatively modest, with the percent FoxP3+ cells averaging 26% for WT and 35% for 

S6K2-/- T cells. In addition, the significant increase seen in Treg generation in 10 day MOG 

immunized S6K2-/- mice suggests a milder inflammatory model may benefit from inhibition 

of S6K2. Further studies are needed to determine whether this increase in induced Treg 

generation influences the severity of other autoimmune disease models and anti-tumor 

immunity. 

The efficacy of rapamycin in the EAE model might be the result of blocking T cell clonal 

expansion and/or a specific effect on T helper differentiation. We initiated treatment several 

days after immunization to minimize effects on proliferation. Sasaki et. al. had previously 

utilized p70S6K1 knockout mice to show that ameliorate clinical disease scores in EAE (31). It 

is possible that rapamycin suppresses Th17 differentiation through a combination of S6K1 

and S6K2, or through other undetermined downstream substrates. In addition, a phase I 

clinical trial of the S6K1 inhibitor LY2584702 revealed significant toxicity, raising concerns 

about the therapeutic window for targeting this enzyme (34). 

There is interest in targeting S6K2 for cancer treatment, as over 88% of tumors express 

higher levels than corresponding healthy tissues (46–50). Selective chemical inhibitors of 

S6K2 have not yet been described. Should such compounds become available, the data 

presented here suggest that blockade of S6K2 will not be broadly immunosuppressive 

compared to rapamycin. Selective inhibition or conditional deletion of S6K1 and S6K2 in 
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various cell types will be necessary to achieve a more detailed understanding of the unique 

and shared functions of these kinases in different aspects of the immune response. 
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Figure legends 

Figure 1: S6K2-/- mice have normal T cell compartments and CD4+ T cells display normal 

activation marker upregulation. (A) Flow cytometry analysis of CD4+ and CD8+ populations 

in the thymus, spleen, and lymph nodes. (B) Quantitative analysis of CD4+, CD8+, and 

CD4+CD8+ populations in the thymus, spleen, and lymph nodes (numbers indicate millions, 

mean +/- SEM, n = 3 per group). (C) nTreg populations were analyzed by CD4+CD25+ 

expression in the thymus, spleen, and lymph nodes. Average percentage mean (from total 

CD4+ populations) +/- SEM is shown below (n=3 per group). (D) Flow cytometry analysis of 

activation markers and cell size (forward scatter; FSC) of WT and S6K2-/- T cells after 24 hr 

of stimulation using varying concentrations of anti-CD3 under neutral conditions.  

 

Figure 2: S6K2-/- CD4 T cells have reduced S6 phosphorylation during the first 24 hours of 

stimulation compared to WT, but have comparable proliferation and cell size under neutral 

stimulation conditions. (A) Histogram overlays of p-S6 comparing WT and  

S6K2-/- CD4 T cells during a time course of neutral stimulation. (B) Left, Graph of normalized 

average mean fluorescence intensities (MFIs) of p-S6 in 24hr-activated CD4 T cells, * p < 

0.05 (n = 5). Error bars indicate SEM. Right, The percentage of p-S6-positive T cells was 

graphed for six independent experiments comparing WT and S6K2-/- CD4 T cells after 24hr 

stimulation. The Wilcoxon signed-rank test was used to assess p value. (C) CFSE and p-S6 

staining of WT and S6K2-/- naïve CD4+ T cells unstimulated or stimulated for 3 days. (D) 

CFSE histogram overlay of WT and S6K2-/- T cells from (C). (E) Cell size histogram overlay 

WT and S6K2-/- naïve CD4+ T cells stimulated for 24 hours. (F) Average FSC MFI plotted 

from (E) is shown, * p < 0.05 (n = 3). Error bars indicate SEM. 
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Figure 3: S6K2 and S6K1 have distinct substrates in activated T cells and have different 

roles in feedback to Akt. (A) Immunoblot analysis of lysates from WT and S6K2-/- naïve 

CD4+ T cells unstimulated or stimulated for 24 hours. Rapamycin (+rap) or S6K1 inhibitor 

(S6Ki) were included during stimulation in the samples indicated. Antibodies used to probe 

the blots are shown on the left. (B) Analysis of phospho CAD and S6K1 expression from 

immunoblots, mean +/- SEM, n = 3. * p  <  0.05. (C) Intracellular phosphoflow staining of 

Akt and analysis by normalized MFI, mean +/- SEM, n = 3.  *p < 0.05. 

 

Figure 4: Naïve S6K2-/- CD4+ T cells generate fewer Treg and more Th17 cells, with little 

effect on Th1, Th17, or Treg proliferation. (A) Intracellular staining of IL-17A, FoxP3, and 

IFNγ in WT and S6K2-/- T cells stained with CFSE for cell division tracking. Naïve WT or 

S6K2-/- CD4+ T cells were cultured in RPMI media under indicated conditions for 4 days. (B) 

Paired analysis of IL-17A and IFNγ positive cells from multiple experiments performed as in 

(A) (Th17: n = 4, Treg: n = 5). The Wilcoxon signed-rank test was used to assess p value. (C) 

Histogram overlays of CFSE-labeled T cells from (A). (D) IL-17 and IL-10 cytokine 

measurements by ELISA from the supernatant of WT and S6K2-/- T cells cultured in Th17 or 

Treg skewing conditions for 4 days (mean +/- SEM, n = 3). 

 

Figure 5: S6K2-/- and WT mice exhibit comparable EAE development. (A) Clinical scores of 

EAE-induced WT and S6K2-/- mice (mean +/- SEM, n = 8 for each group). (B) Clinical scores 

of EAE-induced WT, WT treated with Rap or vehicle (Veh), and S6K2-/- mice (mean +/- 

SEM, n =3 for each group). (C) Graphed analysis of IFNγ and IL-17A positive CD4+ T cells 

in the spinal cord of EAE-induced mice from (B), * p < 0.05 (mean +/- SEM, n = 3). (D) pS6 

(MFI and % positive) in CD4+ T cells from freshly harvested lymph nodes from 10 day MOG 

immunized WT and S6K2-/- mice (mean +/- SEM, n = 3). (E) CD4+IL17A+ (% positive and 
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MFI) and CD4+FoxP3+ (% positive) populations in 3 day MOG restimulated splenocytes 

harvested from the same mice as used in (D) (mean +/- SEM, n = 3).  

 

Figure 6: IMDM rescues Th17 differentiation in S6K2-/- T cells. (A) Intracellular staining of 

IL-17A and FoxP3 in WT and S6K2-/- T cells stained with CFSE. Naïve WT or S6K2-/- CD4+ 

T cells were cultured under indicated conditions for 4 days in RPMI or IMDM. (B) 

Comparative flow cytometric analysis and quantitative analysis for normalized MFI of p-S6 

signaling between WT and S6K2-/- T cells 24 hr of neutral stimulation, *p < 0.05 (mean +/- 

SEM, n = 3). (C) Intracellular staining of IL-17A in CFSE-labeled WT and S6K2-/- T cells 

cultured in Th17 skewing conditions for 4 days in RPMI, RPMI +FICZ, or IMDM. 
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Supplemental Figures 

Supplemental Figure 1: Additional early activation/characterization and EAE data.  

(A) Suppressive Treg assay using isolated nTregs from WT or S6K2-/- mice. These were 

seeded with CFSE labeled WT naïve T cells and stimulated with CD3 and CD28 for 3 days. 

Data are representative of three independent experiments (B) Cell cycle analysis of WT and 

S6K2-/- CD4+ T cells by PI staining after 40h stimulation in Tconv, Th17, or Treg culturing 

conditions (mean +/- SEM, n = 3). (C) IL-2 cytokine measurement by ELISA in the 

supernatant of 40h activated WT and S6K2-/- CD4+ T cells in Tconv, Th17, or Treg culturing 

conditions (mean +/- SEM, n = 3). (D) Graphed Th1 and Th17 population percentages from 

EAE experiment 1 (Fig. 5A) by IFNγ and IL-17A cytokine expression, respectively (n = 3 for 

each group). Cells were isolated from the brain and gated on CD4+ expression. Error bars 

indicate SEM. (E) IL-17 cytokine production in the supernatant of 3 day MOG restimulated 

splenocytes at 10 and 50µg/mL concentrations from 10 day MOG immunized WT and S6K2-

/- mice.  

 

Supplemental Figure 2: FICZ boosts Th17 differentiation in both RPMI and IMDM  

(A) Flow cytometry analysis of IL-17A and CFSE positive cells. Naïve WT CD4+ T cells 

were stimulated under Th17 conditions for four days in RPMI and IMDM, with or without 

FICZ. (B) CFSE histogram overlay of naïve WT or S6K2-/- CD4+ T cells that were cultured 

under indicated conditions for 4 days in RPMI, RPMI +FICZ, or IMDM. (C) Th17 population 

percentages from Figure 6A and similar experiments, graphed by IL-17A cytokine expression 

(n = 4). The Wilcoxon signed-rank test was used to assess p value. ns = not significant (p > 

0.05). 
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Supplemental Figure 3: S6K2-/- T cells show significantly reduced RORγ nuclear 

localization compared to WT T cells. (A) Immunofluorescence microscopy analysis of RORγ 

localization in WT or S6K2-/- CD4+ T cells. Cells were cultured in IMDM or RPMI for 40 

hours under Th1 or Th17 differentiation conditions. (B) Quantification of RORγ nuclear 

localization from (A) using the Manders colocalization coefficient. Data represent at least 3 

independent experiments, mean +/- SEM. * p < 0.05. For statistical analysis, 20 cells were 

counted in each sample. 

 

Supplemental Figure 4: S6K2-/- and WT CD4+ T cells have similar metabolic profiles under 

various T cell skewing conditions. Naïve CD4+ T cells were stimulated for 40 hours under 

the indicated conditions. (A) Glycolytic rate (ECAR) (B) Oxidative phosphorylation rate 

(OCR). Data shown are representative of at least 3 independent experiments, mean +/- SEM. 

* p < 0.05.  
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CHAPTER 3 

Potent and Selective ACC Inhibitors Target Th17-mediated Immune Responses and 

Increase Treg Generation 

 

Abstract 

De novo fatty acid synthesis is required for effector T cell differentiation and function, 

providing the rapidly proliferating cells with biosynthetic precursors for cell membrane 

synthesis, cell signaling substrate, and posttranslational modifications. Acetyl-CoA 

Carboxylase, or ACC, refers to two enzymes with distinct localization and function. ACC1 

catalyzes a rate-limiting step in fatty acid synthesis in the cytoplasm, whereas ACC2 inhibits 

β-oxidation of fatty acids in the mitochondria. T cell-specific deletion of ACC1 has 

established that this isozyme is required for Th17 development, but dispensable for induced 

Tregs. Using a potent and selective allosteric inhibitor of ACC1 and ACC2, we show 

significantly reduced Th17 differentiation and preferentially encourage Treg generation, 

under conditions when proliferation is preserved in vitro. Utilizing experimental autoimmune 

encephalomyelitis (EAE) as a mouse model for autoimmunity, we found that ACC inhibition 

dramatically reduced clinical scores and inflammatory cytokine production in vivo. Our data 

reinforce the idea that ACC inhibition can be used as a therapeutic strategy in the treatment 

of autoimmune diseases, targeting selective T effector responses while promoting Tregs. 
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Introduction 

In an immune response, newly activated effector T cells require reprogramming of their 

metabolic processes to achieve sustainable growth and production of subset specific 

cytokines (1–3). Activated T cells are able to switch freely between fatty acid oxidation and 

glycolysis to meet proliferating demands and often still utilize both early in activation (4, 5). 

Current evidence suggests that each effector T cell subset engages distinct metabolic 

programs to commit to distinct lineages, a process that involves a complex integration of 

immunological signals and nutrient cues (3). Lipid synthesis is one such process that is 

essential for providing a source for membrane biosynthesis in proliferating T lymphocytes. In 

T cells that rely on glycolytic pathways, including cytotoxic CD8+ T cells and 

proinflammatory CD4+ T cells, de novo fatty acid (FA) synthesis is required to drive 

differentiation into these T cell subsets (1, 6). Other types of T cells like CD8+ memory T 

cells and induced regulatory T cells (Tregs) prefer to utilize exogenous FAs as a sustaining 

fuel source (fatty acid oxidation, or FAO) (7). This dividing characteristic between 

Th1/Th17s and Tregs allows for a potential therapeutic treatment to be developed in which 

FA synthesis is discouraged and FAO promoted (8). 

Autoimmune diseases are the result of dysregulated immune responses, often driven by 

inappropriate proinflammatory cytokine production from effector CD4+ T cells. Th17 cells 

are one such proinflammatory T cell subset that has important roles in protecting mucosal 

barrier surfaces. However, an unwanted Th17 response towards self or foreign antigens can 

induce chronic inflammation, which often leads to destruction of otherwise healthy tissue. 

Multiple sclerosis and rheumatoid arthritis are such examples in which elevated Th17 

populations secreting IL-17A recruit both innate and adaptive immune cell types, which 

ultimately exacerbates and progresses disease (9). 
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ACC is a key enzyme that determines the balance of FA synthesis and oxidation. 

Mammals express two isoforms, ACC1 and ACC2. Both catalyze the irreversible, ATP-

dependent carboxylation of acetyl-CoA into malonyl-CoA, which is the rate-limiting step to 

fatty acid synthesis (10). ACC1 is localized in the cytoplasm and is required for de novo FA 

synthesis (11). ACC2 is localized in the outer mitochondrial membrane and inhibits FAO by 

increasing malonyl-CoA levels and allosterically inhibiting carnitine palmitoyl transferase 1 

(CPT1) (12). CPT1 is the enzyme responsible for importing FA chains into the mitochondria 

to generate ATP.  

Berod and colleagues have previously established proof of concept that ACC1/2 

inhibition has potential as an immunomodulatory therapeutic (13). Using soraphen A (SorA), 

a naturally occurring macrolide that inhibits both eukaryotic isozymes for ACC, they found 

that inhibition of ACC1 inhibits Th17 differentiation and instead skews T cells towards a 

Treg phenotype with expression of Foxp3. Utilizing a T cell specific knockout for ACC1 

(TACC1), they established that ACC1 is required specifically for Th17 differentiation. They 

found that additional treatment with SorA increased Treg generation when compared to the 

knockouts alone. Both SorA treatment and the TACC1 knockout ameliorated clinical scores 

in the mouse model of autoimmune disease, EAE (experimental autoimmune 

encephalomyelitis). In summary, their studies shows a clear potential for ACC inhibition to 

be used in the treatment of autoimmune diseases that are driven by Th17 cells.  

Though SorA is active at nanomolar half-maximum effective concentrations (EC50: 

~50nM) in cells, the drug exhibits poor pharmacological properties and is not considered a 

lead compound for developing a therapeutic (14). Utilizing structure-based drug design, 

Nimbus Therapeutics has developed a series of potent allosteric inhibitors of ACC. A set of 

these was characterized to correct for dysregulated fatty acid metabolism of the liver, which 

is known to cause the disease nonalcoholic steatohepatitis (NASH) (unpublished data). One 
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of these highly potent, allosteric inhibitors of both ACC isozymes was assigned Fast Track 

designation by the FDA and is in phase II clinical trials for treatment of NASH. However the 

effects of such compounds on T cells and autoimmunity have not been determined. In this 

study, we show that a novel synthetic ACC1/2 inhibitor has similar effects to SorA in 

inhibiting Th17 differentiation while promoting Treg generation in vitro. It also is effective in 

vivo in not only delaying EAE onset, but also in reducing overall clinical scores and 

incidence of the disease. 
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Materials and Methods  

Animals  

All mice were kept in specific pathogen–free animal facilities and in accordance with 

guidelines of the University of California Institutional Animal Care and Use Committee. 

C57BL/6 mice were obtained from Jackson Laboratories.  

 

Media and cell culture  

Primary cell culture was performed in complete media consisting of RPMI or IMDM media 

(Gibco) supplemented with 10% FCS (Gibco), L-glutamine (Corning), ßME and antibiotics 

(Gibco).  

 

Antibodies and reagents 

Stimulatory anti-CD3 (2C11) and anti-CD28 (37.51), as well as neutralizing anti-IFN-

γ (XMG1.2), anti-IL-2 (JES6-1A12), anti-IL-12p40 (C17.8), and anti-IL-4 (11B11) were 

from eBioscience. For differentiation, recombinant cytokines were used: TGF-beta (R&D 

systems), mouse IL-6 and IL-12 (eBioscience). For flow cytometry analysis, surface and 

intracellular staining antibodies were purchased from eBioscience and Cell Signaling 

Technologies.  

 

Cell purification 

Splenic CD4+ T cells depleted of natural Tregs were purified by negative selection using the 

EasySep Mouse CD4+ T Cell Isolation Kit from Stemcell Technologies with biotinylated 

anti-CD25 (0.5 µg/ml) added.  

 

Cell stimulation and differentiation 



80 

 

Unless otherwise stated, T cells were stimulated as conventional T cells (Tconv), with plate-

bound anti-CD3 (5 μg/ml) and soluble anti-CD28 (2 μg/ml) from eBioscience. 20 nM of 

Rapamycin (LC Laboratories) was also used when indicated. When proliferation was 

measured, isolated T cells were prelabeled with CFSE (eBioscience). Cell stimulation 

cocktail (500x) from eBioscience containing PMA (phorbol 12-myristate 13-acetate), 

ionomycin, Brefeldin A, and monensin were used for restimulation (detection of intracellular 

cytokines). For Th polarization assays, isolated naïve T cells were skewed with anti-CD3 and 

anti-CD28 for 4 days (unless otherwise noted), restimulated for 4 hours, and harvested for 

flow cytometry analysis. Skewing conditions were as follows: TH17: TGF-β (5 ng/ml), IL-6 

(20 ng/ml), anti-IFN-γ (10 μg/ml), anti-IL-4 (10 μg/ml) and IL-2 (1 ng/ml); Treg: TGF-β (5 

ng/ml).  

 

Intracellular staining for flow cytometry analysis 

After restimulation with cell stimulation cocktail, cells were fixed and made permeable with 

BD Cytofix/Cytoperm and then stained for cell surface markers and cytokines. Intracellular 

staining of transcription factors (i.e. FoxP3) was done without restimulation. Gates were set 

appropriately with unstimulated controls (T cell subset proliferated populations were 

calculated with exclusion of the initial CFSE peak) and voltages were set on the basis of 

isotype-matched control antibodies. Data were acquired using a BD FACSCalibur flow 

cytometer (BD Biosciences) and analyzed using FlowJo software (Tree Star). 

 

Enzyme-linked immunosorbent assay 

Cells were harvested after day 4 and supernatants were collected to measure cytokine 

production according to manufacturer’s instructions. IFNγ ELISA kit was obtained from 

eBioscience and IL-17 ELISA kit was obtained from R&D systems. 
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Gene expression analysis 

Total RNA was isolated using Quick-RNA MiniPrep Kit (Zymo Research) according to the 

manufacturer's instructions. The Tecan Infinite 200 was used to measure RNA amount and 

quality. RNA was then transcribed into cDNA using qScript™ XLT cDNA SuperMix 

(Quanta Biosciences). RT-PCR was performed with TaqMan® Universal PCR Master Mix 

(Life Technologies) on the StepOnePlus Real-Time PCR system (Applied Biosystems). All 

measured target gene transcripts were normalized to β-actin. 

 

Experimental Autoimmune Encephalomyelitis 

11+ week-old female wildtype mice were immunized with 100µg of MOG35-55 antigen in 

200µg of CFA per mouse. Pertussis was administered i.v. on day 0 and 1 at 400ng per 

injection. Mice were scored on a scale of 0–5: 0-no clinical symptoms; 1-limp tail; 2- limp 

tail and partial hind limb paralysis; 3- limp tail and complete hind limb paralysis; 3.5- partial 

front or one-sided paralysis; 4- moribund; 5- death. Mice scoring 3.5 or more for two 

consecutive days were euthanized. Spinal cords were harvested and centrifuged through a 

Percoll gradient. Isolated infiltrating lymphocytes were restimulated for 4h before stained 

intracellularly for IFNγ and IL-17A. Splenocytes were restimulated with MOG (10 and 

50µg/mL) for 3 days and then harvested for cytokine measurement in the supernatant, as well 

as stained intracellularly for IL-17A and FoxP3 expressing CD4+ T cells. 

 

Metabolic studies 

Metabolic flux analysis was performed on 40h stimulated cells in complete Seahorse media 

(Seahorse Bioscience, 102365) supplemented with 25mM D-Glucose, 1mM Na-Pyruvate and 

2mM L-glutamine.  
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Statistical Analysis 

Mean and SEM values were calculated from at least three independent experiments. p values 

were calculated using a two-tailed unpaired Student’s t-test when determining differences 

between groups and the Wilcoxon signed-rank test was used to determine pairwise 

differences (specifically indicated in figure legends). 
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Results 

 

ACC inhibitors show potent and selective responses against Th17 differentiation 

In pilot studies we compared 3 selective ACC inhibitors, added to CD4+ T cells under 

Th17 and Treg differentiation conditions in vitro. Compounds were tested at 300 nM, 1 µM, 

3 µM, and 10 µM concentrations. Prior studies by Nimbus Therapeutics indicated the 

following IC50 values for the compounds, measured using isolated ACC1 enzyme in cell-free 

assays: 532 (NDI-011532)- 4.6 nM; 992 (NDI-010992)- 5.9 nM; 706 (NDI-011706)- 760 

nM. Under Th17 differentiating conditions, all three compounds at 10 µM reduced the 

percentage of IL-17A+ cells (Fig. 1A). ACC inhibitors 992 and 532 exhibited a ten-fold 

increase in cellular potency compared to 706, which correlated with the biochemical IC50 

values. Quantitation of replicate experiments showed that compounds 992 and 532 (1µM) 

significantly decreased both the percentage and numbers of IL-17A positive cells (Fig. 1B). 

Under Treg skewing conditions, all three compounds increased the percentage of FoxP3+ 

cells, compared to vehicle (Fig. 1C). However, over multiple experiments the dose dependent 

increase in percentage of FoxP3 positive populations did not reach statistical significance 

(Fig. 1D). Measuring the numbers of FoxP3 positive cells, there seemed to be less indication 

of increased Treg generation. Again, 992 and 532 compounds were at least ten-fold more 

potent than 706. We choose to focus our studies on ACC inhibitor 992 for its potency in both 

the Th17 and Treg differentiation studies, as well as its tissue specific selectivity.  

 

ACC inhibition decreases in vitro Th17 differentiation without affecting total CD4+ 

populations 

Consistent with data from Figure 1, treatment of naïve CD4+ T cells with 992 at 1µM 

reduced Th17 differentiation, (Fig. 2A). A 0.1% DMSO vehicle control was used for 

comparison and a 20nM Rapamycin treatment was added as a positive control. After four 
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days of culturing in Th17 skewing conditions, ACC inhibition significantly reduced both the 

percentage and number of IL-17A-positive cells compared to vehicle treatment (Fig. 2B). 

Because it was reported SorA treatment and TACC1 mice displayed a spontaneous switch to 

Treg when differentiated under Th17 conditions, we also intracellularly stained Th17 skewed 

cells for FoxP3 (13). We did not observe an increase of FoxP3 expression when the ACC 

inhibitor 992 was used (data not shown). Differentiated cells were also pre-labeled with the 

proliferation tracking dye CFSE to analyze IL-17A expression for each cell division. Both 

rapamycin and 992 significantly reduced Th17 differentiation throughout each cell division 

(Fig. 2C).  

To determine the effect ACC inhibition on early activation metabolism for T cells skewed 

towards Th17, we measured metabolic rates using the Seahorse Metabolic Flux Analyzer. 40 

hours into Th17 skewing stimulation, T cells were harvested and measured for basal 

glycolysis (extracellular acidification rate (ECAR)) and oxidative phosphorylation (oxygen 

consumption rate (OCR)). Interestingly, both ECAR and OCR were significantly reduced in 

ACC inhibitor-treated T cells, suggesting an effect on overall metabolism and not just 

glycolysis (Fig. 2D). 

 

Late ACC inhibition in vitro separates its effect on overall proliferation from Th17 

effector differentiation  

Next we considered whether reduced generation of IL-17A+ cells was due to effects on 

proliferation versus differentiation. CFSE prelabeling of CD4+ T cells before stimulation 

showed ACC inhibitor treatment reduced the percentage of IL-17A+ cells within populations 

at each division (Fig. 2C). However, addition of ACC inhibitor at 1µM significantly reduced 

the number of proliferated cells for both IL-17A positive and negative populations (Fig. 3A). 

This suggested an overall nonspecific inhibition of CD4+ proliferation.  
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To separate the roles of ACC in cell cycle progression and differentiation, we modified 

the differentiation assay such that ACC inhibitor compounds were added to the cultures after 

24 hours of initial stimulation (Fig. 3B). In cultures with 24hr addition of ACC inhibitor, the 

numbers of IL-17A negative cells was comparable to vehicle-treated control (Fig. 3C). In 

contrast, the number of IL-17A positive cells was still significantly reduced. Based on these 

results, we conducted all further in vitro experiments in a similar manner, adding the ACC 

inhibitor 24 hours into the four-day Th17 differentiation assay.  

To determine whether the effects of ACC inhibitor were concentration-dependent, we 

assessed Th17 differentiation with ACC inhibitor treatment at 10nM, 30nM, 100nM, 300nM, 

and 1µM. Th17 differentiation assessed by percent and number of IL-17A+ cells was 

significantly reduced over the concentration range of 100nM - 1µM (Fig. 3D). To measure 

other parameters of Th17 differentiation, we measured IL-17A protein in culture supernatants 

by ELISA. We observed a significant decrease in IL-17A cytokine production, with a 

concentration-dependent response from 30nM to 1µM of ACC inhibitor (Fig. 3E). 

Measurement of Th17-related gene transcripts by qPCR also showed reduced Rorc and Il17a 

expression (Fig. 3F).  

 

ACC inhibition favors in vitro Treg differentiation  

To assess the effect ACC inhibition on Treg differentiation, we performed in vitro 

skewing assays over 4 days and quantitated Treg generation by expression of Foxp3. At 1µM 

of 992, ACC inhibition increased the fraction of Foxp3+ cells in some experiments (Fig. 4A) 

but this increase was not significant over multiple trials (Fig. 4B). Both the total numbers and 

the percentages of FoxP3+ cells were unchanged to vehicle treated T cells (Fig. 4B). 

Following the same in vitro studies we performed earlier for Th17, we assessed Treg 

differentiation in cultures treated with ACC inhibitor 24hr after stimulation (Fig. 5A). Over 
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multiple experiments, late addition of 1µM 992 did significantly increase the FoxP3+ 

fraction, as did the positive control Rap (Fig. 5B). Interestingly, the increase in %FoxP3+ 

correlated with reduced numbers of proliferated FoxP3-negative cells rather than an absolute 

increase in FoxP3+ cells (Fig. 5C). In addition, we measured Foxp3 transcript abundance in 

cells activated in Treg conditions with a range of ACC inhibitor from 10nm to 1µM. 

Consistent with the increase in %FoxP3+ cells, there was a significant dose-dependent 

increase in expression starting at 100nM of 992 (Fig. 5D). 

 

ACC inhibition ameliorates clinical symptoms of EAE 

Berod and colleagues utilized the Th17 mediated mouse autoimmune disease EAE to 

evaluate efficacy of pharmacological ACC inhibition in vivo (13). Using a SorA derivative, 

soraphen-S1036, they showed delayed EAE onset, as well as overall reduced clinical scores 

and incidence. To test the ACC inhibitor 992 in the same model, we dosed mice by oral 

gavage twice daily (p.o., BID) with either vehicle or 10 mg/kg of ACC inhibitor, starting day 

2 post-immunization. Compared to vehicle control, mice treated with 992 showed delayed 

EAE onset and a highly significant reduction in clinical scores and incidence (Fig. 6A). 

Analysis of ACC inhibitor treated Th1 and Th17 populations in the spinal cord showed 

markedly reduced IFNγ and IL-17A cytokine production compared to vehicle (Fig. 6B). 

Isolation of cells from the spinal cords showed that ACC treatment caused a trend towards 

increased Treg percentages that approached significance (p = .052) (Fig. 6C). Notably, the 

percent and total number of CD4+ T cells quantified in the spinal cord were comparable 

between both ACC and vehicle treated cohorts (Fig. 6D). In the cervical draining lymph 

nodes, Treg populations were significantly increased in the ACC inhibitor treated cohort (Fig. 

6C). We also restimulated splenocytes with MOG at two concentrations (10µg/mL and 

50µg/mL) and found the ACC inhibitor treated cohort to secrete significantly less IL-17A 
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compared to vehicle treated. IFNγ secretion was below the limit of detection for cells from 

ACC-treated mice (Fig. 6E).  
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Discussion 

Our studies show that an ACC inhibitor with similar structure to a compound in clinical 

trials to treat NASH has a strong effect on Th differentiation, inhibiting Th17 production and 

promoting Treg generation. This potent effect was measured using in vitro differentiation 

assays, and supported by an autoimmune mouse model where pharmacologic inhibition of 

ACC reduced Th17 generation in vivo and significantly improved clinical outcome. 1µM of 

ACC inhibitor 992 displayed similar activity to a previous analysis of SorA in in vitro 

Th17/Treg studies. Though ACC treated T cells skewed to the Th17 subset did not 

spontaneously become Tregs, their IL-17 production was significantly reduced. 

The effect ACC inhibition has on Th17 differentiation is not simply the result of an 

overall nonspecific inhibition of T cell proliferation. Overall proliferated IL-17A negative 

CD4+ T cell populations were comparable to vehicle treatment in late inhibitor addition in 

vitro Th17 skewing experiments. Utilizing the in vivo EAE model, mice dosed with 10mg/kg 

of ACC inhibitor had dramatically less clinical symptoms than the vehicle cohort. Isolation of 

spinal cord infiltrating lymphocytes revealed that ACC treatment significantly reduced Th1 

and Th17 cells, though overall CD4+ populations did not change when compared to vehicle 

treatment. This preservation of T cell numbers could be explained by delayed dosing of 992, 

as we began ACC inhibition 2 days post MOG immunization. ACC inhibition, however, 

affected T cell proliferation under Treg skewing conditions. When 992 was added 24h into 

Treg skewing cultures, the FoxP3 negative proliferated T cell populations were significantly 

reduced compared to vehicle treatment. A more comprehensive look into the relationship 

between metabolic requirements and specific stimulation conditions such as Treg cultures 

would be helpful to understand their roles in cell survival and proliferation.  

Th17 differentiation is accompanied by metabolic reprogramming including an increase 

in glycolytic rate. We found that ACC inhibition reduced both basal ECAR and OCR in cells 
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cultured for 40hr under Th17 conditions. It was unexpected to observe reduced OxPhos, as a 

previous study of ACC inhibition reported only a reduction in glycolytic rate. However, it 

should be considered that overall Th17 metabolism could be affected as their primary 

metabolic source for driving differentiation and proliferation is inhibited and OxPhos cannot 

be alternatively utilized. Conversely, given the lack of impaired differentiation of Tregs 

(which rely on FAO), it will be interesting to be determine whether OxPhos is preserved 

under Treg skewing conditions using either glucose or fatty acids as primary fuel. Perhaps 

Tregs and memory T cells that share comparable metabolic phenotypes could differentiate 

and function at lower rates of oxygen consumption.  

Previous T cell specific ACC1 knockout mice experiments support the notion that SorA 

exerts its inhibitory effects on Th17 generation primarily through the inhibition of ACC1 

alone, though inhibition of both ACC1/2 is required for optimal Treg generation (13). Berod 

et al. showed in a mouse model of autoimmune disease, that both TACC1 mice and mice 

treated with SorA have attenuated clinical symptoms compared to control wildtype mice. The 

effect of ACC inhibition on other immune cell types, however, has not yet been characterized 

in either murine or humans. It would be interesting to see how ACC inhibition affects cells 

that also undergo metabolic reprogramming and utilize de novo lipid synthesis, such as Th1 

cells. In our EAE studies, we did observe significantly reduced Th1 populations from the 

ACC inhibitor treated cohort, both in the spinal cord and among MOG peptide responders in 

the spleen, as measured by CD4+ T cells expressing or secreting IFNγ. Other immune cells 

types that utilize de novo lipogenesis with roles in inflammation include dendritic cells, B-

lymphocytes, and other T cell subsets (e.g. cytotoxic effector CD8 cells and Th2 cells). In 

addition, various cancer cell lines also activate this pathway to support their rapid cell 

proliferation and fuel needs when under nutrient starvation. It has been shown that inhibition 

of ACC expression results in a major decrease in the cellular pool of palmitic acid, the end 
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product of fatty acid synthesis (15). This inhibition has induced apoptosis in prostate and 

breast cancer cells, but not in normal tissues (16, 17). 

SorA treatment has been shown to render these cells more susceptible to cell death by 

increased reactive oxygen species (ROS) due to increased oxidation of fatty acids (by ACC2 

inhibition) (18). It would be interesting to try our ACC inhibitor as an antineoplastic agent or 

in synergistic use with chemotherapeutics as a sensitizer. 

In our studies, the targeting of ACC function as a therapeutic treatment in autoimmune 

disease correlates with a primary effect on Th17 differentiation and function. However, ACC 

inhibition seems to exert its effects not only on proinflammatory effector CD4+ T cell subsets 

as Treg generation was spared and sometimes significantly increased, as seen in the cervical 

draining lymph nodes of ACC inhibitor-treated MOG-immunized mice. In conclusion, these 

promising results should be followed up by testing ACC inhibitors in other autoimmune 

models like psoriasis and colitis to realizing the potential of this approach to modulate 

proinflammatory metabolism for a therapeutic outcome. 
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Figure Legends 

 

Figure 1: Potent and selective ACC inhibitors. (A) ACC inhibitors 992, 532, and 706 were 

tested at a range of concentration to inhibit Th17 differentiation. 4-day Th17 skewing 

cultures were harvested and analyzed by FACS for IL-17A expression and proliferation by 

CFSE dilution. (B) Analysis of IL-17A percent and number positive cells from multiple 

experiments performed as in (A) (n=3). (C) ACC inhibitors 992, 532, and 706 were tested at 

a range of concentration to increase Treg differentiation. 4-day Treg skewing cultures were 

harvested and analyzed by FACS for FoxP3 expression and proliferation by CFSE dilution. 

(D) Analysis of FoxP3 percent and number positive cells from multiple experiments 

performed as in (C) (n=3). Mean +/- SEM. * p < 0.05 

 

Figure 2: ACC inhibitor 992 significantly reduces Th17 differentiation and function.  

(A) Naïve CD4+ T cells stimulated under Th17 skewing conditions for 4 days are analyzed 

for CFSE proliferation and IL-17A expression by FACS (B) Analysis of IL-17A percent and 

number positive cells from multiple experiments performed as in (A) (n=3). (C) Normalized 

analysis of IL-17A percent positive cells for each corresponding CFSE division from 

multiple experiments performed as in (A) (n=3). (D) Naïve CD4+ T cells were stimulated for 

40 hours under Th17 differentiating conditions and harvested to measure glycolytic (ECAR) 

and oxidative phosphorylation (OCR) rates. Data shown are representative of at least 3 

independent experiments, mean +/- SEM. * p < 0.05, ** p < 0.01, *** p < 0.005. 

 

Figure 3: 24h addition of ACC inhibitor 992 in Th17 skewing cultures still inhibits Th17 

differentiation and function, but spares IL-17A negative proliferating T cells. (A) Naïve 

CD4+ T cells stimulated for 4d under Th17 differentiating cultures were quantitated by IL-
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17A expression. Numbers of IL-17A positive and negative populations were graphed as 

normalized values. (B) Same as (A), but with indicated inhibitors added at 24h after start of 

stimulation. (C) Flow cytometry analysis of IL-17A and CFSE positive T cells of 4d Th17 

differentiated cultures with indicated inhibitors added at 24h. (D) Quantified analysis from 

multiple experiments performed as in (C), but with additional 992 concentrations. (E) 

Supernatant cultures were collected from 4d Th17 differentiation assays and measure via 

ELISA for IL-17 production. (F) 4d Th17 skewed cell cultures were harvested for qRT-PCR 

of Il17a and Rorc gene transcripts. Data shown are representative of at least 3 independent 

experiments, mean +/- SEM. * p < 0.05, ** p < 0.01, *** p < 0.005. 

 

Figure 4: ACC inhibition supports in vitro Treg generation. (A) Naïve WT CD4+ T cells 

were stimulated under Treg conditions for 4d and analyzed by flow cytometry for FoxP3 and 

CFSE positive T cells. (B) Analysis of FoxP3 percent and number positive cells from 

multiple experiments performed as in (A) (n=3). Data shown are representative of at least 3 

independent experiments, mean +/- SEM.  

 

Figure 5: 24h addition of ACC inhibitor 992 promotes Treg differentiation while inhibiting 

proliferation of non Treg-skewed cells. (A) Naïve WT CD4+ T cells were stimulated under 

Treg conditions for 4d and analyzed by flow cytometry for FoxP3 and CFSE positive T cells. 

Indicated inhibitors and their concentrations were added 24h into stimulation cultures. (B) 

Analysis of FoxP3 percent and number positive cells from multiple experiments performed as 

in (A) (n=3). (C) Numbers of FoxP3 positive and negative expression of harvested T cells 

from (A) were graphed separately as total numbers for each population. (D) 4d Treg skewed 

cell cultures were harvested for qRT-PCR of the Foxp3 gene transcript. Data shown are 

representative of at least 3 independent experiments, mean +/- SEM. * p < 0.05 
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Figure 6: The ACC inhibitor 992 delays induction of clinical EAE symptoms in mice, as 

well as reduce incidence and severity of disease. (A) Clinical scores of EAE-induced WT 

mice treated with vehicle or 992 day 2 after MOG immunization (mean +/- SEM, n = 8 for 

vehicle, n = 10 for 992). (B) Graphed analysis and FACS plots of IFNγ and IL-17A positive 

CD4+ T cells in the spinal cord of EAE-induced mice sacrificed day 16 post immunization 

from (A). (C) Treg percent positive populations in the lymph node and spinal cord of mice 

from (A). Identified by CD4+CD25+FoxP3+ expression. (D) Overall CD4+ populations in the 

spinal cord of both cohorts from (A). (E) IL-17 and IFNγ cytokine production in 3 day MOG 

restimulated splenocytes harvested from the same mice as used in (A) (n = 5 for each cohort) 

(mean +/- SEM).  
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Chapter 4 

Discussion 

 

Autoimmune diseases are collectively a major health problem that have been increasing 

in prevalence, with many that consist of chronic and life-threatening symptoms. Frequently, 

patients suffering from autoimmune diseases only have intermittent and unspecific symptoms 

up until the disease becomes acute. Commonly prescribed immunosuppressants used to treat 

these major symptoms all involve unpleasant side effects that, when used long term, can 

sometimes also lead to life-threatening conditions. These side effects stem from nonspecific 

immunosuppression of our immune system that can lead to opportunistic infections and 

malignancies of otherwise healthy tissues (e.g. bone marrow and muscles like the heart). The 

need to develop selective immunosuppressant therapies is essential to ensure an effective 

therapy that can target the proinflammatory responses that cause autoimmunity, yet spare 

both regulatory immune responses and integral host defense systems. This type of targeted 

treatment could lead to a better-tolerated option that may be used long-term with less risk. 

The goal of this thesis was to elucidate pathways in CD4+ T cells that were required for 

proinflammatory immune responses and could be selectively targeted to suppress 

autoimmunity. Specifically, we sought to selectively target Th17 responses in autoimmunity 

by evaluating the effects of inhibiting the mTORC1 effector S6K2. We choose S6K2 based 

on the potent inhibitory effect Rapamycin has on lymphocytes, as well as previous studies 

focused on S6Ks that suggest a role in Th17 differentiation. We also focused on the lipid 

metabolism enzyme ACC, as an earlier study strongly suggested inhibition of ACC to deliver 

a targeted immunosuppression by inhibiting Th17 differentiation and increasing Treg 

generation. This chapter separates our summaries and discussion for the studies and results 

generated for S6K2 and ACC. 
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S6K2 conclusions 

We first hypothesized that targeting downstream effectors of mTORC1 could potentially 

separate its roles in proliferation and effector function in T cells. To see if S6K2 played a role 

in Th17 differentiation and could be used as a therapeutic target, we characterized the S6K2 

knockout mouse and found normal homeostatic and proliferative T cell responses. Though 

we found significantly reduced Th17 differentiation and increased Treg generation in the 

S6K2 knockout with in vitro skewing cultures, this was determined to be dependent on the 

culturing media used. A switch from RPMI and IMDM restored the Th17 skewing to 

wildtype levels and this was corroborated with our EAE studies, which found no differences 

between knockout and wildtype cohorts.  

We described a Th17 differentiation phenotype that was dependent on the in vitro 

culturing conditions. A main point that can be drawn from this observation is that preliminary 

characterization studies should consider and utilize all possible protocols before planning 

translational studies that involve in vivo models. The benefit to this would be to better gauge 

observed phenotypes with context to the given microenvironment, which could help choose a 

better-suited in vivo study. A survey of recently published journal articles involving mouse in 

vitro Th17 differentiation studies revealed a mix of protocols used that included RPMI, 

IMDM, or even no mention of culturing media used. Based on our own results from the in 

vitro S6K2-/- mouse studies, it would have been more optimal to utilize more than one in vivo 

autoimmune mouse model to better evaluate the potential for disease amelioration in S6K2-/- 

mice. 

Our in vivo S6K2 studies showed no difference between S6K2-/- and wildtype cohorts in 

clinical score and inflammatory response, as IFNγ and IL-17A expressing T cells in the 

spinal cord were comparable populations. Though this fits with our later in vitro skewing 
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assays, the question still remains if the increased Treg population seen in S6K2-/- mice might 

still hold potential in alleviating autoimmune T cell responses. S6K2-/- T cells increased Treg 

generation in both IMDM and RPMI media, which suggests potential in testing these mice in 

other autoimmune models such as psoriasis.  

To further explore shared and differential roles of S6Ks in lymphocytes, utilization of 

both mouse models and human samples could provide valuable insight. To acutely address 

the role of S6Ks in T cells, genetic mouse models could be generated with T cell specific 

deletion of S6K1, S6K2, or both. Because our findings and other suggest dispensable roles 

for each S6K in activated CD4+ T cell function and whole body S6K knockouts display 

perinatal lethality, an inducible CD4-cre system with deletion of total S6K activity would be 

helpful in understanding its complete role in T cell differentiation and function. In addition to 

characterizing total S6K activity, targeted S6K2 studies in which Co-IPs of S6K2 and bound 

proteins in the cytoplasm and nucleus of activated cells could be paired with a mouse model 

generated with targeted disruption of its NLS at the C-terminus domain. This would be 

helpful in understanding its interaction with other proteins in both cellular compartments, as 

well as its role in shuttling proteins in the nucleus (such as RORγ). In stark contrast to cancer 

related studies, S6K signaling and function has not been characterized in normal human 

lymphocytes. Functional studies of S6K1 and S6K2 have been generated in mostly mouse 

and transformed cell lines, which often does not translate cleanly to humans. Using human T 

cells in characterizing S6K1 and S6K2 roles with in vitro T cell activation signaling and 

differentiation assays would be key in reaffirming earlier studies done in mouse models.  

As discussed in Chapter 2, others have detailed the overexpression of S6K2 in cancer, 

with emphasis in breast cancer (1). This is often seen along with 4EBP1 overexpression, but 

not S6K1. Sridharan et al. utilized cancer cells to show S6K2 expression contributed to an 

increase in TNF-induced Akt phosphorylation (2). Increase in Akt phosphorylation led to 
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downregulation of the proapoptotic protein Bid, which was reversed when S6K2 was silenced 

via knockdown. Thus, a clear case of S6K2 promoting cell survival in breast cancer cell lines 

has been established.  

Another area of interest in cancer that could be further characterized is the interaction 

between S6K2 and the transcriptional regulator Yin Yang 1 (YY1) (3). S6K2 and YY1 can 

be detected as a complex along with mTOR in the nucleus upon serum starvation or 

mitogenic stimulation.  The relationship between YY1 and cancer can be hypothesized 

through its association with the chromatin-modifying enzyme Ezh2 (4). Ezh2 has important 

roles in cancer, as it silences tumor suppressors (5, 6). YY1 may benefit from the NLS in the 

C-terminus domain of S6K2, and activation of Ezh2 by YY1 in the nucleus could be reduced 

by S6K2 inhibition.  

Expression profiling of breast cancer patients also suggested S6K2 to be established as a 

clinical marker, as expression levels correlated with prognostic outcome (7). Paired with our 

preliminary findings that S6K2 is dispensable for basic T effector function, it would 

reasonable to consider S6K2 as a cancer therapy target without the potential of affecting 

immune responses. Also, our signaling studies showed differential Akt regulation than 

Sridharan and colleagues, as activated S6K2 knockout T cells do not have significantly 

decreased levels of phosphorylated Akt (2). In conclusion, this could indicate that S6K1 is 

the predominant S6K in T cell fate and function, which is correlated by the compensatory 

upregulation of S6K2 expression in S6K1 knockout mice but not vice versa. 

 

ACC conclusions 

Our second hypothesis was to inhibit T cell driven autoimmune responses by selectively 

targeting a component of proinflammatory associated metabolism. Targeting ACC proved to 

be effective in inhibiting Th17 differentiation while promoting Treg generation. In vitro 



106 

 

skewing cultures showed ACC inhibition to be highly significant in reducing Th17 

differentiation, even when added 24 hours after start of stimulation. Later addition of ACC 

inhibitor did not affect overall proliferation of CD4+ T cells, yet retained the capacity to 

selectively target Th17 differentiated cells and promote Treg generation. A main focus of this 

thesis was to identify a regulatory pathway that would be crucial for inflammatory T cell 

proliferation and function, but dispensable to other subsets that include ones that regulates 

immune responses. Inhibiting ACC in vitro at the start or 24 hours into simulation satisfied 

this goal, as we were able to show selectivity in significantly reducing Th17 differentiation, 

while promoting Treg generation. EAE studies also showed promising in vivo results, where 

mice dosed with ACC inhibitor showed delayed, as well as significantly decreased severity 

and incidence of clinical disease scores. In addition to decreasing both proinflammatory Th1 

and Th17 cytokine production, Treg populations in the ACC inhibitor treated mice were not 

only spared but also significantly increased in the cervical draining lymph node. Importantly, 

the total percent of CD4+ T cells detected in the spinal cord of the treated mice was no 

different than the vehicle cohort. The promising in vivo results corroborates with the earlier in 

vitro data to strongly suggest ACC inhibition to target only proinflammatory CD4+ T cell 

responses, specifically the Th17 subset.  In summary, though we found S6K2 to be 

dispensable in proinflammatory Th17 responses, lipid metabolism controlled by the enzyme 

ACC proved to be essential in Th17 differentiation and function.  

Our ACC inhibition studies in CD4+ T cells showed a selective inhibition of Th17 

responses, while sparing Tregs and generally promoting their differentiation. The promising 

EAE data shows that lipid metabolism can be successfully targeted to inhibit 

proinflammatory responses and overall improve clinical disease scores. Because ACC 

currently cannot be selectively inhibited in only T cells, it will be important to characterize its 

effects in other immune cell types in addition to the other T cell subsets. Current literature 
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has already confirmed ACC1 to be required for CD8+ T cell expansion and viability, but not 

function. Studies underway have begun to characterize the effect of ACC inhibition in Th2 

responses, which could also lead to potential therapeutic outcome in treating type 1 

hypersensitivity related diseases (unpublished data). However, if future studies do point 

towards limitation of ACC inhibition treatment due to side effects, it may still be of use as a 

topical application (e.g. eczema and psoriasis). In summary, there are a number of 

autoimmune disorders driven my proinflammatory CD4+ T cell subsets that stand to 

potentially benefit from ACC inhibition, which would call for studies in additional 

inflammatory disease mouse models (e.g. colitis, psoriasis, collagen induced arthritis). 

Targeting ACC in cancer can offer an effective strategy to selectively target cancerous 

cells because of their altered metabolism. The previously described Warburg effect is seen in 

most cancers, where glycolysis is elevated and the catabolic end product pyruvate is 

produced in excess (8). While most of the pyruvate is converted to lactate, it is also shunted 

into the TCA cycle to generate a source of acetyl-CoA. ACC enters the picture here, as 

acetyl-CoA is utilized for de novo fatty acid synthesis. Lipogenic enzymes are often 

overexpressed in human cancers, which includes fatty acid synthase (FASN) (9). Previous 

studies have shown ACC inhibition to induce apoptosis in prostate and breast cancer cells 

because of the depletion of palmitic acid, the end product of de novo fatty acid synthesis (10). 

Aside from treating autoimmune disorders such as NASH and multiple sclerosis, ACC could 

be utilized as a neoplastic agent or sensitizer to chemotherapeutics.  

 

Concluding Remarks 

Patients suffering from a variety of autoimmune diseases frequently deal with the 

constant threat of a dysfunctional inflammatory response. Powerful immunosuppressants are 

utilized to prevent many T cell mediated diseases, including transplant rejection and 
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inflammation of the gut. These drugs deliberately induce a compromised immune system that 

often results in opportunistic infections and weakened ability to detect cancer cells. Sirolimus 

(Rapamycin) is one such drug that has been extensively studied and can provide insight into 

selectively suppressing target immune cells. Although our S6K2 studies and previous studies 

on S6K1 have shown a dispensable role in the T cell mediated autoimmune mouse model 

EAE, it is important to continue elucidating downstream effectors of mTOR. It is reasonable 

to hypothesize that inhibiting selected downstream targets of mTOR may recapitulate the 

potent effects of rapamycin on lymphocytes. If this is true, then characterization of these 

targets may eventually lead to a selective inhibition of proinflammatory associated T cell 

subsets. Selectively inhibiting these same T cell subsets by targeting their metabolic 

processes was demonstrated by us and others in inhibiting ACC. Because certain activated 

immune cells like Th17 reprogram metabolism to elevate glycolysis and fatty acid synthesis, 

information gained from parallel research in cancer can provide immunologists with an 

extensive panel of metabolic enzyme targets that could be potentially used in inhibiting 

inflammatory responses as well. As emphasized in this dissertation, avoiding broad 

immunosuppression in treating autoimmunity is highly desired and the study of both 

downstream mTOR effectors and metabolic processes could lead to the discovery of a potent 

and selective immunotherapy. 
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