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SUMMARY

Upon antigen recognition and co-stimulation, T
lymphocytes upregulate the metabolic machinery
necessary to proliferate and sustain effector func-
tion. This metabolic reprogramming in T cells regu-
lates T cell activation and differentiation but is not
just a consequence of antigen recognition. Although
such metabolic reprogramming promotes the differ-
entiation and function of T effector cells, the differen-
tiation of regulatory T cells employs different meta-
bolic reprogramming. Therefore, we hypothesized
that inhibition of glycolysis and glutamine meta-
bolism might prevent graft rejection by inhibiting
effector generation and function and promoting
regulatory T cell generation. We devised an anti-
rejection regimen involving the glycolytic inhibitor
2-deoxyglucose (2-DG), the anti-type II diabetes
drug metformin, and the inhibitor of glutamine meta-
bolism 6-diazo-5-oxo-L-norleucine (DON). Using this
triple-drug regimen, we were able to prevent or delay
graft rejection in fullymismatched skin and heart allo-
graft transplantation models.

INTRODUCTION

Advances in immunosuppressive regimens have played an

essential role in driving forward the field of organ transplantation

(Sayegh and Carpenter, 2004). However, long-term use of

immunosuppressants results in a broad range of co-morbidity.

For example, calcineurin inhibitors are associated with hyper-

lipidemia, hyperglycemia, neuro- and nephrotoxicity, and an

increased risk of malignancy (Arnold et al., 2013; Crutchlow

and Bloom, 2007; Guba et al., 2004; Hoorn et al., 2012; Roodnat

et al., 2014). In addition, such agents inhibit negative regulatory

and tolerance-inducing responses (Wu et al., 2012). That is, the

calcineurin inhibitors are truly immunosuppressive in that they

inhibit both activating and inhibitory signaling pathways (Powell

and Zheng, 2006). As such, whereas the ultimate goal of anti-

rejection strategies is to induce immune tolerance in the absence

of long-term immunosuppression, current treatment regimens

thwart this goal by inhibiting the induction of tolerance. There-

fore, new approaches to preventing graft rejection are required.

Recently, metabolic signaling pathways have been shown to

play critical roles in dictating the outcomes of T cell responses

(Pollizzi and Powell, 2014; Waickman and Powell, 2012; Yang

and Chi, 2012). The coordination of metabolism reprogramming

and T cell function reflects the ability of how low-frequency anti-

gen-specific naive T cells rapidly expand in response to a path-

ogen (Powell et al., 2013). In the presence of oxygen, naive or

resting T cells rely on mitochondrial oxidative phosphorylation

(OXPHOS) to generate energy necessary for immune surveil-

lance (Pearce et al., 2013). In contrast, both CD4+ and CD8+

effector T cells employ aerobic glycolysis to meet their biosyn-

thetic demands (Jones and Thompson, 2007; Pearce et al.,

2013). This use of glycolysis in the presence of oxygen was first

described by Otto Warburg in cancer cells (Warburg, 1956) and

was subsequently found to be important in activated T cells

(Warburg et al., 1958). It has been proposed that aerobic glycol-

ysis permits the generation of the substrates necessary for the

generation of amino acids, nucleic acids, and lipids, all of which

are crucial for activation and proliferation (Vander Heiden et al.,

2009). Essential for this activation-induced glycolytic response

is glucose uptake (Cham et al., 2008; Cham and Gajewski,

2005). Indeed, the increased expression of the glucose trans-

porter GLUT1 on the cell surface is a critical aspect of T cell re-

ceptor (TCR)-induced activation (Jacobs et al., 2008). Similarly,

the uptake andmetabolism of amino acids, especially glutamine,

is essential for T cell activation (Carr et al., 2010). Glutamine

deprivation blocks T cell proliferation and cytokine production

(Carr et al., 2010). While the considerations depicted above

reflect the metabolic needs of T cells during activation and
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