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Summary

Metabolism reprogramming is critical for both cancer progression and effective immune responses 

in the tumor microenvironment. Amino acid metabolism in different cells and their cross-talk 

shape tumor immunity and therapy efficacy in patients with cancer. In this review, we focus on 

multiple amino acids and their transporters, solute carriers (SLCs) members. We discuss their 

involvement in the regulation of the immune responses in the tumor microenvironment, and assess 

their associations with cancer immunotherapy, chemotherapy, and radiation therapy; as well as 

review their potential as targets for cancer therapy. We stress the necessity to understand individual 

amino acids and their transporters in different cell subsets, the molecular intersection between 

amino acid metabolism, and effective T cell immunity and its relevance in cancer therapies.

eTOC Blurb

Metabolism reprogramming affects both cancer progression and effective immune responses. 

Wang and Zou review the transportation and metabolism of multiple amino acids in different cell 

types in the tumor microenvironment and its relevance in cancer immunity and therapy in patients 

with cancer.
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Introduction

Amino acids are the basic building blocks of protein. However, they are critical for 

biosynthesis of nucleotides, antioxidant (glutathione), glucosamine, and polyamines - and 

serve as metabolites that enter into energy production process, such as tricarboxylic-acid 

cycle (Lukey et al., 2017). The 20 proteinogenic amino acids are traditionally classified as 

essential or non-essential for animals and humans. Some amino acids may be conditionally 

essential - depending on cell type, cellular metabolic states, and the microenvironment 

(Table 1) (Tabe et al., 2019).

Amino acid transportation across plasma membrane is mediated by various amino acid 

transporter systems that are belong to solute carrier (SLC) superfamily. SLC superfamily is 

comprised of a large variety of transporters of over 400 annotated members, which have a 

diverse array of substrates. To date, more than 60 SLC members have been identified as 

amino acids transporters (Kandasamy et al., 2018). Based on their substrate specificity, these 

amino acid transporters can be classified into neutral, basic, and acidic classes. Each class 

can be further categorized as sodium-dependent or -independent (Table 2). The 

transportation of amino acid by its transporter is not one-to-one matched; one amino acid 

can be transported via several different transporters and one transporter may have multiple 

substrates. In addition, one cell may express multiple functionally redundant SLCs. 

Accordingly, depletion of an amino acid may not be biologically equal to one relevant 

transporter deficiency. Furthermore, the same transporter may have different abundance 

across distinct cell types, such as tumor cell and immune cell. Moreover, tumor cells and 

immune cells may preferentially utilize different SLCs to transport the same amino acid. 

These characteristics raise a significant challenge in biologic and translational research in 

SLCs.

Undoubtedly, amino acids are important nutrients for both tumor and immune cells. T cells 

are the soldiers of the immune system and directly fight again cancer cells. T cells heavily 

rely on amino acid transportation and metabolism for their activation, differentiation, and 

function (Nakaya et al., 2014; Siska and Rathmell, 2015). Tumor cells utilize amino acids 

not only for their own proliferation and invasion (Lukey et al., 2017), but also enables tumor 

immune evasion (Lemos et al., 2019; O’Sullivan and Pearce, 2015). Here, we first review 

how amino acids and their transporters regulate T cell activation and effector functions. 

Then, we discuss the involvement of amino acid metabolism in the immune suppressive 

networks in the tumor microenvironment (Curiel et al., 2003; Zou, 2005; Zou and Chen, 

2008). For instance, tumor cells can generate immune inhibitory metabolites via amino acid 

catabolism and create an immunosuppressive tumor microenvironment. Furthermore, tumor 

cells may outcompete immune cells for amino acid supply, impairing immune cell function 

(Bian et al, 2020; Geiger et al., 2016; Roy et al., 2020). Analogously, recent studies have 
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generated compelling evidence that cancer immunotherapy can alter amino acid metabolism 

in both immune and tumor cells, and in turn affect therapy efficacy (Palaskas et al., 2019; 

Siska and Rathmell, 2015; Wang et al., 2019). Therefore, we further explore how cancer 

therapy reshapes amino acid metabolism in the tumor microenvironment. Finally, we assess 

the potential strategies for cancer therapy by targeting amino acid metabolism.

Amino acids and T cell activation and effector function

Naïve T cells are quiescent and require relatively small amounts of nutrients to maintain 

basic energetic and biosynthetic demands. Naïve T cells become activated, rapidly 

proliferate, and differentiated into effector T cells when the T cell receptor (TCR) 

encounters a specific MHC-peptide complex accompanied by a costimulatory signal from 

CD28. This transition is tightly coupled with increased metabolic requirements, such as 

glucose and amino acids (Horig et al., 1993; O’Sullivan and Pearce, 2015; Siska and 

Rathmell, 2015). Mechanistically, the activation of the pathways downstream of TCR and 

transcription factors, including mammalian target of rapamycin (mTOR), cMyc and hypoxia 

inducible factor (HIF1α), results in an upregulation of key enzymes in glycolysis, amino 

acid transporters, and amino acid metabolism (Carr et al., 2010; Levring et al., 2012). Amino 

acids serve as both an energy source and substrate for protein and nucleic acid biosynthesis 

in the course of T cell activation, differentiation, and function. However, efficient 

transportation of exogenous amino acids is the prerequisite for their utilization. A variety of 

amino acids and their transporters are necessary for T cell activation, differentiation, and 

effector function (Figure 1).

Alanine.—Alanine, a non-essential amino acid, is transported via SLC38A1 in CD4+ T 

cells. TCR engagement stimulates SLC38A1 expression (Ron-Harel et al., 2019). Alanine 

deprivation delays naïve and memory T cell activation, but has no effect on T cell effector 

function. Extracellular alanine is used for protein synthesis, rather than catabolism in 

activated T cells (Ron-Harel et al., 2019; Sugden and Cohen, 2015). Thus, it seems that 

alanine is only necessary for T cell activation.

Arginine.—Arginine is a non-essential amino acid. Its endogenous synthesis can be 

initiated by the amino acid citrulline. However, some pathological conditions (such as sepsis, 

wound healing, and cancer) seem to cause high arginine demand, requiring dietary 

supplementation (Kishton et al., 2016; Luiking et al., 2004). Extracellular arginine is 

transported across membrane through the y+ system of cationic amino acid transporters, 

including SLC7A1, SLC7A2, and SLC7A3 (Table 2). SLC7A1 is primarily responsible for 

arginine uptake in human T cells. Knockdown SLC7A1 expression impairs arginine uptake 

and T cell proliferation (Werner et al., 2016). Arginine starvation induces T cell cycle arrest 

via general control nonderepressible 2 (GCN2) activation (Rodriguez et al., 2007), causes 

loss of the T-cell receptor zeta chain (CD3zeta), and reduces T cell proliferation and 

cytokine production (Rodriguez et al., 2002; Werner et al., 2016). Arginine supplementation 

promotes the generation of central memory-like T cells with high survival capacity, 

consequently enhancing CD8+ T cell-mediated anti-tumor activity in a mouse model (Geiger 

et al., 2016). Thus, arginine is essential for T cell proliferation, activation, and effector 

function (Kishton et al., 2016; Rodriguez et al., 2007).
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Cysteine and cystine.—Cysteine (Cys) is not an essential amino acid, but is necessary 

for synthesis of protein, glutathione, and coenzyme A. In extracellular space, cysteine 

usually exists in its oxidized form - cystine (Cys-Cys) (Srivastava et al., 2010). Different 

transporters are responsible for cysteine and cystine uptake. Their expression levels are 

upregulated during T cell activation (Levring et al., 2012). Cysteine is transported by the 

system ASC (alanine, serine, and cysteine-preferring) transporters, including SLC1A4 and 

SLC1A5 (Kandasamy et al., 2018). It is important to note that SLC1A5 is also a major 

transporter for glutamine (Table 2). Cystine is transported through the system xc− 

transporter, consisting of SLC3A2 and SLC7A11 (xCT) subunits (Robert et al., 2015). Once 

cystine is transported into cells, it will be immediately reduced into cysteine. For in vitro 
cultured human T cells, exogenous cysteine and cystine are unnecessary for early activation, 

but are essential for T cell expansion. Antigen presenting cells (APCs), including dendritic 

cells (DCs), can export cysteine to support T cell proliferation, whereas myeloid-derived 

suppressor cells (MDSCs) can sequester extracellular cysteine and cystine to block full T 

cell activation (Srivastava et al., 2010). However, studies using transporter deficient mouse 

models have shown different results. In vivo SLC1A5 deficiency has no obvious effect on 

naive CD4+ T cell proliferation, but impairs Th1 and Th17 cell polarization (Nakaya et al., 

2014), although the phenotype may be contributed by the depletion of both cysteine and 

glutamine. Similarly, although SLC7A11 deficient mouse T cells fail to proliferate in vitro, 

they can become fully activated in vivo. Furthermore, SLC7A11 deficiency has no effect on 

anti-tumor T cell response (Arensman et al., 2019). Thus, the roles of cysteine and cystine 

and their transporters in T cells warrant further investigation.

Glutamine.—Glutamine is not an essential amino acid. As stated above, SLC1A5 is one of 

the transporters that mediate glutamine transportation. In addition, many other transporters 

can mediate glutamine uptake: including SLC6A14, SLC6A19 (B0AT1), SLC38A1 

(SNAT1), SLC38A2 (SNAT2), SLC38A4 (SNAT4), SLC38A3 (SNAT3), and SLC38A5 

(SNAT5) (Carr et al., 2010; Scalise et al., 2020). Among them, SLC1A5 and SLC38A1 have 

been shown to be upregulated during T cell activation (Sinclair et al., 2013). In line with 

this, glutamine uptake is enhanced during T cell activation (Horig et al., 1993). Glutamine 

deprivation blocks murine T cell proliferation and cytokine production in the in vitro culture 

system (Carr et al., 2010). Extracellular glutamine availability could also regulate T cell 

differentiation. In both human and murine CD4+ T cells, glutamine limitation suppresses 

Th1 differentiation and promotes Foxp3+ regulatory T (Treg) cell differentiation(Klysz et al., 

2015; Metzler et al., 2016). In SLC1A5 deficient T cells, glutamine uptake and mTORC1 

activation upon TCR engagement are largely impaired, and the differentiations of Th1 and 

Th17 are also blocked (Nakaya et al., 2014).

Leucine.—Leucine is a large neutral amino acid. Leucine transportation is mediated 

mainly by system L transporter containing SLC7A5 (LAT1) and SLC3A2 subunits. The two 

subunits are both upregulated upon TCR engagement during T cell activation (Hayashi et al., 

2013). SLC7A5 deficient mouse T cells show a defective response to antigen stimulation 

and do not undergo clonal expansion or effector differentiation, which may be related to 

rapid inactivation of mTORC1(Sinclair et al., 2013). Inhibition of SLC7A5 impairs human T 

cell activation and effector function (Hayashi et al., 2013).
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Methionine (Figure 2).—Methionine is an essential sulfur-containing amino acid. 

Methionine is required for protein synthesis and the production of S-adenosyl-methionine 

(SAM), which is a universal methyl donor for DNA, RNA, and protein methyltransferases 

(Sanderson et al., 2019). Several SLCs (including SLC1A5, SLC7A5, SLC7A6, SLC38A2, 

and SLC43A2) can mediate methionine transportation. Functional test shows that SLC7A5 

may be critical for methionine uptake in mouse CD4+ T cells. SLC7A5 deficient CD4+ T 

cells manifest a decrease in methionine influx and an impaired activation and differentiation 

(Sinclair et al., 2019). SLC7A5 also imports leucine, which is necessary for optimal T cell 

activation. Thus, the phenotype of SLC7A5 deficient T cells may be attributed to insufficient 

levels of both methionine and leucine. Interestingly, both human and mouse tumor 

infiltrating effector CD8+ T cells express low levels of SLC43A2, resulting in low levels of 

methionine and SAM in T cells, impaired expression of H3K79me2 and STAT5, and 

reduced T cell survival and function (Bian et al, 2020). Accordingly, methionine uptake 

increases upon T cell activation and helps generate SAM, sustaining histone methylation and 

RNA methylation (Bian et al, 2020; Sinclair et al., 2019). Methionine starvation can reduce 

H3K79me2 in CD8+ T cells (Bian et al, 2020) and histone H3K4 methylation (H3K4me3) in 

Th17 cells (Roy et al., 2020). Thus, methionine is critical for T cell survival and function.

Serine.—Serine is a non-essential amino acid that can be de novo synthesized from 

glucose. Interestingly, exogenous serine is necessary for Ewing sarcoma (ES) and 

liposarcoma cell proliferation (Cisse et al., 2020; Issaq et al., 2020). Similarly, in activated T 

cells the majority of intracellular serine comes from extracellular environment (Ma et al., 

2017). Serine uptake is required for optimal T cell proliferation, but is not necessary for 

effector function. Dietary serine restriction impairs T cell responses to L. monocytogenes 

infection (Ma et al., 2017). The major transporters for serine uptake in T cells have not yet 

been identified. Nonetheless, serine and glutamine share several system A and ASC 

transporters, including SLC1A5 (Table 2). It is speculated that SLC1A5 may be involved in 

serine uptake in T cells.

Part of fundamental T cell immunobiology is understanding T cell amino acid requirements 

in physiological and pathological conditions. In the in vitro T cell culture system, single 

amino acids can be easily supplemented or depleted to investigate its involvement in T cell 

activation and differentiation. Meanwhile, this approach is not feasible for the in vivo model. 

Hence, conditional knockout mouse model of a specific SLC is a useful approach to evaluate 

the importance of certain amino acids in T cell function. However, the functional 

redundancy of different SLCs may yield inaccurate information on the role of specific amino 

acids in T cells. Inclusion of multiple complementary and confirmatory experiments will 

make a compelling case in our understanding of specific amino acids and SLCs in cancer 

immunity and immunotherapy.

Amino acid metabolism contributes to cancer immune evasion

It is evident that amino acid metabolism is able to regulate anti-tumor immune response. 

Tumor cells utilize a variety of amino acids to support their proliferation and metastasis. 

During this process, downstream metabolites generated in tumor cells are released into the 

tumor microenvironment. Some metabolites exhibit immune regulatory properties, and can 
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directly target and impair APC- and T cell functions. Moreover, tumor cells can compete for 

amino acids with T cells via high expression of selective transporters, thereby causing the 

shortage of extracellular amino acids and impairing T cell proliferation, survival, and 

effector function. Here, we examine arginine, tryptophan, and methionine as examples to 

discuss their involvement in the regulation of tumor immunity.

Arginine (Arg) catabolism (Figure 3).—Apart from protein synthesis, intracellular 

arginine is used for the production of many substances - including nitric oxide (NO), proline, 

ornithine (Orn), creatine, agmatine, and polyamines (Szefel et al., 2019). The initial step of 

arginine catabolism is mediated by two enzymes: nitric oxide synthase (NOS) and arginase 

(ARG). Three isozymes of NOS - NOS1, NOS2 (also known as inducible NOS; iNOS) and 

NOS3 (Rodriguez et al., 2017) - catalyze and convert arginine into NO and citrulline. Two 

isoforms of arginase, Arg1 and Arg2, convert Arg into Orn and urea. Orn is further 

metabolized to proline by Orn aminotransferase (OAT) or to polyamines (putrescine, 

spermidine and spermine) by Orn decarboxylase (ODC) (Lemos et al., 2019; Rodriguez et 

al., 2017). Hence, Arg metabolism depends on the expression levels and activities of NOS 

and ARG enzymes. Human tumor and myeloid cells express high level of iNOS - causing 

high levels of NO, which promoted tumor growth and resistance to therapy (Kryczek et al., 

2006; Rodriguez et al., 2017). Furthermore, tumor associated myeloid cells - including 

macrophages (TAMs) (Lepique et al., 2009), MDSCs (Gabrilovich and Nagaraj, 2009), and 

DCs (Norian et al., 2009) - express high levels of SLC7A2 and Arg1, which transport 

extracellular Arg and consume Arg, respectively, leading to insufficient arginine to T cells 

and impaired T cell-mediated antitumor immunity in vivo (Geiger et al., 2016). Furthermore, 

Arg catabolism generates NO, which inhibits anti-tumor T cell response. NO-derived 

peroxynitrite can cause nitration of tyrosine residues to block protein tyrosine 

phosphorylation, resulting in decreased T cell proliferation and activation (Brito et al., 

1999). Moreover, MDSCs can inhibit NK cell cytokine production (Stiff et al., 2018) and 

mediate T cell activation and recruitment (Gehad et al., 2012) through NO-related pathways. 

Thus, arginine catabolism contributes to cancer immune evasion by restricting T cell access 

to arginine and impairing immune cell function via NO.

Tryptophan (Trp) metabolism (Figure 3).—Tryptophan is an essential amino acid. 

Extracellular Trp is transported into cells by the neutral amino acid transporter system L, 

which is composed of a heavy chain SLC3A2 and one of two light chains - SLC7A5 or 

SLC7A8 (Table 2) (Kandasamy et al., 2018). A small fraction of intracellular Trp is used for 

protein synthesis and the production of tryptamine and serotonin. More than 95% of free Trp 

is claimed by the kynurenine (Kyn) pathway for degradation (Cervenka et al., 2017). Trp is 

catalyzed by indoleamine-2,3-dioxygenase 1 (IDO1), IDO2, or tryptophan-2,3-dioxygenase 

(TDO) to become Kyn. Then, Kyn is hydroxylated to 3- hydroxykynurenine (3-HK), which 

is converted to 3- hydroxyanthranilic acid (3-HAA). 3-HAA is rapidly converted to 

quinolinic acid (QA), then finally converted to nicotinamide adenine dinucleotide (NAD). 

NAD is a key coenzyme in energy metabolism and redox reactions (Cervenka et al., 2017). 

As IDO1 is highly expressed in tumor cells, stromal cells, DCs, and macrophages in the 

tumor microenvironment, Trp catabolism can result in Trp depletion and accumulation of 

Trp associated metabolites, which mediate tumor immune evasion. For example, Kyn and 3-
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HAA can be up-taken by T cells and impair T cell function. Furthermore, aryl hydrocarbon 

receptor (AHR) is a direct target of Kyn (Opitz et al., 2011). AHR promotes Treg 

differentiation (Mezrich et al., 2010), decreases DC function, suppresses effector T cell 

function (Nguyen et al., 2010), and is negatively associated with cancer patient survival 

(Cheong and Sun, 2018). AHR also drives macrophage CD39 expression, thereby inhibiting 

T cell activation (Takenaka et al., 2019). Kyn can be directly transferred into CD8+ T cells 

via SLC7A5 (Sinclair et al., 2018), SLC7A8, and SLC36A4 (Liu et al., 2018) to activate 

AHR and upregulate PD-1 expression in CD8+ T cells (Liu et al., 2018). Blocking this Kyn-

AHR pathway enhances antitumor efficacy of adoptive T cell transfer (Liu et al., 2018). 

Thus, Trp depletion and Trp-Kyn-AHR related metabolites contribute to tumor immune 

evasion.

Methionine metabolism (Figure 2).—Intracellular methionine is converted to SAM, the 

universal donor for epigenetic methylation (Mentch et al., 2015). Effector T cells are 

programmed to become functionally exhausted in the tumor microenvironment. Exhausted 

effector T cells exhibit distinct histone modification profiles and limit the efficacy of 

immunotherapy (Pauken et al., 2016). Abnormal epigenetic patterns correlate with effector T 

cell malfunction in tumors. A recent study demonstrated that tumor cells disrupt methionine 

metabolism in CD8+ T cells, subsequently lowering intracellular methionine and SAM 

levels and resulting in loss of H3K79me2. Consequently, loss of H3K79me2 leads to low 

STAT5 expression and impairs T cell immunity. Mechanistically, tumor cells avidly 

consume and outcompete T cells for methionine via high expression of SLC43A2, a 

methionine transporter (Bian et al, 2020). Thus, potent cancer methionine consumption is an 

unappreciated immune evasion mechanism.

Cancer therapy reprograms amino acid metabolism in the tumor microenvironment

The shortage of specific amino acids and the immunosuppressive nature of some amino acid 

metabolites can impair activation and function of immune cells, particularly effector T cells 

in the tumor microenvironment. On the other hand, emerging studies demonstrate that 

efficacy of immunotherapy, chemotherapy, and radiation therapy correlates with T cell 

function in animal models and patients with cancer (Weichselbaum et al., 2017; Zou et al., 

2016). Thus, cancer therapy may alter amino acid metabolism, thereby impacting T cell 

phenotype in the tumor microenvironment and shaping therapeutic response.

Immunotherapy and amino acids (Figure 4).—Immunotherapy leads to enhanced T 

cell tumor infiltration and effector function (Zou et al., 2016). Checkpoint receptors, 

including CTLA-4 and PD-1, negatively regulate T cell activation in part by limiting the 

metabolic fitness and uptake of glucose and amino acids (Lim et al., 2017). PD-1 signaling 

causes a decrease in glucose transporter 1 (Glut1) expression, glucose uptake, and glycolysis 

(Parry et al., 2005; Patsoukis et al., 2015). Furthermore, PD-1 signaling also results in 

decreased induction of SLC38A1 and SLC38A2, restrains glutamine transportation, and 

reduces the catabolism of branched-chain amino acids, including valine and leucine(Siska 

and Rathmell, 2015). Moreover, PD-1 promotes lipolysis and β-oxidation of fatty acids in T 

cells by upregulation of carnitine palmitoyltransferase 1A (CPT1A), the rate-limiting 

enzyme of mitochondrial fatty acid oxidation (FAO). CTLA4 engagement can also inhibit 

Wang and Zou Page 7

Mol Cell. Author manuscript; available in PMC 2021 November 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the expression of Glut1, SLC38A1, and SLC38A2 (Patsoukis et al., 2015). Thus, it is 

unsurprising that checkpoint blockade can directly reprogram T cell metabolism and 

increase their metabolic fitness and function.

In addition to T cells, checkpoint therapy can reprogram amino acid metabolism in tumor 

cells via IFNγ. Immunotherapy activated effector T cells release IFNγ. IFNγ suppresses 

cystine uptake by downregulating SLC7A11 and SLC3A2 in cancer cells, resulting in an 

increase in tumor lipid peroxidation, tumor ferroptosis, and tumor regression. In line with 

this, treatment with anti-PD-L1 augments lipid peroxidation and ferroptosis in cancer cells 

in tumor bearing mice (Wang et al., 2019). Using cyst(e)inase, an engineered enzyme that 

degrades both cystine and cysteine, in combination with PD-L1 blockade synergistically 

enhances T cell-mediated anti-tumor immunity and induces potent tumor cell ferroptosis. 

Moreover, the number of infiltrating CD8+ cells negatively correlates with the expression of 

SLC7A11 and SLC3A2 in human melanoma tissues (Wang et al., 2019). Thus, 

immunotherapy-activated T cells can reprogram amino acid metabolism in tumor cells and 

eventually contribute to T cell-mediated anti-tumor immunity.

Chemotherapy and amino acids (Figure 4).—Several cancer chemotherapy agents 

can regulate metabolic profile in tumor cells, including amino acid metabolism (Maria et al., 

2017). Cisplatin, tamoxifen, and doxorubicin affect tyrosine and alanine in breast cancer cell 

lines, which may contribute to drug resistance (Maria et al., 2017). Interestingly, platinum-

based chemotherapy efficacy is regulated by effector T cells via cysteine and cysteine 

metabolism. Effector CD8+ T cell-derived IFNγ downregulates the expression of cystine 

transporter SLC7A11 and upregulates the expression of gamma-glutamyltransferases 

(GGTs) in ovarian cancer associated fibroblasts, resulting in a decrease in glutathione 

release - thereby reducing the source of glutathione for tumor cells. Intracellular glutathione 

reacts with cisplatin to form a Pt(GS)2 conjugate. This Pt(GS)2 conjugate can be eliminated 

across the membrane through the ATP-dependent glutathione S-conjugate export pump 

(Ishikawa and Ali-Osman, 1993). Hence, high levels of intracellular glutathione in tumor 

cells lead to reduced cisplatin nuclear accumulation and enhanced tumor cell resistance to 

cisplatin-based chemotherapy (Wang et al., 2016). Thus, cysteine metabolism is involved in 

the interplay between cisplatin and IFNγ, and regulates chemotherapy efficacy.

Radiation therapy and amino acids.—Radiation therapy results in tumor cell death via 

inducing mitotic catastrophe, autophagy, apoptosis, and necrosis (Rodriguez-Ruiz et al., 

2020). Radiotherapy could also induce tumor cell ferroptosis. Radiation activates ataxia-

telangiectasia mutated gene (ATM), in collaboration with IFNγ signaling, synergistically 

suppresses SLC7A11, resulting in reduced tumor cell cystine uptake, enhancing tumor lipid 

oxidation and ferroptosis, and improving tumor control (Lang et al., 2019). Notably, 

radiation may regulate tumor ferroptosis through upregulation of acyl-CoA synthetase long-

chain family member 4 (ACSL4) (Lei et al., 2020) or inducing direct oxidation of 

cytoplasmic lipids (Ye et al., 2020). Given that immunotherapy activates T cells and 

enhances T cell IFNγ production, tumor ferroptosis may be a novel intersection between 

two cancer treatment modalities. The data suggest that amino acid and lipid metabolisms 

contribute to radiation therapy efficacy.
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Targeting amino acid metabolism to treat cancer

Cancer cells depend on amino acids for replication, energy, and redox homeostasis. This 

creates a metabolic vulnerability for cancer therapy. Targeting amino acids, their enzymes, 

and transporters may be a potential cancer therapy approach.

Targeting amino acids and their enzymes

Arginine (Figure 3).: Certain types of tumors, such as melanoma and hepatocellular 

carcinoma (HCC), may depend on extracellular arginine for survival due to their lack of de 

novo synthesis of arginine. This phenomenon is defined as arginine auxotrophy (Ensor et al., 

2002). PEGylated arginine deiminase (ADI-PEG20) (Figure 3) breaks down arginine into 

citrulline and eliminates arginine in the tumor microenvironment, resulting in arginine 

auxotrophic tumor cell death (Ensor et al., 2002; Miraki-Moud et al., 2015) via 

mitochondrial damage and nuclear leakage (Changou et al., 2014). In combination with PD-

L1 blockade, ADI-PEG20 treatment inhibits tumor growth in animal models, along with 

increased T cell activation and reduced Treg tumor accumulation (Brin et al., 2017). In a 

phase II randomized clinical trial, ADI-PEG20 improves progression-free survival (PFS) in 

patients with arginine auxotrophic mesothelioma (Szlosarek et al., 2017). However, in a 

Phase III study in patients with HCC, ADI-PEG 20 (as a second line therapy) fails to 

demonstrate an overall survival benefit (Abou-Alfa et al., 2018). Nonetheless, the 

combination of ADI-PEG20 with pembrolizumab is ongoing in the clinical trial 

(NCT03254732).

Opposite to arginine depletion, given that the shortage of Arg impairs T cell proliferation 

and function in the tumor microenvironment, arginine supplementation may recover T cell 

function and improve T cell mediated anti-tumor immunity. Indeed, supplementation of 

arginine during the in vitro T cell expansion induced global metabolic changes - including 

reduced glucose consumption and increased oxidative phosphorylation, which results in 

increased T cell persistence and anti-tumor activity in mouse B16 melanoma model (Geiger 

et al., 2016). Moreover, arginine administration synergizes the effect of anti-PD-L1 in a 

murine osteosarcoma model (He et al., 2017). CB-1158, a potent small-molecule inhibitor of 

Arg1, relieves MDSC-mediated suppression of T cells in vitro, increases CD8+ T cell 

numbers and function in the tumor microenvironment, and inhibits tumor growth in multiple 

tumor models (Steggerda et al., 2017). Treatment with CB-1158 synergistically enhances 

anti-tumor effect of checkpoint blockade in murine models (Steggerda et al., 2017). This 

approach is being tested in a clinical study in patients with advanced or metastatic solid 

tumors (NCT02903914). Therefore, Arg depletion (e.g. ADI-PEG20) and supplementation 

may be clinically beneficial for arginine auxotrophic tumors and non-auxotrophic tumors, 

respectively.

Asparagine.: L-asparaginase is the only FDA-approved anticancer agent that directly targets 

amino acid metabolism to treat pediatric and adult patients with acute lymphoblastic 

leukemia (ALL) (Couturier et al., 2015; Touzart et al., 2019). L-asparaginase is a bacteria-

derived enzyme that catalyzes the degradation of asparagine into ammonia and aspartate 

(Keating et al., 1993; Tabe et al., 2019). Although asparagine is a non-essential amino acid, 

leukemia cells are highly dependent on exogenous asparagine due to asparagine synthetase 
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(ASNS) deficiency - the only enzyme capable of de novo asparagine synthesis (Su et al., 

2008). L-asparaginase treatment causes the depletion of extracellular asparagine, leading to 

leukemia cell death (Berenbaum et al., 1970). In addition to ALL, extranodal NK/T-cell 

lymphoma is sensitive to L-asparaginase (Jaccard et al., 2011). Similarly, heterologous 

enzymes or engineered enzymes targeting cysteine or arginine are being investigated in 

animal models and clinical trials (Cramer et al., 2017; Szlosarek et al., 2017). Notably, these 

enzymes are originally isolated from prokaryotes. They may provoke an undesired immune 

response in vivo in humans (Peterson et al., 1971).

Cysteine and cystine.: Cyst(e)inase is an engineered human cyst(e)inase enzyme that can 

mediate the degradation of the extracellular cysteine and cystine (Cramer et al., 2017). 

Treatment with cyst(e)inase causes the depletion of intracellular glutathione and the 

accumulation of ROS, resulting in cell cycle arrest and death in multiple cancer cell lines. In 
vivo cyst(e)inase administration reduces tumor growth in both prostate and breast cancer 

xenografts and causes the depletion of serum cysteine and cystine pool (Cramer et al., 2017). 

Cell death caused by cystine depletion was later identified as ferroptosis (Dixon et al., 2012). 

Indeed, cyst(e)inase can induce ferroptosis in cultured human and mouse tumor cells; its 

cytotoxicity could be further increased by IFNγ derived from activated CD8+ T cells (Wang 

et al., 2019). Interestingly, cyst(e)inase as single agent mediates antitumor activity and 

enhances antitumor T cell response in mouse ID8 ovarian cancer model. Combinatorial 

therapy of cyst(e)inase and PD-L1 blockade synergistically enhances anti-tumor immunity 

and suppress tumor growth (Wang et al., 2019). In addition, cyst(e)inase inhibits tumor 

progression in mouse pancreatic ductal adenocarcinoma (PDAC) (Badgley et al., 2020). 

Therefore, cystine uptake might be a metabolic vulnerability for some tumor cells.

Methionine.: Methionine is essential for tumor cell growth in the in vitro culture (Cavuoto 

and Fenech, 2012). Dietary methionine restriction inhibits tumor growth and metastasis, and 

increases tumor sensitivity to chemotherapy and radiation therapy in immune deficient 

murine models (Gao et al., 2019). In line with this, multiple human and mouse tumor cells 

highly express SLC43A2, a methionine transporter. Notably, tumor cells outcompete T cells 

for methionine via SLC43A2 and diminishes T cell-mediated anti-tumor immunity, while 

CD8+ T cells are extremely sensitive to methionine deprivation (Bian et al, 2020). 

Interestingly, methionine supplementation, rather than restriction, restores T cell immunity 

in immune competent murine models bearing different tumors (Bian et al, 2020). 

Furthermore, methionine supplementation recovers STAT5 and H3K79me2 expression and 

function in CD8+ T cells in patients with colon cancer (Bian et al, 2020). Thus, similar to 

targeting arginine, it is essential to selectively (or predominantly) target methionine in tumor 

cells, and to avoid methionine starvation in T cells in order to gain potential clinical benefit 

for cancer therapy (Bian et al, 2020).

Tryptophan (Figure 3).: IDO is positioned at the rate-limiting step in Trp catabolism. 

Several IDO1 inhibitors (including epacadostat, navoximod, and BMS-986205) have distinct 

action of modes, either competing with tryptophan for the catalytic site of IDO1 or 

irreversibly binding with IDO1 with high affinity (Cully, 2018). Dual IDO1 and TDO 

inhibitors, such as HTI-1090, are also in development. These inhibitors reverse the 
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immunosuppressive phenotype mediated by Trp catabolism in preclinical tumor models, and 

have entered clinical evaluations in combination with immunotherapy. Among them, 

epacadostat was tested in a phase III clinical trial ECHO-301 in combination with 

pembrolizumab in unresectable or metastatic melanoma. However, this combination failed to 

meet its primary end point and resulted in the early termination of ECHO-301 trial (Muller 

et al., 2019). Many trials involving epacadostat or BMS-986205 in combination with 

checkpoint blockade have been terminated or discontinued. This clinical trial failure 

represents a setback in the development of IDO inhibitors; the reason for failure remains 

mechanistically and clinically elusive. It may be essential to functionally determine if IDO1-

mediated immunosuppression is a major immune evasion mechanism in the tested patients. 

Nonetheless, several clinical trials are ongoing to test epacadostat in combination with other 

types of therapy - including cancer vaccination, radiotherapy, and chemotherapy. These trials 

may hopefully shed new light on IDO1 inhibitor biology in humans.

IDO1 locates upstream of the Trp-Kyn-AHR pathway. Inhibitors targeting AHR or enzyme 

degrading Kyn can inhibit tumor progression through reinforcing the antitumor immune 

response (Joseph et al., 2018; Triplett et al., 2018). IDB-AHRi, an AHR antagonist, can 

block the nuclear translocation of AHR and increase the expression of IFNγ and TNFα in 

human peripheral blood mononuclear cells. In a mouse model bearing CT26 colon cancer, 

IDB-AHRi inhibits tumor growth, increases CD8+ T cell tumor infiltration, and reduces Treg 

cells and tumor-associated macrophages (Joseph et al., 2018). PEG-KYNase, a recombinant 

enzyme, degrades Kyn into immunologically inert metabolites. PEG-KYNase has 

therapeutic effects when administered alone or in combination with checkpoint blockades in 

multiple mouse tumor models (Triplett et al., 2018). This antitumor activity is associated 

with increased tumor infiltrating effector CD8+ T cells (Triplett et al., 2018). Moreover, an 

engineered Kyn consuming bacterial strain decreases tumor Kyn level in vivo and inhibits 

tumor growth in combination with anti-PD1 antibody (West et al., 2018). These preclinical 

studies may be translated into clinical trials in the near future.

Targeting amino acid transporters

SLC3A2.: SLC3A2 in combination with one of the other SLCs (including SLC7A5, 

SLC7A6, SLC7A7, SLC7A8, SLC7A10, and SLC7A11) constitutes a heterodimeric amino 

acid transporter(Cantor and Ginsberg, 2012). Notably, SLC3A2 may not be considered a 

direct amino acid transporter, and it can interact with integrins to regulate cell adhesion. 

SLC3A2 has been shown to regulate tumor survival, proliferation, migration and 

radiotherapy sensitivity (Bajaj et al., 2016; Cantor and Ginsberg, 2012; Fenczik et al., 1997). 

High expression of SLC3A2 is associated with poor prognosis in many types of tumor 

(Cantor and Ginsberg, 2012). Treatment with IGN523, a humanized anti-SLC3A2 

monoclonal antibody (mAb), has shown anti-tumor efficacy in leukemia-derived and non-

small cell lung cancer xenograft models (Hayes et al., 2015). IGN523 mediates tumor cell 

death via NK-cell mediated antibody-dependent cellular cytotoxicity (ADCC) and 

complement-dependent cytotoxicity (CDC), and can also inhibit tumor cell amino acid 

uptake - such as phenylalanine (Phe) (Hayes et al., 2015). However, it is unknown whether 

IGN523-inhibited amino acid uptake contributes to its in vivo antitumor activity. 
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Nonetheless, a phase I clinical trial of IGN523 is ongoing in patients with acute myeloid 

leukemia (NCT02040506).

SLC7A5.: SLC7A5 binds to SLC3A2 to form system L transporter and transports several 

substrates, including Leu, Hys, Met, Ile, Val, Phe, Tyr, Trp, and Kyn (Yahyaoui and Perez-

Frias, 2019). Anti-SLC7A5 mAb mediates antitumor activity against human colon cancer in 

xenograft model. This antibody could inhibit branched chain amino acids (Leu, Ile, and Val) 

(Ueda et al., 2019) and Kyn (Sinclair et al., 2018) uptake and manifest ADCC activity (Ueda 

et al., 2019). Kyn mediates T cell dysfunction by activating AHR signal (Sinclair et al., 

2018). Therefore, anti-SLC7A5 may block Kyn uptake by T cells and enhance antitumor T 

cell immunity.

SLC7A11.: SLC7A11 is involved in cystine transportation. Differing from other amino 

acids that correspond to multiple transporters, cystine can only be transported through 

SLC7A11 (Arensman et al., 2019; Cramer et al., 2017). Hence, SLC7A11 may be a 

promising target for cystine addictive cancer therapy. Similar to cyst(e)inase, a blocking 

antibody against SLC7A11 may inhibit cystine uptake, increase intracellular ROS and lipid 

peroxidation, induce tumor ferroptosis, and synergize the therapeutic efficacy of checkpoint 

blockade (Wang et al., 2019). However, the identification of SLC7A11 structure is needed to 

define an epitope that can be utilized to block its transporter activity.

SLC43A2.: SLC43A2 can transport methionine. Cancer cells express high levels of 

SLC43A2 to outcompete T cells for methionine, resulting in impaired T cell function and 

tumor immunity. Inhibition of tumoral methionine uptake by knocking down SLC43A2 or 

using system L inhibitor BCH slows down tumor growth, improves anti-PD-L1 therapy, and 

enhances antitumor T cell response. Therefore, specifically targeting tumor SLC43A2 may 

serve as an immunotherapeutic approach for cancer (Bian et al, 2020).

Concluding remarks

Compelling evidence has shown that amino acids, their transporters, and metabolites 

participate in the regulation of immune responses in the tumor microenvironment. 

Reprogramming amino acid metabolism is relevant in tumor immunity and therapy. 

However, there are substantial knowledge gaps in our understanding of individual amino 

acids and their SLCs on different immune cell phenotype and function. For example, our 

current amino acid and SLC knowledge is largely built upon the in vitro immune cell and 

tumor cell culture systems. Furthermore, approximately 60 SLC members can mediate 

amino acid transportation (Kandasamy et al., 2018). Currently, only some SLCs have been 

examined in immune cells using knockout mouse models. Moreover, different SLCs are 

heterogeneously expressed, differentially regulated, and functionally redundant and/or 

potentially interdependent. The phenotype in specific SLC genetic deficient model may be 

attributed to multiple amino acid uptakes and metabolism. Furthermore, the studies on 

amino acids, their transporters, and metabolism in the human immune system are rare. 

Nevertheless, current knowledge suggests that metabolic redundancies can be exploited for 

selective targeting of cancer. Future research is needed to fill the aforementioned biology 
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gaps and pave the way in utilizing amino acid metabolism targeting for cancer 

immunotherapy.
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Figure 1. Roles of amino acids and their transporters in T cell function
TCR engagement and co-stimulation affect multiple pathways and upregulate amino acid 

transporters, SLCs in T cells, thereby increasing amino acid uptake. This supports T cell 

activation, proliferation, and differentiation. Some amino acids and their transporters are 

required for T cell activation, differentiation, and function: glutamine (Gln), alanine (Ala), 

serine (Ser), leucine (Leu), methionine (Met), arginine (Arg), cysteine (Cys) and cystine 

(Cys-Cys). Examples are depicted in the figure.
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Figure 2. Effects of methionine metabolism on T cell function and tumor immunity
Methionine metabolism generates a universal methyl donor S-adenosyl-methionine (SAM). 

Tumor cells express high levels of SLC43A2 and consume methionine in the tumor 

microenvironment. This results in insufficient methionine and SAM for T cells - thus 

causing loss of CD8+ T cell H3K79me2 and STAT5 expression and function, and impairing 

H3K4me3 and Th17 polarization.
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Figure 3. Role of arginine and Try-Kyn metabolisms in tumor immune evasion
Arginine (Arg) is transported by SLC7A2. Intracellular Arg metabolism results in 

extracellular Arg depletion and NO production. Arg deficiency impairs and NO inhibits T 

cell function.

Trp is transported by SLC3A2 and SLC7A5 or SLC7A8. Trp is catalyzed by 

indoleamine-2,3-dioxygenase (IDO) or tryptophan-2,3-dioxygenase (TDO) to become 

kynurenine (Kyn). Trp-Kyn metabolism results in extracellular Trp depletion and Kyn 

accumulation, subsequently causing T cell inhibition.

Arginine deiminase (ADI-PEG20) degrades arginine. PEG-KYNase degrades Kyn. Small 

inhibitors that target key enzymes in Arg and Trp-Kyn metabolic pathways are listed in red.
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Figure 4. Immune-directed amino acid metabolism reprogramming in cancer therapy
Checkpoint receptors, including CTLA-4 and PD-1, negatively regulate T cell activation in 

part by limiting the uptake and catabolism of amino acids. Checkpoint blockade may 

reprogram T cell amino acid metabolism and improve T cell function. Immunotherapy-

induced IFNγ downregulates the expression of cystine (Cys-Cys) transporter, SLC7A11, in 

cancer associated fibroblasts - resulting in a decrease in cysteine (Cys) and glutathione 

(GSH) for tumor cells. Decreased intracellular glutathione in tumor cells augments 

intracellular cisplatin accumulation and sensitizes platin-based chemotherapy. IFNγ also 

suppresses cystine uptake by downregulating SLC7A11 and SLC3A2 in cancer cells, 

resulting in an increase in tumor lipid peroxidation and ferroptosis, and synergizing 

immunotherapy, chemotherapy, and radiation therapy.
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Table 1

Human amino acids

Essential Non-essential Conditionally essential

Isoleucine (Ile) Alanine (Ala) Arginine (Arg)

Leucine (Leu) Asparagine (Asn) Cysteine (Cys)

Lysine (Lys) Aspartate (Asp) Glutamine (Gln)

Methionine (Met) Glutamate (Glu) Glycine (Gly)

Phenylalanine (Phe) Serine (Ser) Proline (Pro)

Threonine (Thr) Tyrosine (Tyr)

Tryptophan (Trp)

Valine (Val)

Histidine (His)
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Table 2.

Amino acid transport systems and their mediators and substrates

System SLC cDNA Substrates

Neutral amino acid transporters

 Na+ dependent

  A

SLC38A1 SNAT1 Gly, Ala, Ser, Cys, Gln, Asn, His, Met, Thr, Pro, Tyr, Val

SLC38A2 SNAT2 Gly, Pro, Ala, Ser, Cys, Gln, Asn, His, Met

SLC38A4 SNAT4 Gly, Ala, Ser, Cys, Gln, Asn, Met

SLC38A8 FVH2 Gln, Ala, Arg, His, Asp

SLC38A10 PP1744 Gln, Ala, Glu, Asp, Ser

  Gly

SLC6A5 GLYT2 Gly

SLC6A9 GLYT1 Gly

SLC6A18 Xtrp2 Gly, Ala

  B0

SLC6A15 SBAT1 Pro, Met, BCAAs

SLC6A17 NTT4 Pro, Gly, Leu, Ala, Glu

SLC6A19 B0AT1 neutral AA

  ASC
SLC1A4 ASCT1 Ala, Ser, Cys, Thr

SLC1A5 ASCT2 Ala, Ser, Cys, Thr, Gln, Asn

  N
SLC38A3 SNAT3 Gln, Asn, His

SLC38A5 SNAT5 Gln, Asn, His, Ser, Gly

  β SLC6A6 TauT Tau, P-Ala

  y+L
SLC7A6/SLC3A2 y+LAT-2/4F2hc Lys, Arg, Orn, Hys, Met, Leu

SLC7A7/SLC3A2 y+LAT-1/4F2hc Lys, Arg, Orn, Hys, Met, Leu, Ala, Cys

 Na+ independent

  L

SLC7A5/SLC3A2 LAT1/4F2hc Leu, Hys, Met, Ile, Val, Phe,Tyr, Trp, Kyn

SLC7A8/SLC3A2 LAT2/4F2hc neutral AA

SLC43A1 LAT3 Leu, Ile, Met, Phe, Val

SLC43A2 LAT4 Leu, Ile, Met, Phe, Val

  asc SLC7A10/SLC3A2 Asc-1/4F2hc Gly, Ala, Ser, Cys, Thr

  T SLC16A10 TAT1 Trp, Tyr, Phe

  b0,+ SLC7A9/SLC3A1 BAT1/rBAT Cys, dibasic and neutral amino acid

Basic amino acid transporters

 Na+ dependent

  B0,+ SLC6A14 ATB0,+ Neutral and basic amino acid

 Na+ independent

  y+

SLC7A1 CAT1 Lys, Arg, Orn

SLC7A2 CAT2 Lys, Arg, Orn

SLC7A3 CAT3 Lys, Arg, Orn

SLC7A4 CAT4 Basic amino acid

  y+L Same as above

  b0,+ Same as above
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System SLC cDNA Substrates

Acidic amino acid transporters

 Na+ dependent

  X−
AG

SLC1A1 EAAT3 Glu, Asp, Cys

SLC1A2 EAAT2 Glu, Asp

SLC1A3 EAAT1 Glu, Asp

SLC1A6 EAAT4 Glu, Asp

SLC1A7 EAAT5 Glu, Asp

 Na+ independent

  x−C SLC7A11/SLC3A2 xCT/4F2hc Cys-Cys

Other transporters

 Na+ dependent

  IMINO SLC6A20 SIT1 Pro, hydroxyproline

 Na+ independent

  Iminoglycine

SLC36A1 PAT1 Gly, Pro, Ala

SLC36A2 PAT2 Gly, Pro, Ala

SLC36A4 PAT4 Pro, Trp, Ala
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