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Amino acid metabolism in immune cells: 
essential regulators of the effector functions, 
and promising opportunities to enhance cancer 
immunotherapy
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Abstract 

Amino acids are basic nutrients for immune cells during organ development, tissue homeostasis, and the immune 
response. Regarding metabolic reprogramming in the tumor microenvironment, dysregulation of amino acid con-
sumption in immune cells is an important underlying mechanism leading to impaired anti-tumor immunity. Emerg-
ing studies have revealed that altered amino acid metabolism is tightly linked to tumor outgrowth, metastasis, and 
therapeutic resistance through governing the fate of various immune cells. During these processes, the concentra-
tion of free amino acids, their membrane bound transporters, key metabolic enzymes, and sensors such as mTOR 
and GCN2 play critical roles in controlling immune cell differentiation and function. As such, anti-cancer immune 
responses could be enhanced by supplement of specific essential amino acids, or targeting the metabolic enzymes or 
their sensors, thereby developing novel adjuvant immune therapeutic modalities. To further dissect metabolic regula-
tion of anti-tumor immunity, this review summarizes the regulatory mechanisms governing reprogramming of amino 
acid metabolism and their effects on the phenotypes and functions of tumor-infiltrating immune cells to propose 
novel approaches that could be exploited to rewire amino acid metabolism and enhance cancer immunotherapy.
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Introduction
Studies over the past few decades have demonstrated that 
malignant tumors and the immune system are intimately 
connected. The composition of the tumor microenviron-
ment (TME) is complex, comprising various cell types 
such as immune cells, fibroblasts, and endothelial cells 
which exhibit intrinsic regulatory effects on tumor cells 
[1–4]. Immune cells, including myeloid and lymphoid 
cells, play critical roles in promoting inflammation and 
immunosurveillance on one hand; and inhibiting inflam-
mation and enabling immune escape on the other. Some 
immune cells, such as helper T (Th) cells are dichoto-
mized into Th1/Th2 subtypes. Th1 represents cells with 
a pro-inflammatory role, whereas Th2 cells exhibit an 
anti-inflammatory role. Similarly, macrophages are also 
dichotomized to M1/M2 subtypes. M1 subtypes promote 
a Th1 response and an anti-tumor function, and M2 sub-
types display a Th2-like response and a pro-tumor effect. 
Thus, the differentiation status of immune cells may dic-
tate their anti-tumor functions. The differentiation pro-
cess of immune cells from their progenitors is directed by 
many factors, such as selective gene expression, cytokines 
stimulation, antigen presentation, nutrient metabolism 
and so on [5–7]. Besides governing cell fate, these factors 
also directly influence immune cell function. Whereas 
many of these factors have been extensively studied, 
metabolism-mediated regulatory mechanisms are still 
poorly understood [1, 8].

Metabolic reprogramming is a hallmark of the TME 
and has recently received increased attention. Various 
nutrients including glucose, lipids, and amino acids, play 
essential roles in regulating tumorigenesis through act-
ing on both tumor cells and immune cells [9, 10]. These 
nutrients, as well as their metabolites, are sensed primar-
ily by the mTOR complex through a series of biochemical 
networks [11, 12]. Among these major nutrients, amino 
acids play a dominant role in regulating mTORC1 [13]. 
During tumorigenesis, mTORC1 signaling regulates lipid 
synthesis, protein synthesis, cell survival, proliferation, 
and angiogenesis through targeting various substrate 
such as S6K1, hypoxia inducible factor 1 subunit alpha 
(HIF1α), and 4E-BP [11]. Collectively, mTOR functions 
as a central hub of nutrient signaling and cell growth 
across species [14]. While the roles of lipid metabolism 
in tumor immunity have been recently discussed [15], the 
regulation of amino acids metabolism in tumor immunity 
has not been extensively summarized. Therefore, we pro-
vide a comprehensive analysis of the roles of amino acid 
metabolism in regulating immune cells and their dys-
function within the TME.

The story of amino acids began from experiments car-
ried out as early as 1827 when asparagine, isolated from 
asparagus juice, was hydrolyzed by Auguste-Arthur 

Plisson and Étienne Ossian, leading to the discovery of 
aspartic acid. In the subsequent 200  years, amino acids 
have been characterized as one of the fundamental units 
of life. In addition to serving as the basic building blocks 
of proteins, amino acid metabolism is also involved in 
many other cellular processes to dictate cellular func-
tions. Given the marked increase in growth kinetics of 
malignant tumors, one can speculate that amino acid 
metabolism in the TME is significantly altered. Rewir-
ing of amino acid metabolism in infiltrating immune cells 
directly impact their biological functions [16]. In this 
regard, amino acid transporters, sensors, and the rate-
limiting metabolic enzymes are key gatekeepers of the 
metabolic flow. Aberrancies or deficiencies of this flow 
may reprogram amino acid metabolism in the infiltrating 
immune cells and impair anti-tumor immunity. Thus, key 
regulators of this pathway could be regarded as potential 
therapeutic targets.

Here, we briefly introduce the physiologic functions 
of immune cells and amino acids. We summarize the 
immunomodulatory effects of amino acid metabolism 
on various immune cell lineages under homeostatic 
and inflammatory settings, as well as in the TME, with 
an emphasis on amino acid competition between the 
immune cells and tumor cells. From a clinical perspec-
tive, we also discuss potential therapeutic strategies tar-
geting amino acids metabolism pathways for improving 
cancer immune therapy.

Amino acid metabolism in lymphoid cells
T lymphocytes
T cells, or T lymphocytes, play a key role in cellu-
lar immunity and are responsible for eliminating cells 
expressing “foreign” antigens. With respect to cancer, 
once tumor cells begin to express tumor-associated anti-
gens, specific T cells may view these cells as foreign and 
target them for cell death. T cells could be classified into 
two clusters depending on their membrane markers. The 
CD4+ cluster includes follicular helper T (Tfh) cells, T 
helper (Th) cells, and regulatory T cells (Treg); and the 
CD8+ cluster includes cytotoxic T cells and memory T 
cells. CD8 is predominantly an α/β heterodimer, but α/α 
homodimers are also present and recognizes endogenous 
antigens presented on MHCI, whereas CD4 recognizes 
exogenous antigens presented on MHCII. However, T 
cells may not be precisely defined by their cellular func-
tions. For instance, the effector T cells (Teff) defini-
tion refers to Th cells or cytotoxic CD4+ and CD8+ T 
cells, which are characterized as secreting inflammatory 
cytokines and are cytotoxic to foreign cells [17].

It is noteworthy that Tregs are CD4+ CD25+ T cells 
with immune suppressive functions that are necessary 
for maintaining self-tolerance [18]. Subsequent studies 
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identified Tregs as expressing the transcriptional factor 
FOXP3 [19, 20]. Tregs play important roles in regulating 
immune surveillance and antitumor immune response 
through suppressing the activities of CD4+ helper and 
CD8+ cytotoxic T cells. Upregulation of immunosup-
pressive molecules including CTLA-4, PD-1, PD-L1 is 
essential for immune evasion during tumorigenesis. The 
relationships between Tregs and other T cells, as well as 
the roles of immune checkpoints in anti-cancer immune 
therapy, has been previously reviewed [21–23]. Prior 
studies have indicated that both CD4+ and CD8+ T cells 
are essential for a robust immune response and diverse 
amino acids play a critical role in regulating T cells 
(Fig. 1).

Branched‑chain amino acids (BCAAs)
The three BCAAs are leucine, isoleucine, and valine, 
all of which are essential amino acids that cannot be 
de novo synthesized in humans. Leucine was isolated 

by Joseph Louis Proust in an impure form called case-
ous oxide in cheese in 1818 [24]. Felix Ehrlich first dis-
covered isoleucine and isolated it from fibrin in 1904, 
and named it “iso-” because of its similar structure 
and function with leucine [25]. Emil Fischer, who was 
awarded the Nobel Prize in Chemistry in 1902, iso-
lated valine from casein in 1902 [26]. In addition to 
serving as a basic building block of protein synthesis, 
under physiological conditions BCAAs are also impor-
tant regulators of global cellular protein synthesis. In 
the normal tissue microenvironment, a study in cats 
found that high doses of leucine enhanced the secre-
tion of IL-10 by T cells to inhibit the immune response 
[27]. Another study found reduced survival of influenza 
virus infected mice with high BCAA diets, which might 
be attributed to an increase of the number of CD8+ T 
cells accompanied with overexpression of cytotoxic 
cytokines resulting in tissue damage [28].

Fig. 1  Amino acid metabolism in effector T cells. Various amino acids are transported by SLC transporters into the cytoplasm. These amino acids 
activate sensor proteins in the cytoplasm such as mTOR, GCN2, and Sestrin (highlighted in green bold font), directly activate the TCR-CD3 complex, 
or are metabolized further to affect T cell development and survival. Solid lines represent effects and reactions in T cells, and dashed lines represent 
uncertain effects and reactions in T cells. The arrow line represents activation and the line with a bar at the end represents inhibition. AHR Aryl 
hydrocarbon receptor; Ala Alanine; Arg Arginine; Asn Asparagine; BCAT​ Branched-chain aminotransferases; Gclc Glutamate cysteine ligase; GCN2 
General control nonderepressible 2; Gln Glutamine; GSH Glutathione; HMB β-hydroxy-β-methylbutyrate; iNOS Inducible isoform of NO synthase; Kyn 
Kynurenine; Leu Leucine; Met Methionine; MHC Major histocompatibility complex; mTORC1 Mechanistic target of rapamycin kinase complex 1; Ser 
Serine; SHMT2 Mitochondrial serine hydroxymethyltransferase; SLC Solute carrier; TCR​ T cell receptor; Trp Tryptophan
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The uptake and distribution of leucine is carried out 
by L-type amino acid transporter (LAT), which directs 
amino acids across the plasma membrane in a Na+-inde-
pendent manner [29]. The structure of LAT1, encoded by 
SLC7A5, revealed the mechanism of LAT1 amino acid 
selectivity [30, 31]. In T cells, antigen signaling mediated 
through the interaction of the T cell receptor (TCR) and 
LAT1 increased leucine uptake [32], which may be a self-
protective mechanism for T cells to compete with can-
cer cells for the limited supply of amino acids within the 
TME. It is possible that coupling amino acid uptake with 
T cell signaling exists for other amino acids as well. Inter-
estingly, LAT1 itself is a bidirectional transporter that 
regulate the influx of leucine and the efflux of glutamine 
[33], whereas another transporter, ASCT2 (encoded by 
SLC1A5), allows cellular uptake of glutamine [34]. How-
ever, the functions of ASCT2 and LAT1 do not appear 
to be coupled [35]. BCAAs are catabolized by Branched-
Chain Aminotransferases (BCATs), including BCAT1 
and BCAT2, also known as cytosolic branched-chain 
aminotransferase (BCATc) and mitochondrial branched-
chain aminotransferase (BCATm), respectively. BCATs 
transfer amino groups from BCAA to α-ketoglutarate 
to produce their respective branched-chain ketoac-
ids (BCKA) and glutamate [36, 37]. β-Hydroxy-β-
methylbutyrate (HMB) is a metabolite of BCAAs, which 
favors a switch of Th1-type to Th2-type cells [38]. The 
concentration of extracellular L-arginine controls the 
expression of the T cell antigen receptor ζ chain (CD3ζ), 
to influence the antigen recognition function of T cells 
[39, 40].

Besides its effects on the TCR, another well character-
ized function of leucine is regulating the mTOR path-
way. mTOR is found in two complexes, mTORC1 and 
mTORC2, which have different sensitivities to rapa-
mycin and are composed of distinct subunits. Several 
reviews have covered the functions of mTOR on down-
stream T cell activation, differentiation, and homeostasis 
[41–43]. Expression of BCATc is induced by TCR sign-
aling in CD4+ T cells. BCATc−/− mice have increased 
levels of leucine which enhances mTOR activity, lead-
ing to increased phosphorylation of downstream sub-
strates including S6 and 4EBP-1 [44]. Sestrin2, SAR1B, 
and GATOR2 are all the upstream regulators of mTOR. 
Both Sestrin2 and SAR1B are bonded to GATOR2 to 
inhibit mTORC1 signaling, and their interactions with 
GATOR2 can be disrupted by leucine, indicating a role 
for Sestrin2 and SAR1B as a sensor of leucine to activate 
mTOR activity [45, 46]. However, the function of these 
two sensors has some differences. For instance, Sestrin2 
may show increased sensitivity to high concentration of 
leucine, whereas SAR1B may sense lower levels of leucine 
to maintain basal mTOR activity [46]. Although Sestrin2 

and SAR1B have been studied in other cell types, they 
likely carry out important functions in T cells as well. 
While leucine controls mTOR activity to regulate T cell 
proliferation and differentiation, it does not appear to be 
required for the maintenance of naïve T cells [32].

However, mTOR activity is also essential for the 
immune suppressive Tregs. Treg-specific mTOR knock-
out mice revealed mTOR was critical for Treg differen-
tiation, activation, and migration into non-lymphoid 
tissues [47]. A role for amino acids in regulating Treg 
function and immune tolerance through mTOR was 
further demonstrated to be dependent on RagA/B and 
Rheb1/2 GTPases where arginine and leucine func-
tioned to induce and sustain mTORC1 activity in Treg 
cells [48]. Results such as these suggest that factors such 
as RagA/B and Rheb1/2 may serve as potential thera-
peutic targets. In addition to mTORC1, the cooperation 
of mTORC1 and mTORC2 also contributes to the main-
tenance of Tregs suppressive activity, but mTORC2 was 
not necessary for Tregs function [49]. Similarly, systemic 
lupus erythematosus, an autoimmune disease, exhibited 
increased activity of mTORC1 and mTORC2, but dimin-
ished Treg suppressive activity [50]. Therefore, the role of 
amino acids in activating mTOR and its role in control-
ling Tregs needs further exploration.

BCAA metabolism is hyperactive in multiple malig-
nancies including leukemia, lung cancer, bone sarcomas, 
hepatic carcinoma, pancreatic ductal adenocarcinoma, 
and colorectal cancer [51–57]. Although there is no 
direct evidence demonstrating a role of BCAA metabo-
lism in anti-tumor immunity, these observations indicate 
that activation of BCAA metabolism might be linked to 
dysfunction of tumor-infiltrating T cells.

Glutamine
Glutamine was first discovered by Schulze in 1883, with 
the synthesis of glutamine further described by Hans 
Krebs in 1935, and its importance in organismal homeo-
stasis was explored in animal experiments [58]. Subse-
quently, research on glutamine in the fate of cancer cells 
and cancer therapy has been extensive, but its role in 
tumor-associated immune cell function is just emerging 
[59].

Overexpression of SLC38A1, a glutamine transporter, 
markedly enhanced mitochondrial function in human 
CD4+ T cells exposed to ascites derived from patients 
with ovarian cancer, a process shown to be associated 
with glucose metabolism [60]. Another glutamine trans-
porter, SLC38A2, was found to be critical for the gen-
eration and memory T cells in part through modulating 
mTORC1 activity [61]. Furthermore, the proliferation 
and function of Tregs is dependent on the expression 
of SLC7A11, which is controlled by the nuclear factor 
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erythroid 2-related factor 2 (NRF2) [62]. However, this 
study did not explore the exact substrate effects on Tregs 
regulation. Although SLC7A11 is regarded as an anti-
porter of cysteine and glutamate transporter, this study 
did not explore the exact substrate effects on Tregs regu-
lation. Moreover, SLC7A11 is highly expressed in tumor 
cells where it imports cystine for GSH biosynthesis and 
antioxidant defense. This effect is partly due to suppres-
sion of ferroptosis, another powerful tumor suppres-
sion mechanism that may eliminate precancerous cells 
exposed to metabolic stress and nutrients starvation 
[63]. Thus, these observations support the notion that 
SLC7A11 may serve as an additional mechanism specific 
in tumor or immunosuppressive cells to capture free cys-
tine in the TME to promote tumor growth and attenuate 
the function of anti-tumor immune cells. However, the 
role of SLC7A11 in anti-tumor immune cells needs fur-
ther investigated.

As the precursor of protein O-GlcNAcylation, glu-
tamine is involved in regulating T cell self-renewal 
[64]. Glutamine maintains Teff cell ATP concentrations 
through glutamine-dependent mitochondrial metabo-
lism [65]. The catabolism of glutamine promotes de novo 
synthesis of glutathione (GSH) to impact T cell differen-
tiation [66], a process that also involves mTOR activity 
[67, 68].

Despite glutamine regulating T cell activation and func-
tion, blocking glutamine metabolism does not weaken T 
cell function as anticipated, but rather enhances T cell 
antitumor activity [69]. One possible reason behind this 
observation is that tumor cells are addicted to glutamine, 
and thus glutamine starvation may have more direct con-
sequences on tumor cell survival than T cells.

Tryptophan
L-tryptophan was discovered in 1901 by Frederick Hop-
kins and Syndey Cole from the lysate of casein digested 
by insulin [70]. And it was subsequently identified as one 
of the essential amino acids in 1912 by Hopkins [71]. 
Although a small fraction of free tryptophan is used in 
protein synthesis and to produce neurotransmitters such 
as serotonin, over 95% of free tryptophan is degraded 
through the kynurenine pathway [72], which provides 
metabolites such as melatonin, quinolinic acid, kynure-
nine, tryptamine, vitamin B3, nicotinamide adenine 
dinucleotide (NAD+), and nicotinamide adenine dinu-
cleotide phosphate (NADP+).

Under physiological conditions, enzymes in the 
tryptophan-kynurenine pathway are constitutively 
expressed, thus tryptophan metabolism has widespread 
effects, from central excitatory neurotransmission to 
peripheral immune response and inflammation [73]. 
The function of tryptophan in T cells mainly serves as 

an immune inhibitory factor. In general, tryptophan is 
catabolized to kynurenine by Indoleamine 2,3-dioxy-
genase (IDO), which is then further catabolized by 
other kynureninases [72]. Besides IDO, another trypto-
phan-degrading enzyme, tryptophan-2,3-dioxygenase 
(TDO2), is expressed in the liver and catalyzes tryp-
tophan to kynurenine [74]. While tryptophan conver-
sion to kynurenine has not been shown to take place 
in T cells, this pathway functions in other cells within 
the TME including macrophages and tumor cells, thus 
tryptophan metabolism may indirectly influence T cell 
function.

In normal tissue environments, IDO activity has 
been directly associated with suppressing the immune 
response. During pregnancy, IDO prevented the fetal 
alloantigen response by inhibiting T cell-driven local 
inflammation [75], possibly due to attenuation of central 
and effector memory CD8+ T cell generation, an effect 
that was lost once these T cells were present [76]. Dur-
ing human hematopoietic stem-cell transplantation, the 
upregulation of extracellular kynurenine effectively sup-
pressed T cell responses and promoted apoptosis of Teff 
cells [77]. Moreover, the ratio of tryptophan and kynure-
nine may be used as a predictive marker of CD4+ T cell 
populations [78]. Besides kynurenine, other metabolites 
of tryptophan also function in suppressing immune 
function. In a rat cardiac allograft model, 3-hydroxyan-
thranilic acid markedly prolonged survival [79], which 
may serve as a model of allograft transplantation induced 
immune tolerance. Interestingly, both kynurenine and 
picolinic acid inhibited T cell proliferation, but had no 
effect on the activation of resting T cells [80]. Further-
more, while 3-hydroxykynurenine and 3-hydroxyan-
thranilic acid inhibited T cell responses, anthranilic and 
quinolinic acid had no effect [76].

System L, a heterodimer composed of a heavy chain of 
CD98 (encoded by SLC3A2) and one of two catalytic L 
chains LAT1 (encoded by SLC7A5) or LAT2 (encoded by 
SLC7A8), transports tryptophan [81]. With low trypto-
phan levels in the TME, tumor cells may use two mecha-
nisms to enhance tryptophan uptake to outcompete Teff 
cells for tryptophan. One mechanism may be for tumor 
cells to secrete toxic metabolites such as kynurenine to 
attenuate neighboring Teff cells anti-tumor function 
[82]. Another mechanism could be that system L is not 
a unique transporter for tryptophan, and another spe-
cific tryptophan transporter is induced in IDO expressed 
tumors [83]. Moreover, general control nonderepressible 
2 (GCN2) kinase could serve as an intracellular amino 
acid sensor capable of phosphorylating eukaryotic trans-
lation initiation factor 2-alpha (eIF2α) to lower global 
protein synthesis rates in response to amino acid star-
vation [84]. Tryptophan depletion leads to T cell anergy 
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and proliferation arrest, and disruption of GCN2 might 
prevent T cells from IDO-mediated inhibition [85].

Prior studies have shown that activation of GCN2 
could inhibit inflammatory Th17 and Th9 cell differentia-
tion [86, 87], potentially through GCN2-mediated activa-
tion and downregulated of key enzymes involved in fatty 
acid synthesis, which is a prerequisite of CD4+ T cell 
proliferation and differentiation, suggesting that GCN2 
activity may weaken the immune response [88]. How-
ever, other studies have observed that GCN2 is essen-
tial for T cell function. For instance, GCN2 deficient T 
cells fail to proliferate when amino acids are limiting [89], 
and knockout of GCN2 impaired many aspects of T cell 
immunity in brain tumors [90]. In addition, both IDO 
and TDO inhibitors prevent the accumulation of immu-
nosuppressive tryptophan catabolites but do not enhance 
T cell responses via rescuing GCN2 from tryptophan 
starvation, thus GCN2 might not play an important role 
in the response to tryptophan starvation [91]. There-
fore, these varied conclusions reveal that the relation-
ship between tryptophan metabolism and T lymphocytes 
remain unclear and worthy of further investigation.

Tryptophan metabolism also leads to the production 
of GCN2-dependent Tregs [92]. Kynurenine activated 
aryl hydrocarbon receptor (AhR)-expressing T cells to 
differentiate into Tregs but not AhR-null T cells, and 
TGF-β upregulated AhR expression to potentially induce 
the generation of Tregs [93]. Kynurenine is transported 
across the plasma membrane of T cells by SLC7A5 or 
SLC7A8 and sensed by AhR in the cytoplasm [82, 94] to 
upregulate PD-1 expression in CD8+ T cell, driving the 
generation and differentiation of Tregs [95, 96]. Inhibi-
tion of AhR was shown to suppress IDO/TDO mediated 
tumor progression, which synergizes with PD-1 blockade 
[95]. These studies indicate that the immunosuppressive 
axis, try-kyn-AhR, may participate in tumor progression 
through regulating Tregs.

Methionine
Methionine, initially named sulfurous amino acid, was 
isolated by J. H. Muller in 1923 [97]. Unfortunately, he 
made an incorrect summation formula. Three years later, 
his colleague S. Odake corrected that formula and named 
this amino acid methionine [98]. In 1928, the structure 
of methionine was solved by G. Barger and F. P. Coyne 
[99]. Methionine is another essential amino acid, and as 
with other amino acids, its primary function is in pro-
tein synthesis to satisfy T cell proliferation. Methionine 
also serves as a critical source of methyl groups in cells 
through the methionine cycle, during which methio-
nine is converted into S-adenosylmethionine (SAM) by 
methionine adenosyltransferase (MTA), to participate in 
many important biochemical processes, including float 

metabolism, redox maintenance, polyamine synthesis, 
and as the methyl donor molecule for all methylation 
reactions [100]. In addition, methionine is also crucial for 
the production of endogenous hydrogen sulfide [101] and 
plays a role in inhibiting autophagy [102]. A recent study 
discovered that methionine also provides methyl groups 
for DNA and RNA methylation, which further promote 
differentiation and proliferation of T cells [103].

The importance of methionine in T cells is not depend-
ent on differences between intracellular and extracel-
lular methionine concentration gradients, but rather T 
cells upregulate the expression of the methionine trans-
porter SLC7A5 following stimulation of with antigen. 
Based on this, SLC7A5 is recognized as the rate-limiting 
factor for the generation of methyl groups during T cell 
activation [103]. However, methionine import varies in 
tumor cells. Besides SLC7A5, the transporter SLC43A2 is 
also involved in methionine uptake in tumor cells allow 
them to outcompete T cells for limited methionine avail-
ability [104]. Following import of methionine, intracel-
lular methionine regulates cellular functions within the 
nucleus. Methionine restriction reduces histone H3K4 
methylation (H3K4me3) on promoters of key genes 
involved in Th17 cell proliferation and cytokine produc-
tion, and exposing mice to a diet deficient in methionine 
reduced the expansion of pathogenic Th17 cells, leading 
to a reduction of T cell-mediated neuroinflammation and 
disease [105, 106]. In addition, tumor cells outcompete 
T cells for methionine leading to a decrease of intracel-
lular methionine and SAM levels in CD8+ T cells reduc-
ing H3K79me2 and STAT5 gene expression to attenuate 
immune function [104]. There is also direct evidence 
revealing a relationship between methionine levels and 
anti-tumor function of T cells. In this context, elevation 
of SAM and its downstream catabolites 5-methylthioad-
enosine reprogrammed the global chromatin accessibil-
ity of CD8+ T cells, which attenuated T cell anti-tumor 
function [107]. Moreover, the role of SLC43A2 was also 
shown to be critical for the survival of Tregs, as the 
downregulation of SLC43A2 increased the Treg apopto-
sis due to the decrease of methionine uptake [108].

Arginine
Since the discovery of arginine from lupin seedling 
extracts in 1886 by Schulze and Steiger [109], studies of 
arginine focusing on its basic functions and clinical rel-
evance have been of high interests over the past century. 
Arginine is a nonessential amino acid, but the de novo 
synthesis of arginine does not satisfy the daily demand 
of the human body. Thus, arginine is defined as a semi-
essential, or conditionally essential. Under physiological 
conditions. Arginine is mainly metabolized by arginase-1 
(Arg1) and nitric oxide synthase (NOS) in myeloid cells, 
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generating urea and L-ornithine, and NO and L-citrul-
line, respectively [110].

Studies have found that reduction of arginine attenu-
ates T cell function and proliferation, which can be 
reversed by arginine supplementation [111–114]. Using 
a mouse model of sepsis, arginine supplementation con-
tributed to the maintenance of CD4+ T cells in the blood 
and para-aortic lymph node, but this was abrogated by 
inhibition of NOS, indicating that production of NO 
through NOS was important for proliferation of T cells 
[115]. Under arginine restriction, T cells downregulate 
CD3ζ expression, preventing the expression of the TCR 
leading to reduced proliferation and cytokine secretion 
[116]. In neonates, arginine might regulate DNA meth-
ylation to modulate the maturation of the immune sys-
tem [117]. The arginine transporter, cationic amino acid 
transporter-1 (CAT1), supports both naïve and memory 
CD4+ T cells as well as CD8+ T cells to maintain T cell 
proliferation and activation [118].

More specifically, the uptake of arginine is controlled 
by the cationic amino acid transport (CAT1, 2a, 2b and 
3, encoded by SLC7A) [119, 120], which function as 
monomers on the plasma membrane [120]. Genera-
tion and persistence of memory T cells, but not effector 
T cells, can be reprogrammed by arginine transported 
by SLC7A1 in a mechanism partially dependent on 
mTORC1 [61]. SLC38A9, a lysosomal transmembrane 
protein, serves as an intracellular arginine sensor to inter-
act with lysosome membrane localized Rag GTPase and 
Ragulator, which acts as a scaffold to tether Rag GTPase 
and mTORC1 to the lysosome [121, 122]. Another key 
factor, CASTOR1, also senses arginine. However, the 
mechanism by which CASTOR1 and SLC38A9 sense 
arginine appears to be different. Arginine stimulates 
SLC38A9 to efflux essential amino acids, including leu-
cine, from lysosomes to the cytosol to be recycled, but 
SLC38A9 has low affinity for arginine transport and 
minor effects on arginine concentration [123]. On the 
contrary, CASTOR1 binds to cytoplasmic arginine with 
high affinity [124]. Thus, SLC38A9 transmits an argi-
nine sufficiency signal to mTORC1, leading to mTORC1 
activation, and the overexpression of SLC38A9 partially 
maintains mTORC1 activation upon amino acid depri-
vation [122, 125]. Whereas CASTOR1 serves to trans-
mit an arginine deprivation signal. When arginine is 
deprived, CASTOR1 and GATOR2 bind together pro-
moting the dissociation of the GATOR1/GATOR2 com-
plex (an upstream regulator of mTORC1), leading to the 
inhibition of mTORC1 activity [124, 126]. Moreover, the 
function of CASTOR1 is similar to Sestrin2 and SAR1B 
described above, except that they sense different amino 
acids. Therefore, SLC38A9 and CASTOR1 play a coun-
terbalancing role in arginine sensing to prevent abnormal 

activation of mTORC1, which may play a role in regulat-
ing proliferation and differentiation of tumor-associated 
immune cells. Supporting this notion, L-arginine deple-
tion dampened proliferation of T cells through GCN2, 
which may arrest T cells in the G1 phase of the cell cycle 
through impairment of cyclin D3 and cyclin-dependent 
kinase 4 (cdk4) activity [127, 128]. Interestingly, other 
studies have revealed that arginine levels might influence 
the cell cycle through regulating the mTOR pathway. In 
this context, arginine deprivation suppresses the activity 
of mTORC1, whereas the activity of mTORC2 increases, 
leading to cell cycle arrest, which can be reversed by argi-
nine supplementation [129]. As important amino acid 
sensors, both GCN2 and mTOR signaling pathways regu-
late cell cycle progression of T cells. Regarding therapeu-
tic T cells, such as chimeric antigen receptor (CAR)-T 
cells, recent evidence suggests that low arginine levels 
also impair their proliferation [130].

As a semi-essential amino acid, the de novo synthesis 
of arginine also plays an important role in maintaining 
intracellular arginine concentrations. Argininosuccinate 
synthetase (ASS) and argininosuccinate lyase (ASL) are 
key enzyme in arginine synthesis. ASS catalyzes con-
densation of citrulline and aspartate to argininosucci-
nate which is then converted to arginine and fumarate by 
ASL [131]. Citrulline, which is transported by SLC7A5 
(LAT1), could partially substitute for arginine deficiency 
to promote T cell proliferation via ASS and ASL in T 
cells, whereas rescue of proliferation was not observed in 
complete absence of arginine [132].

Besides reprogramming of amino acid metabolism, 
additional studies have found that other metabolic path-
ways such as glucose metabolism also regulates the activ-
ity of Tregs through the mTOR pathway [49, 133]. Tregs 
are characterized by oxidative and catabolic metabolism. 
However, Toll-like receptor (TLR) signals promote Treg 
proliferation and increased glycolysis, anabolic metabo-
lism, and expression of glucose transporter Glut1. Glut1 
reduced expression of FOXP3 in Tregs and hampered 
their immunosuppressive capacity [134]. Thus, mTOR 
plays a key role in regulating amino acid, lipid, and glu-
cose metabolism in Tregs, with further studies likely 
to uncover regulation of other metabolic pathways by 
mTOR in Tregs.

In the TME, owing to a lack of Arg1 and NOS in T lym-
phocytes, arginine may be consumed by Arg1 and NOS 
in tumor cells or myeloid cells leading to excessive argi-
nine consumption and a weakening of the Teff immune 
response. Besides the direct regulation on T cells, L-argi-
nine depletion induced myeloid-derived suppressor 
cells (MDSCs) to blunt the anti-tumor response of Teff 
cells [135]. Therefore, arginine depletion caused by ele-
vated Arg1 in the TME has been considered a hallmark 
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immunosuppressive mechanism. However, recent studies 
revealed Arg2, an isoform of Arg1 which functions in the 
mitochondria, is expressed in T cells and serves as a reg-
ulator of CD8+ T cell activation, anti-tumor cytotoxicity, 
and memory formation, independently of extracellular 
arginine concentration [136]. L-arginine is rapidly con-
verted into downstream metabolites, and the addition of 
the arginase inhibitor norNOHA reduces this conversion, 
indicating that arginine is catabolized by Arg2 in T cells 
[137]. When Arg2−/− CD8+ T cells and wild-type CD8+ 
T cells were co-transferred into wild-type mice, Arg2−/− 
CD8+ T cells outcompeted wild-type cells suggesting 
that Arg2 was detrimental to T cell survival [137]. This 
may partially explain why Arg2−/− CD8+ T cells suppress 
tumor growth and synergize with PD-1 blockade [136]. 
Therefore, Arg1 or Arg2 are both negative regulators of T 
cell survival and function with Arg1 existing in cells other 
than T cells to consume free arginine in the TME, and 
Arg2 is found in T cells to consume intracellular arginine. 
Both intracellular and extracellular deprivation of argi-
nine are essential means to regulate the proliferation of T 
lymphocytes and maintain tissue homeostasis.

Serine
In 1865, Emil Cramer extracted component from silk, and 
named it serine from the Latin of silk, sericum [138]. As 
a non-essential amino acid, serine is synthesized de novo 
from the glycolytic intermediate 3-phosphoglycerate or 
transported by several transporters such as SLC1A5 into 
cells that cannot synthesize serine like mature neurons 
[139, 140]. Serine supports metabolic processes including 
protein and glutathione synthesis and serves as a crucial 
one-carbon donor for the folate cycle to participate in 
nucleotide synthesis, methylation reactions, and genera-
tion of NADPH [141, 142]. Based on these roles of serine, 
targeting cancer-associated serine metabolism is viewed 
as a potential cancer therapy.

Generally, following antigenic stimulation, the rate of 
serine synthesis increases in activated T cells to provide 
intracellular glycine and one-carbon metabolites to sup-
port the proliferation of T cells, indicating that serine is 
essential to the T cell adaptive immune response, and 
extracellular serine is dispensable to support optimal T 
cell expansion even when glucose is sufficient for T cell 
activation and function [143]. Another study found that 
in order to adapt a state of rapid proliferation of T cells, 
naïve T cells induce the reprograming of mitochondrial 
biogenesis and modeling, with one-carbon metabolism 
being the most highly induced pathway, which is fed by 
serine, and disruption of the key mitochondrial serine 
hydroxymethyltransferase (SHMT2) inhibiting T cells 
proliferation [144].

In the TME, serine activates mTOR to inhibit FOXP3 
expression and further hinder Tregs immunosuppressive 
capacity, but the transformation of serine to glutathione 
through glutamate cysteine ligase (Gclc) contributed to 
preserve Tregs immunosuppressive function, and Gclc 
ablation showed autoimmunity and enhanced anti-tumor 
responses [145].

Given serine is a non-essential amino acid, relatively 
fewer studies have focused on its role in immunity. How-
ever, with the studies described above highlighting a key 
role for serine in T cell function, a role for serine metabo-
lism in the tumor-associated immune response should be 
assessed further.

B lymphocytes
B cells have been recognized as a core component of 
humoral immunity. The mechanism by which B cells 
serve to defend against foreign antigens occurs through 
three different pathways: antibody secretion, antigen 
presentation, and their direct killing capacity. Following 
stimulation, B cells differentiate into plasma cells, and the 
immunoglobulins secreted by plasma cells facilitate the 
immune responses by antibody-dependent cellular cyto-
toxicity (ADCC) and complement-dependent cytotox-
icity (CDC). Several studies have revealed that a subset 
of amino acids play a role in these important processes 
(Fig. 2).

Leucine, transported into B cells through SLC7A5, tar-
gets mTORC1 to promote B cell differentiation, as well 
as supports the production of IgG and cytokines [146]. 
Furthermore, inhibition of the glutamine transporter 
SLC1A5 or key enzymes of glutamine metabolism, led 
to reduced production of IgM in B cells [147]. Moreo-
ver, restriction of amino acids such as tryptophan led 
to a developmental arrest of B cells in the bone marrow 
[148]. In addition, histidine is transported by SLC15A4 
from the lysosome to cytosol, and loss of SLC15A4 
disturbed the Toll-like receptor 7-triggered, mTOR-
dependent IRF7-IFN-I circuit that leads to auto-antibody 
production [149]. Given this importance of amino acids 
in B cell function, further studies are necessary to fully 
understand a role for amino acids in regulating B cell 
function.γ-Aminobutyric acid (GABA) originates from 
glutamic acid, one of the non-essential amino acids, 
through key enzymes including glutamate decarboxylase 
(GAD). In the past, GABA has been extensively stud-
ied in the context of neurobiology as a central suppres-
sive neurotransmitter. Interestingly, GABA has also been 
shown to play an important role in B cells anti-tumor 
immunity. GABA is synthesized and secreted by acti-
vated B cells and plasma cells, and this GABA further 
promotes monocytes to differentiate into anti-inflamma-
tory macrophages that secrete interleukin-10 and inhibit 
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CD8+ T cell tumor killing function [150]. In addition, 
tumor cells aberrantly expressing GAD1 could enhance 
the tumors immune suppressive function through auto-
crine action of GABA [151]. Thus, GABA secreted by B 
cells may directly target tumor cells to promote tumor 
growth, therefore GAD should be studied as a potential 
anti-cancer target.

Germinal centers (GCs) are components of second-
ary lymphoid organs (SLOs) within the spleen, lymph 
nodes and mucosa-associated lymphoid tissue (MALT). 
They have important sites of B cell clonal expansion, 
somatic hypermutation, and affinity-based selection, 
a process that leads to the production of high-affinity 
antibodies [152]. GCs are divided into a light zone 
(LZ) and dark zone (DZ) which harbor distinct func-
tions. The DZ is the site of B cell clonal expansion 
and somatic hypermutation, whereas the LZ is the 
region where B cells undergo positively selection for 
affinity-based mutations with the help of T follicular 
helper (Tfh) cells [153]. Rapamycin, an mTOR inhibi-
tor, has been found block the formation of GCs [154]. 
Deficiency of the mTORC1 subunit Raptor reduce the 
population of B cells in GCs [155], and Raptor has 
been shown to fuel B cells differentiation and prolifera-
tion early after positive selection in the LZ, whereas it 
only regulates proliferation in the DZ [156, 157]. B cell 
homeostasis and function also requires Rictor, a subu-
nit of mTORC2 [158]. Both mTORC1 and mTORC2 
guard Tfh phenotypic and functional maturation to 

support B lymphocytes development [159, 160]. In 
addition, glucose, lipid and hypoxia influences GCs B 
cells through the metabolic sense of mTOR [161–163], 
and some chemokines such as BCL-6 [164] and CCL2 
[165] are important regulators of the mTOR pathway 
in GC B cells. In Peyer’s patches (PPs), another SLO, 
nutrient deficiency drastically reduces secretion of 
CXCL13 from stromal cells via PI3K-Akt-mTOR axis 
to decrease the number of B cells in SLOs, and further 
attenuate the digestive immune system [166]. In addi-
tion, the PI3K-Akt-mTOR axis is also be activated by 
CXCL13/CCR5 to promote proliferation and migration 
of clear cell renal cell carcinoma [167]. Although this 
study did not explore the functional consequences to 
B cells or nutrient deprivation, one may speculate that 
nutrients could affect tumor progress through the regu-
lation of B cells. Because B cells are critical for tertiary 
lymphoid structures (TLS), a tumor infiltrated ectopic 
lymphoid organ similar to SLOs, multiple studies found 
the higher number of infiltrating B cells in TLS indicate 
a better patient survival with malignant tumors, how-
ever the mechanism remains unclear [168, 169].

In summary, although several amino acids such as 
leucine, glutamine and glutamic acid have been shown 
to regulate tumor-associated B cells, the importance of 
mTOR in the formation of TLS and a correlation with 
the presence of B cells implicated within TLS suggests a 
key role of amino acids in both general biology and anti-
tumor roles of B cells that deserves further investigation.

Fig. 2  Amino acid metabolism in B cells. Several amino acids are associated with B cell function and differentiation, and threonine can further 
affect the differentiation and function of monocytes. The solid line represents certain effects and reactions in B cells, and the dashed line represents 
potential effects and reactions in B cells. The arrow line represents activation and the line with a bar at the end represents inhibition. GABA 
γ-aminobutyric acid; GAD Glutamate decarboxylase; Glu Glutamate; His Histidine; IgG Immunoglobulin G; IgM Immunoglobulin M; IL Interleukin; Leu 
Leucine; mTORC1 Mechanistic target of rapamycin kinase complex 1; SLC Solute carrier; Teff cell Effector T cell
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Natural killer cells
In 1975, Rolf Keissling and colleagues identified a new 
immune cell type mediating direct cytotoxicity against 
alloantigen and tumor-associated antigens, different 
from T or B lymphocytes [170, 171]. Subsequent studies 
of this cell type led to its classification as an innate lym-
phoid cell (ILC) named natural killer (NK) cells. Using 
high-throughput single-cell RNA-seq, NK cells have 
been further broken down into two major subsets based 
on marker expression. The first being NK1, which are 
CD56dim in humans and CD27−CD11b+ NK cells in mice. 
NK2 cells are CD56bright in humans and CD27+CD11b− 
NK cells in mice [172]. NK cells are widely distributed 
throughout the human body, including lymphoid tissues 
such as bone marrow, lymph nodes, and spleen, as well as 
peripheral tissues such as liver, skin, intestine, and uter-
ine [173]. Thus, it is important to explore the regulating 
factors, including amino acids, involved in controlling 
NK cell functions (Fig. 3).

Glutamine has been shown to be important in support-
ing physiological functions of NK cells. As an important 
regulator of the intestinal mucosa, glutamine supplemen-
tation increases the number of infiltrating NK cells and 
improves barrier function in a rat model of colitis [174]. 
In humans, glutamine supplementation in athletes with 
heavy load training led to an increase in NK cells activity 
[175]. However, another study provided contrary results 
regarding glutamine in regulating NK cell activity and 
function, where glutamine supplementation prevented 
the decline in plasm glutamine concentration but had 
no effect on NK cell cytotoxic activity [176]. However, in 
tubulointerstitial fibrosis, activated transglutaminase 2 in 
NK cells played an exacerbating role [177].

NK cells execute anti-tumor functions in multiple 
ways. First, they can recognize and respond to cancer 
cells lacking MHCI expression [178]. ADCC is another 
important mechanism by which NK cells function to 
restrict tumor growth and survival, and thus several 
studies have sought out ways to enhance ADCC such as 
assessing synergistic effects with anti-PD-L1, cytokine 
stimulation, and intercellular interactions [179–181]. NK 
cells also produce pro-inflammatory cytokines such as 
IFNγ and TNFα to promote anti-tumor activity of other 
immune cells or to directly inhibit tumor cells. Given NK 

cell characteristic ex  vivo activation, expansion, genetic 
modification, and tumor cell recognition, mechanisms 
to improve their tumor-killing capacity for therapeutic 
purposes have been studied [182], and the metabolism of 
amino acids has been shown to play a role.

Recent studies have shown that SLC7A5 was the pre-
dominant system L-amino acid transporter in acti-
vated NK cells, and glutamine transported by SLC7A5 
increases the expression of the transcription factor 
c-Myc through mTORC1 activation [183]. IL-12 induces 
the expression of the high-affinity IL-2 receptor CD25, 
and several amino acid transporters including SLC7A5, 
SLC1A5, and SLC3A2 are upregulated in response to IL-2 
stimulation [183, 184]. NKG2D-mediated IFN-γ produc-
tion and degranulation were decreased when SLC1A5 
and SLC3A2 where inhibited [184], but whether this is 
through reducing amino acid uptake remains unclear. 
Besides IL-2 and IL-12, other cytokines such as IL-18 
were shown to facilitate SLC7A5/SLC3A2 expression to 
promote proliferation of NK cells through the mTORC1 
pathway [185]. mTORC1 and mTORC2 are both essential 
for NK cell activity, but through different mechanisms. 
mTORC1 appears to function in early NK cell develop-
ment, whereas mTORC2 may function in terminal matu-
ration, and thus they may cooperate in a non-redundant 
manner [186, 187]. Specifically, mTORC1 sustains 
mTORC2 activity through CD122-mediated IL-15 stimu-
lation; however, mTORC2 negatively regulates mTORC1 
function through the inhibition of STAT5-mediated 
SLC7A5 expression [186]. Another membrane protein, 
metabotropic glutamate receptor 5 (mGluR5), was found 
to enhance cytotoxicity of NK cells following activation 
by glutamate, and pharmacological activation of mGluR5 
accelerated the regression of liver fibrosis [188].

While studies to date have focused largely on glu-
tamine, amino acid transporters, and mTOR signaling 
in NK cells, it is likely that other amino acids play a role 
in this axis as well, such as arginine and leucine as key 
mTOR regulators, which needs further investigation.

Amino acid metabolism in myeloid cells
Macrophages
Macrophages are important innate myeloid cells and a 
major cell type within the mononuclear phagocyte system 

Fig. 3  Reprogramming of amino acid metabolism in the innate immune system. In the innate immune system, various amino acids affect 
innate immune cell functions. The same amino acids may play different role in the homeostasis/inflammation microenvironment and tumor 
microenvironment. The arrow line represents activation and the line with a bar at the end represents inhibition. 3-HAA 3-hydroxyanthranilic acid; 
AHR Aryl hydrocarbon receptor; Arg Arginine; Arg1/2 Arginase-1/2; BCAA​ Branched-chain amino acids; BCAT1 branched-chain aminotransferases 
1; BH4 Tetrahydrobiopterin; BTK Bruton’s tyrosine kinase; C3 Complement 3; CTLA4 Cytotoxic T-lymphocyte associated protein 4; Cys Cystine; GCN2 
General control nonderepressible 2; GCN2 General control nonderepressible 2; Gln Glutamine; Glu Glutamate; GSH Glutathione; HIF Hypoxia 
inducible factor; IDO Indoleamine 2,3-dioxygenase; IL Interleukin; iNOS Inducible isoform of NO synthase; KMO Kynurenine 3-monooxygenase; 
Kyn Kynurenine; KYNU 2-amino-4-[3-hydroxyphenyl]-4-hydroxybutanoic acid; Leu Leucine; LPS Lipopolysaccharide; SLC Solute carrier; STAT3 Signal 
transducer and activator of transcription 3; TAM Tumor-associated macrophages; TGF Transforming growth factor; Trp Tryptophan; Tα1 Thymosin α1

(See figure on next page.)
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Fig. 3  (See legend on previous page.)
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(MPS) [189]. Tissue-resident macrophages have various 
names tied to their specific function including micro-
glia, Kupffer cells, alveolar macrophages, and osteoclasts 
[190-193]. In physiological conditions, tissue-resident 
macrophages play an important role in tissue homeosta-
sis and organ development. The role of macrophages in 
development is often overlooked, including branching 
morphogenesis, neuronal patterning, angiogenesis, bone 
morphogenesis, generation of adipose tissue, and testicu-
lar organogenesis [194, 195]. As for homeostasis, Kupffer 
cells efficiently phagocytize pathogens entering from the 
portal or arterial circulation [191], and are essential for 
cholesterol transport to link lipid metabolism in the liver 
[196]. Alveolar macrophages play an important role in 
inhibiting pro-inflammatory responses to tissue debris 
or to innocuous antigens [192]. Osteoclasts are the only 
cells known to resorb bone to refresh or repair the skele-
tal system [193]. Spleen macrophages localize to the mar-
ginal zone and red pulp, which promote T cell immune 
responses and recycle iron elements from defective blood 
cells, respectively [197]. Testicular macrophages are 
known to contribute to spermatogenesis and the produc-
tion of male hormones outside of their classical immune 
function [195].

Macrophages are important innate immune cells for 
tissue homeostasis and organ development under physi-
ological conditions. It is generally recognized that M1/
M2 polarized macrophages are two extremes within the 
immune response and are induced by various internal or 
external signals. These polarized macrophages further 
coordinate with diverse factors to regulate the outcome 
of pathogen infection, local tumor immune responses, 
and tissue repair and remodeling. In fact, M1-like and 
M2-like tumor-associate macrophages (TAMs) exist in 
the same tumor, but during different stages. They play 
an anti-tumor role through recognizing and eliminat-
ing tumor cells; or a pro-tumor role by promoting tumor 
growth, invasion, and metastasis. Such phenomenon 
is a so-called double-edged sword, and the function or 
polarization of macrophages is affected by many fac-
tors including amino acids and amino acid metabolites 
(Fig. 3) [198].

Tryptophan
Tryptophan regulates macrophages in many diseases 
besides cancer. Low levels of free tryptophan in serum 
may be associated with decreased IDO activity in mac-
rophage and mental health syndromes such as anxi-
ety and depression in patients with chronic hepatitis C 
[199]. Tryptophan-containing hexapeptide-coated gold 
nanoparticle hybrid effectively reduced the inflamma-
tory response [200]. Consistently, reduced kynurenine 
production was shown to be associated with an increased 

inflammatory response in the lungs of aged individu-
als during an influenza infection [201]. Another study 
found kynurenine metabolism pathways were upregu-
lated in the inflammatory disease, aortic atherosclerotic 
aneurysm, and the metabolism of kynurenines help 
downregulate inflammation [202]. With progression of 
the kynurenine metabolism pathways, tryptophan is ulti-
mately broken down into small molecules such as NAD+, 
picolinic acid (PA), ATP, and CO2 [72], which each hav-
ing different roles in the anti-inflammatory function of 
macrophages. NAD+ was found to limit inflammation 
and promote phagocytosis [203], whereas PA is an activa-
tor of macrophage pro-inflammatory function [204].

Tryptophan is transported by system L in macrophages 
[81]. M2-like macrophages expressing IDO suppress the 
immune response by promoting the function of Tregs, 
and inhibiting Teff cells via the KYN-AhR pathway [205, 
206]. AhR activation in tumor-associated macrophages 
might not only depend on tryptophan metabolism within 
macrophages, but might also require Lactobacillus 
metabolized dietary tryptophan to indoles to drive TAMs 
to acquire an immunosuppressive phenotype [207]. This 
observation emphasizes the importance of amino acid 
metabolism of the microbiota in the tumor immune 
response. Furthermore, high activity of AhR in glioblas-
toma is associated with reduced overall survival, suggest-
ing AhR might become a potential therapeutic target in 
some tumor settings [208].

Branched‑chain amino acids (BCAAs)
BCAAs have both pro- and anti-inflammatory functions 
in macrophages [209]. In early stages of macrophage acti-
vation following lipopolysaccharide (LPS) stimulation, 
transamination by BCAT1 is increased instead of upreg-
ulating BCAAs uptake [210]. The inhibition of BCAT1 
reduced itaconate production and limited flux through 
the tricarboxylic acid (TCA) cycle in macrophages, which 
is associated with reduced expression of immune respon-
sive gene 1 (IRG1). While this contributes to the down-
regulation of macrophage pro-inflammatory function, 
a detailed mechanism remains unclear [210, 211]. IRG1, 
one of the highly upregulated genes in activated mac-
rophages, functions to generate itaconic acid (also known 
as methylenesuccinic acid) through the decarboxylation 
of cis-aconitate, a TCA cycle intermediate [212]. Besides 
general analysis of BCAA metabolism, individual BCAA 
members such as leucine have also been studied as well. 
Supplementation of leucine decreases cholesterol levels 
by inhibiting cholesterol biosynthesis, and thus attenu-
ates macrophage foam-cell formation, which is beneficial 
for preventing atherogenicity [213]. Thus, in lipid metab-
olism, the deprivation of leucine led to white adipose 
tissue (WAT) browning and lipolysis through GCN2, 
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which helps to treat obesity [214]. However, there is cur-
rently no direct evidence showing BCAAs regulate tumor 
growth through their metabolism in macrophages.

Arginine
Generally, in macrophages, arginine is catabolized by 
inducible isoform of NO synthase (iNOS) and arginase. 
After stimulation of Toll-like receptors (TLRs), activated 
macrophages produce NO through iNOS to resist vari-
ous pathogenic infections such as Mycobacterium tuber-
culosis, Leishmania, bacillus Calmétte-Guerin (BCG) 
[215-217]. For inflammatory disease, iNOS-dependent 
NO synthesis increases mesangial cell lysis leading to tis-
sue fibrosis in the anti-thymocyte serum (ATS)-induced 
model of glomerulonephritis [218]. This suggests that the 
effects of iNOS-dependent NO synthesis favor progres-
sion towards inflammation. On the other hand, given NO 
serves as an important neurotransmitter, the produc-
tion of NO by macrophages was shown to promote non-
adrenergic, non-cholinergic inhibitory nerve stimulation 
[219]. Furthermore, arginase, was shown to be critical for 
Leishmania proliferation [220]. Arginase-1, an arginase 
subtype, regulates the status of macrophages to promote 
the resolution of arthritis [221]. Similarly, arginase-2, 
localized to mitochondria in macrophages, relieved 
inflammation by regulating IL-10 [222]. In addition, argi-
nase promotes the accumulation of M2-like macrophages 
around arterial cell proliferation [223]. Given their simi-
lar metabolic substrates, iNOS and arginase also coop-
erated to control NO-mediated macrophage apoptosis 
[224].

Arginine undergoes different metabolic processing in 
M1-like and M2-like macrophages within the TME. In 
M1-like macrophages, arginine is metabolized to produce 
NO to inhibit tumor development [225, 226]. Whereas 
M2-like macrophages consumed arginine through argi-
nase-1 to limit arginine accessibility to other anti-tumor 
immune cells such as Teff cells, which has a negative con-
sequence on tumor killing [226]. Therefore, these results 
suggests that there may be a coordinated, or competi-
tion-based, mechanism between iNOS and arginase-1 
for arginine [227]. Whether through classical or alterna-
tive activation mechanisms, the expression of SLC7A2 is 
induced in macrophages [228] which allows for uptake of 
arginine to a high level in activated macrophages [229]. 
SLC7A2 knockout mice show a decrease in uptake of 
arginine [228, 230]. Although the expression of iNOS and 
arginase-1 was not changed, the metabolism of arginine 
was reduced in SLC7A2-deficient macrophages [228]. 
In recent years, a third fate for arginine metabolism has 
been characterized in macrophages where arginine is 
metabolized by two enzymes, glycine amidinotransferase 
and guanidinoacetate methyltransferase, to generate 

creatine, which promotes M2-like macrophage polariza-
tion [231]. However, the maintenance of creatine con-
centrations in macrophages is through the transporter 
SLC6A8, which allows for the possibility to influence 
phenotypes of macrophages and modulate macrophage-
mediated immune response though pharmacologically 
or genetically targeting SLC6A8 [231]. In breast cancer, 
supplementing sepiapterin, the precursor of tetrahyd-
robiopterin (BH4), which serves as a cofactor for NOS, 
redirects arginine metabolism in macrophages from the 
polyamines synthesis pathway to the NO pathway. This 
induces a shift of M2-like macrophages to M1-like mac-
rophages and blocks STAT3-dependent expression of 
PD-L1 in tumor cells to suppress their growth [232].

Glutamine
Similar to arginine, glutamine also promotes M2 polari-
zation, where deprivation of glutamine was shown to 
suppress M2-like macrophages and the production of 
the chemokine CCL22, potentially through the mTOR 
pathway [233]. Similarly, glutamine metabolites also 
play a role in M1/M2 polarization as well. The produc-
tion of α-ketoglutarate via glutamine lysis promoted 
M2-like macrophage activation, and the low ratio of 
α-ketoglutarate/succinate enhanced pro-inflammatory 
functions of M1-like macrophages [234]. Furthermore, 
downregulation of α-ketoglutarate is controlled by isoci-
trate dehydrogenase (IDH), which is a downstream target 
of the nuclear receptor Nur77 (Nr4a1) [235]. Therefore, 
glutamine promotes anti-inflammatory functions of 
macrophages through Nur77-mediated transcription 
[236, 237]. Additional functions of glutamine in mac-
rophages include promoting phagocytosis as metabolism 
of glutamine through glutaminase-1 is essential for mac-
rophages to eliminate apoptotic cells [238]. In addition, 
supplementation of macrophages in culture promoted 
cell cycle progression [239]. However, other studies have 
suggested that dietary supplementation of glutamine 
reversed macrophage function in newborn mice [240], 
and glutamine might also suppress lysosomal function, 
anti-inflammatory phenotypes, and cell survival under 
certain conditions [241].

Glutamine deprivation in the TME may not serve as a 
pro-inflammatory factor, but rather may promote tumor-
igenesis. The consumption of glutamine in clear cell renal 
cell carcinoma led to a local glutamine deprivation such 
that macrophages secreted IL-23 due to HIF-1α induc-
tion to strengthen immunosuppressive function of Tregs 
in the TME [242].

Dendritic cells
As the main antigen presenting cells (APCs), dendritic 
cells (DCs) are a key link between the innate immune 
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function with the induction of adaptive immunity. DCs 
are the central regulator of adaptive immunity and 
immune tolerance, and their discoverer Ralph M. Stein-
man was awarded the 2011 Nobel Prize in Physiology or 
Medicine [243].

Dendritic cells are classified into various subtypes 
depending on their function or lineage differentiation. 
These subtypes include conventional dendritic cells 
(cDCs), plasmacytoid DCs (pDCs) and monocyte-derived 
DCs (moDCs). cDCs are primarily associated with T cell 
differentiation [244]. Moreover, in the TME, pDCs and 
moDCs are indispensable for tumor immunity [245, 246], 
and pDC have been proposed to serve as a biomarker in 
triple negative breast cancer (TNBC) and non-small-cell 
lung cancer (NSCLC) [247, 248]. Other studies suggest 
pDCs may contribute to attenuate tumor development 
[249, 250], although mechanisms for these observations 
have not been clarified. moDCs are indirectly associated 
to anti-tumor immune response through the promotion 
of T cell polarization towards Th1, Th2, and Th17 sub-
types [251, 252]. However, DCs may function as a dou-
ble-edged sword regarding tumor immunity. A role for 
DCs in promoting tumorigenesis are centered on the 
recognition and combination of immune checkpoints. 
DCs expressed CD80/CD86 (B7-1/B7-2) which bind to T 
cells expressing CTLA-4 to deliver co-stimulatory signals 
to suppress the T cell response [253]. Furthermore, DCs 
that highly expressed PD-L1 bind to PD-1 receptors of T 
cells to allow tumor cells to escape from elimination by 
cytotoxic T cells [254]. Given the widespread effects of 
DCs on immunity both inside and outside of the TME, it 
is important to discuss the roles of amino acids in regu-
lating DCs (Fig. 3).

Tryptophan
IDO is typically considered an immune suppressive 
marker of DCs. In transplantation models in mice, both 
IDO+ DCs and tryptophan metabolites were efficient to 
reduce organ rejection, with enhanced effects observed 
when provided in combination [255]. This is likely due 
to IDO and its byproducts inhibiting Teff cell function 
which may be due to IDO attenuating the generation 
of memory CD8+ T cells and inhibiting the function of 
memory T cells in allograft rejection as well as prolif-
eration [256]. Interestingly, the activity of IDO is reg-
ulated by Arg1, as the release of polyamines that are 
catabolized by Arg1 coerced DCs toward an immuno-
suppressive phenotype through the promotion of IDO1 
phosphorylation [257]. This suggests the presence of 
amino acid metabolism crosstalk in DCs. Following 
catabolism by IDO, kynurenine was further catabolized 
by kynurenine 3-monooxygenase (KMO), and defi-
ciency of KMO led to the accumulation of kynurenine 

thereby promoting the generation of Tregs to relieve 
colitis [258]. Kynurenine is converted to 3-hydrox-
ykynurenine by KMO which is subsequently converted 
to 3-hydroxyanthranilic acid (3-HAA) by 2-amino-
4-[3-hydroxyphenyl]-4-hydroxybutanoic acid (KYUN). 
While DCs influence Teff cells through regulating 
tryptophan metabolism, the metabolites of tryptophan 
including 3-HAA inhibited the activation status of DCs 
to suppress the T cell response after LPS stimulation 
[259]. In addition, upstream molecules target IDO to 
influence function of DCs as well. For instance, thymo-
sin α1, a naturally occurring thymic peptide, induces 
IDO expression, and immunosuppressive function of 
DCs, by stimulating TLR and IFN signaling [260, 261]. 
Interestingly, the gut microbiota aids in tryptophan 
metabolism as well. Indole is produced from trypto-
phan by the gut microbiota, and is further metabolized 
to 3-indoxyl sulfate in the liver, which can contribute 
to regulating DCs anti-inflammatory functions [262]. 
Similar to biological molecules, inorganic molecules 
such as Zinc also influence DC maturation by reducing 
MHCII expression on the surface of DCs and promot-
ing IDO catalysis, which restrains the proinflamma-
tory response due to stimulation by TLR ligands [263]. 
In general, IDO is central to tryptophan metabolism in 
DCs and plays an important role in DCs immunosup-
pressive function.

The metabolism of tryptophan by IDO+ DCs may also 
activate Tregs and hence inhibit T cell-mediated anti-
tumor immunity [264]. Interestingly, CTLA-4 expres-
sion in Tregs promotes IDO secretion by DCs, and the 
inhibition of CTLA-4 could effectively reduce the pro-
duction of kynurenine and IFN-γ by DCs [265]. Such a 
mechanism between DCs and Tregs may exist as a posi-
tive feedback loop. In addition, kynurenine can serve as a 
signaling molecule to directly impede T cell anti-tumor 
response. Abnormal activation of protein kinases are 
a common pro-tumorigenic mechanism, and Bruton’s 
tyrosine kinase (BTK) is one such protein kinase that 
plays a crucial role in oncogenic signaling, especially in 
various B cell lymphomas [266]. In addition, BTK has 
been identified as a crucial regulator of the immunosup-
pressive function of myeloid cells including macrophages, 
myeloid-derived suppressor cells (MDSCs), and DCs 
[267, 268]. Initial studies indicated that activation of DCs 
could be inhibited by autocrine IL-10 secretion which 
activates BTK through the c-Src-PI3K-AKT-mTOR path-
way [269, 270]. Subsequent studies indicated that the link 
between BTK and mTOR is mediated by amino acid sign-
aling, and BTK may serve as an upstream regulator of the 
mTOR pathway. For instance, the BTK-IDO axis inhibits 
a GATOR2/GATOR1-mTORC1 derived tryptophan-sen-
sitive differentiation pathway in DCs [271].
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Arginine
The consumption of arginine by iNOS or argin-
ase is also a feature of DCs inhibitory phenotype. As 
described above, polyamines, produced by arginase, 
promoted DCs to an IDO1-dependent immune sup-
pressive phenotype [257]. When DCs were co-cultured 
with apoptotic cells, both the transcription of iNOS and 
the production of NO were increased due to the phos-
phorylation of STAT3, which converted DCs into sup-
pressive DCs [272]. Similarly, following Mycobacterium 
bovis infection, genes associated with NO synthesis 
were upregulated, such as SLC7A1, SLC7A2 and iNOS, 
which may contribute to bacterial survival [273]. The 
expression of arginase and iNOS are regulated by many 
factors. For instance, all-trans retinoic acid enhances 
arginase and iNOS expression, IL-35 induces argin-
ase-1 expression in murine splenic DCs, and deficiency 
of complement 3 downregulates iNOS-2 expression 
which reduces Treg generation [273-276]. Moreover, 
when iNOS and arginase are inhibited by L-NAME 
and NOHA, respectively, CD80/CD86 ligand, which is 
important for T cell activation, is reduced on the mem-
brane of DCs, which may contribute to pro-inflamma-
tory functions of the immune system [277].

As for the TME, given DCs and macrophages share 
similarity in arginine metabolism, we speculate that argi-
nine is also transported through SLC7A2 in DCs, but 
this needs further study. Arg1 is required for IDO induc-
tion by TGF-β in DCs, and TGF-β is necessary for the 
coexistence of Arg1 and IDO in DCs [257]. Thus, these 
results suggest that over expression of IDO and Arg1 in 
DCs leads to exhaustion of local tryptophan and argi-
nine, which promotes immunosuppression and tumor 
progression.

Myeloid‑derived suppressor cells
Based on their origination as myeloid cells and immune 
suppressive capacity, inflammatory-associated cells that 
share similarities to neutrophils and monocytes in phe-
notype and morphology are defined as myeloid-derived 
suppressor cells (MDSCs) [278]. Based on phenotypic 
criteria, MDSCs are classified into granulocytic MDSC 
(G-MDSC) also named polymorphonuclear MDSCs 
(PMN-MDSC), and monocyte MDSC (M-MDSC). How-
ever, this current definition of MDSCs itself is ambiguous 
and uncertain, and studies have confirmed extensive het-
erogeneity of MDSCs cells [279, 280]. Furthermore, the 
existing definition of MDSCs is self-limiting and could 
be developed beyond this to associate with disease and 
pathological signals [281]. MDSCs are produced and 
accumulate in response to pathological situations such as 
cancer, bacterial infection, and trauma, and amino acids 

have been shown to play a role in their development and 
function (Fig. 3).

Arginine has been heavily studied in MDSCs, as 
MDSCs compete with Teff cells for arginine leading to 
dysregulation of arginine metabolism in T cells. In sepsis, 
MDSCs attenuate T cell function by metabolizing argi-
nine to toxic molecules that impair T cell ζ chain expres-
sion [282]. In parasitic infection, MDSCs are induced by 
both larval and adult stages of Heligmosomoides poly-
gyrus bakeri and increase their expression of arginase-1 
and iNOS, which suggests that metabolism of arginine 
contribute to the maintenance of immunosuppressive 
function of MDSCs [283]. Another study observed that 
arginase-1 expressing MDSCs effectively inhibit the T 
cell response to alleviate tissue injury following hepati-
tis B viral infection [284]. Similarly, after physical injury, 
arginine availability is decreased and further induction of 
arginase-1 expression in MDSCs exhausts arginine levels 
to attenuate T cell activation and increase susceptibility 
to infection [111].

In mouse models of lung adenocarcinoma, Arg1 
expression is elevated in G-MDSCs and both lung ade-
nocarcinomas and squamous tumors [285]. Similarly, 
the number of Arg1 producing PMN-MDSCs increased 
in peripheral blood in renal carcinoma [286]. However, 
in human renal carcinoma Arg1 is released from PMN-
MDSCs [286]. Besides Arg1, iNOS, is also an important 
enzyme for MDSC exercising their suppressive function. 
In MDSCs, Arg1 and NOS2 coordinately upregulate the 
cationic amino acid transporter 2 (CAT2, also named 
SLC7A2), which functions in the transport of extracel-
lular arginine in mice [287]. Interestingly, another view 
has come into play for Arg1 in MDSCs where Arg1 is 
neither constitutively expressed in MDSCs nor necessary 
for MDSCs suppressive function, and induced expression 
of Arg1 in MDSCs does not influence MDSCs-mediated 
immune inhibition [288]. One possible explanation may 
be that samples in this study were isolated from bone 
marrow in B16 melanoma, MC38 colon carcinoma, or 
EL4 lymphoma mice, which differs from other stud-
ies, suggesting that the function of MDSCs may vary by 
organs, tissues, or cells, thus highlighting that the clas-
sification and definition of MDSCs may need further 
updating.

In a transplant model, MDSCs suppress macrophages-
mediated cytotoxicity in an IDO-dependent manner, 
to overcome xenotransplantation organ rejection [289]. 
With regard to tryptophan metabolism in tumors, IDO 
also mediates immune suppressive effects of MDSCs in 
breast cancer and lung cancer [290, 291], and the upregu-
lation of IDO in MDSCs depends on STAT3 phosphoryl-
ation [290]. Moreover, IDO associated with MDSCs also 
plays an important role in inducing the differentiation of 
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Treg or Breg cells, which suppress anti-tumor immunity 
[292, 293]. Inhibiting glutamine metabolism also blocks 
expression of IDO in MDSCs and tumor cell growth 
[294]. Indicating there may exist a crosstalk between 
amino acids in controlling IDO expression. Interestingly, 
besides its role in immunosuppression, IDO expression 
in MDSCs contributed to tumor angiogenesis which 
depends on GCN2 [295].

There are counter viewpoints regarding glutamine 
metabolism in tumor associated MDSCs. For instance, 
inhibiting glutamine metabolism markedly suppressed 
the generation and mobilization of MDSCs, and further 
promoted the generation of anti-tumor inflammatory 
cells [294]. Whereas another study showed glutamine 
deprivation promotes the generation of MDSCs [296]. 
Both of these studies focused on 4T1 triple negative 
breast cancer, but the former was carried out in  vivo, 
while the latter was primarily in vitro. This difference sug-
gests that the function of MDSCs may be regulated by the 
microenvironment where other cell types or cytokines 
may provide signals to direct MDSC function. Moreo-
ver, there appears to be crosstalk between glutamine and 
arginine metabolism in MDSCs. In glutamine-limited 
medium, the activity of iNOS, but not Arg1, was up reg-
ulated, which suggests that iNOS is induced to enhance 
central carbon metabolism and a high bioenergetic status 
[297].

While amino acid metabolism may directly regulate 
MDSCs immunosuppressive function, key metabolic 
sensing molecules including mTOR and GCN2 are also 
involved in regulating MDSCs. In acute kidney injury 
(AKI), the mTOR inhibitor rapamycin protected mouse 
kidneys from AKI in  vivo through the induction and 
recruitment of MDSCs to suppress an excessive immune 
response [298]. GCN2 was found to promote the transla-
tion of the transcription factor CREB2/ATF4 to promote 
MDSCs maturation in a melanoma mouse model, and 
deficiency of ATF4 and GCN2 reduced tumor growth 
[299]. However, while amino acid metabolism may play a 
role in tumor associated MDSCs, how amino acids affect 
MDSCs through the classical mTOR or GCN2 pathway 
requires further investigation.

Collectively, these results suggest that specific targeting 
of amino acid metabolic pathways in MDSCs may have 
therapeutic value.

Therapeutic opportunities of targeting altered 
amino acid metabolism in immune cells
As discussed above, tumor cells as well as some immu-
nosuppressive cells compete with anti-tumor immune 
cells for free amino acids. In addition, amino acids utilize 
several transporters in various cell types where they are 
detected by key sensors and metabolized by key enzymes. 

Thus, supplementing amino acids, or targeting trans-
porters, converting enzymes, metabolites and/or sensors 
involved in amino acid metabolism are potential thera-
peutic strategies. Some of which are already undergoing 
clinical development (Tables 1 and 2).

Supplementation of amino acids
As summarized above, one reason why amino acid 
metabolism influences the function of anti-tumor 
immune cells is that several cell types including tumor 
cells will compete for free amino acids with anti-tumor 
immune cells. Thus, studies have been devoted to explor-
ing the efficacy of free amino acid supplementation in 
cancer therapy (Table 1).

In cancer patients receiving concurrent chemoradio-
therapy, dietary supplementation of arginine, glutamine 
and fish oil reduced the incidence of a series of postop-
erative complications, such as hematologic toxicities and 
mucocutaneous fistula [300, 301]. Arginine supplementa-
tion also showed efficacy when combined with chemo-
therapy drugs. For instance, combining arginine with 
docetaxel (DTX), an immunomodulatory chemothera-
peutic agent, promoted anti-tumor phenotypes of DCs 
and reduced the proliferation of MDSCs in mouse mod-
els of breast cancer [302]. Supplementation of arginine 
increases infiltration of CD8+ T cells into colon carci-
noma-bearing mice only when combined with of cyclo-
phosphamide (CP) [303]. In addition, arginine induced a 
metabolic shift of activated T cells from glycolysis to oxi-
dative phosphorylation to promote the generation of T 
cells with higher survival capacity and anti-tumor activity 
[137]. Consistent with these studies, arginine treatment 
markedly reduced the population of MDSCs and the 
expression of reactive oxygen species (ROS), and corre-
spondingly enhanced the anti-tumor activity of effector T 
cells which was thought to be due to excessive consump-
tion of arginine by MDSCs in the TME [304]. But in a 
clinical trial of colorectal cancer patients, arginine sup-
plementation did not reduce MDSCs frequency. On the 
contrary, an arginine-treated cohort showed an increased 
frequency of polymorphonuclear MDSCs (PMN-MDSC) 
and monocyte MDSC (M-MDSC) compared to the pla-
cebo-treated cohort [305]. Although, when combined 
with other amino acids, some clinical trials show a posi-
tive benefit to cancer patients, and while arginine sup-
plementation alone provided some effective anti-tumor 
efficacy when assessed in cell culture and animal models, 
mono therapy clinical trials of arginine supplementation 
have not been carried out.

Removal of tryptophan form the diet effectively inhib-
ited tumor growth in animal models, and supplementing 
tryptophan or its catabolite indole-3-acetic acid rescued 
tumor growth and promoted an immunosuppressive 
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Table 2  Clinical trials on blocking amino acid metabolic pathways in combination with traditional therapeutics

Targets Mechanism Drugs Combinatorial 
intervention

Type of cancer NCT number Phase Status

IDO1 Inhibiting trp-kyn 
metabolism pathway 
and enhance anti-tumor 
immunity

Epacadostat Biological: CRS-207 Platinum-resistant Ovar-
ian Cancer, Fallopian 
Cancer, Fallopian Cancer

NCT02575807 I/II Terminated

Biological: DEC-205/
NY-ESO-1 Fusion Protein 
CDX-1401
Drug: Poly ICLC

Fallopian Tube 
Carcinoma, Ovarian 
Carcinoma, Primary 
Peritoneal Carcinoma

NCT02166905 I/II Completed

Drug: Itacitinib Solid Tumors NCT02559492 I Terminated

Drug: Azacitidine
Drug: Pembrolizumab
Drug: INCB057643
Drug: INCB059872

Solid Tumors, Advanced 
Malignancies, Metastatic 
Cancer

NCT02959437 I/II Terminated

Biological: SV-BR-1-GM
Biological: INC-
MGA00012
Drug: Low dose cyclo-
phosphamide
Biological: Interferon 
Inoculation

Breast Cancer Female, 
Breast Neoplasm Female

NCT03328026 I/II Recruiting

Drug: Nivolumab
Drug: platinum chemo-
therapeutic drug

Lung Cancer NCT03348904 III Terminated

Drug: Pembrolizumab
Drug: Placebo

Urothelial Cancer NCT03361865 III Completed

Drug: Pembrolizumab
Drug: chemotherapeutic 
drug

Solid Tumor NCT03085914 I/II Completed

Drug: Nivolumab
Drug: Ipilimumab
Drug: Lirilumab

Solid Tumor NCT03347123 I/II Terminated

Drug: Retifanlimab Endometrial Cancer NCT04463771 II Recruiting

Drug: Pembrolizumab
Biological: CRS-207
Drug: CY
Biological: GVAX

Metastatic Pancreatic 
Adenocarcinoma

NCT03006302 II Active, not recruiting

Drug: Ipilimumab Melanoma NCT01604889 I/II Terminated

Drug: INCB001158
Drug: Pembrolizumab

Solid Tumors NCT03361228 I/II Terminated

Drug: Pembrolizumab Malignant Ovarian Clear 
Cell Tumor, Recurrent 
Ovarian Carcinoma

NCT03602586 II Terminated

Sarcoma NCT03414229 II Active, not recruiting

Renal Cell Carcinoma 
(RCC)

NCT03260894 III Active, not recruiting

Head and Neck Cancer NCT03358472 III Active, not recruiting

Urothelial Cancer NCT03374488 III Completed

BMS-986205 Biological: Relatlimab
Biological: Nivolumab

Advanced Cancer NCT03459222 I/II Recruiting

Biological: Nivolumab
Radiation: Radiation 
Therapy
Drug: Temozolomide

Glioblastoma NCT04047706 I Recruiting

Drug: Nivolumab Endometrial Adenocar-
cinoma, Endometrial 
Carcinosarcoma

NCT04106414 II Active, not recruiting
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tumor-associated macrophages phenotype [207]. Restric-
tion of dietary serine impaired pathogen-driven expan-
sion of T cells in vivo, but does not appear to influence 
overall immune homeostasis [143].

Targeting SLC transporters
The expression of SLC transporters is regulated by many 
factors, and studies assessing the regulation of SLC amino 
acid transporters in immune cells suggests the possibility 
of a clinical transformation in cancer therapy. Here, we 
summarize the effect of gene therapy and pharmacologi-
cal interventions on SLC family members (Table 3).

Besides direct regulation of SLC genes or proteins, 
recent studies also provide a series of potent targets 
to design effective and specific therapeutics. c-Myc, a 

well-known oncogene, controls the transcription of SLC 
transporters, but which transporters are regulated in 
T cells and tumor cells differ [306, 307]. Interestingly, 
amino acids transported by SLC transporters activate 
mTORC1 to increase c-Myc expression [308, 309], thus 
there may exist a positive feedback loop among c-Myc, 
SLC transporters, and mTORC1. In addition, mTORC1 
regulates the transcription factor ATF4 to balance cel-
lular amino acid supply with demand for protein syn-
thesis through regulating SLC transporters, and loss of 
ATF4 reduces amino acid uptake [310]. Similarly, c-Myc 
was also found to regulate SLC1A5 expression in B cells, 
which was curbed by the microRNAs let-7adf [147]. 
Similarly, another microRNA, miR-31-5p, suppressed 
the expression of SLC15A4 in pDCs and downregulates 

Table 2  (continued)

Targets Mechanism Drugs Combinatorial 
intervention

Type of cancer NCT number Phase Status

Hepatocellular Carci-
noma

NCT03695250 I/II Active, not recruiting

Indoximod Radiation: Partial Radia-
tion
Radiation: Full-dose 
Radiation
Drug: Temozolomide
Drug: Cyclophospha-
mide
Drug: Etoposide
Drug: Lomustine

Glioblastoma, Medul-
loblastoma, Epend-
ymoma, Diffuse Intrinsic 
Pontine Glioma

NCT04049669 II Recruiting

Drug: Ipilimumab
Drug: Nivolumab
Drug: Pembrolizumab

Melanoma NCT02073123 I/II Completed

LY3381916 LY3300054 Solid Tumor, Non-Small 
Cell Lung Cancer, Renal 
Cell Carcinoma, Triple 
Negative Breast Cancer

NCT03343613 I Terminated

KHK2455 Avelumab Urothelial Carcinoma NCT03915405 I Active, not recruiting

Arginase Prevent arginine cat-
abolize to immunosup-
pressive molecules and 
arginine exhaustion

INCB001158 Drug: chemotherapeutic 
drugs

Biliary Tract Cancer, 
Colorectal Cancer, 
Endometrial Cancer, 
Gastroesophageal 
Cancer, Ovarian Cancer, 
Solid Tumors

NCT03314935 I/II Active, not recruiting

Drug: Epacadostat 
(anti-IDO)
Drug: Pembrolizumab

Solid Tumors NCT03361228 I/II Terminated

Biological: Daratu-
mumab SC

Relapsed or Refractory 
Multiple Myeloma

NCT03837509 I/II Completed

AHR Block the trp-kyn-AHR 
pathway

IK-175 Drug: nivolumab Advanced Solid Tumors, 
Metastatic Solid Tumors, 
Urothelial Carcinoma

NCT04200963 I Recruiting

Head and Neck Squa-
mous Cell Carcinoma

NCT05472506 I Not yet recruiting

BAY2416964 Drug: Pembrolizumab Advanced Solid Tumors NCT04999202 I Recruiting

Advanced Solid Tumors NCT04069026 I Recruiting
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IFN-I production, but the mechanism remains unclear 
[311]. Under hypoxic conditions, SLC38A2 was upregu-
lated in a HIF-1α-dependent manner [312] whereas 
SLC7A5 is upregulated by HIF-2α [313]. Other mole-
cules such as interleukins induce SLC transporter activ-
ity as well. IL-2, IL-15 and/or IL-18 upregulated a series 
of SLC transporters in effector T cells and NK cells [32, 
184-186, 314]. Moreover, post-translational modifica-
tions, such as phosphorylation, N-glycosylation, acetyla-
tion, palmitoylation, ubiquitination and SUMOylation, 
also play important roles in SLC transporter functions as 
well [315].

In view of these processes that affect SLC transporter 
activity, overexpression of certain transcription factors, 
cytokines, and chemokines may upregulate SLC trans-
porters in immune cells to enhance amino acid uptake 
from the TME. The development of chimeric antigen 
receptor (CAR) immune cells may allow for exploita-
tion of these pathways to promote anti-cancer effects. 
For instance, CAR-NK cells increased their function 
and survival through autocrine signaling of IL-15 [316]. 
While these regulatory mechanisms warrant more inten-
sive study, elevating expression or activity of amino acid 
transporters may further empower these CAR-NK or 
CAR-T cells.

On the other hand, identifying mechanisms to down-
regulate SLC transporter activity in pro-tumor immune 
cells may also makes sense. Existing SLC transporter 
inhibitors mostly focused on tumor cells, and targeting 
SLC1A5, SLC3A2, or SLC7A5 has shown anti-tumor effi-
cacy [317–319]. Therefore, some immune cells such as 
Tregs or MDSCs which suppress the immune response 
may also serve as effective targets of SLC transporter 
inhibitors.

Targeting amino acid metabolism enzymes
IDO and TDO are key enzymes involved in tryptophan 
metabolism, and exist in tumor cells and immune cells 
except lymphoid cells. Both catabolize tryptophan to 
kynurenine which suppresses anti-tumor effects of lym-
phoid cells. Therefore, studies have focused on develop-
ing IDO or TDO inhibitors to improve the anti-tumor 
effects of immune cells, and IDO1, IDO2 and TDO 
inhibitors have already been summarized [320]. However, 
IDO1 inhibitor monotherapy did not show clinical effi-
cacy [321], which may be due to the fact that tryptophan 
can be catabolized by IDO2/TDO as well, and thus the 
combined therapy of inhibitors of these three enzymes 
may show increased responses. Recent efforts to develop 
dual inhibitors of IDO and TDO have elicited encourag-
ing results with respect to anti-tumor effects [322–326]. 
Moreover, IDO inhibition shows synergistic effects on 
tumor cytotoxicity with immune checkpoint inhibitors 

(Table  2), such as PD-1/PD-L1 blockade and CTLA-4 
blockade [327–329], and similar synergistic effects were 
also reported for chemotherapy [330-332] and radiother-
apy [333]. Consistent with this notion, supplementation 
with tryptophan or IDO inhibitors enhanced CD8+ T 
cells to induce apoptosis of co-cultured cancer cells and 
increase the infiltration of CD8+ T cells into cancer nests. 
Furthermore, supplementation of tryptophan may help 
IDO inhibition and PD-1 blockade in anti-cancer treat-
ments [334].

Pharmacologic inhibition of the BTK-IDO axis and 
deletion of BTK/IDO genes led to the robust differen-
tiation of inflammatory DCs and promoted anti-tumor 
T cell responses both in  vitro and in  vivo [271]. With 
respect to MDSCs, Ibrutinib, an irreversible inhibitor of 
BTK and IL2-inducible T-cell kinase (ITK), suppressed 
MDSC generation and downregulated mRNA expression 
of IDO in vitro [268]. From these studies, one can specu-
late that BTK-IDO may be a universal signaling pathway 
promoting immunosuppressive responses in various cell 
types, which may be a potential target of tumor therapy. 
Overall, studies with inhibitors of the IDO/TDO pathway 
display an inspiring prospect of clinical translation but 
may need to find additional possibilities for combination 
therapy in the future.

Metabolism of kynurenine by kynurenine-3-monoox-
ygenase (KMO) led to dysfunction of pDCs and immu-
nosuppressive activity in multiple myeloma. As a result, 
inhibition of KMO triggered both specific T cell and 
NK cell cytotoxic activity [335]. Interestingly, there was 
also a synergistic effect when KMO inhibition was com-
bined with PD-L1 blockade. Besides being converted into 
immunosuppressive metabolites, kynurenine directly 
inhibits effector T cell anti-tumor functions which is res-
cued by tetrahydrobiopterin (BH4) [336]. Furthermore, 
attempts to identify mechanisms to eliminate kynure-
nine and/or other immunosuppressive metabolites in 
the TME may become an effective way to inhibit tumor 
development. PEGylated kynureninase, also referred to 
as PEG-KYNase, degraded kyn into non-immunosup-
pressive metabolites, which increased proliferation of 
infiltrating CD8+ T cells [337].

Arg1 is another key factor of immunosuppressive mye-
loid cells and tumor cells. A small-molecule inhibitor 
of Arg1, CB-1158, resulted in a pro-inflammatory shift 
within the TME, and effectively reduced tumor growth 
[338]. OAT-1746, another Arg1 inhibitor, completely 
abrogated the immunosuppressive function of Arg1 in 
extracellular vesicles secreted from Arg1+ cells [339]. 
The novel Arg1/2 inhibitor, compound 9, restored effec-
tor T cell function but did not show anti-tumor effects 
in in vitro experiments [285]. A recent study revealed a 
novel synthesized inhibitor effectively increased arginine 
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concentrations in the serum [340], but whether it could 
hinder tumor growth has not been investigated. Inter-
estingly, a traditional Chinese medicine Shaposhnikov 
root extract Prim-O-glucosylcimifugin (POG) effectively 
inhibited the immunosuppressive function of PMN-
MDSCs and exhibited a synergetic anti-tumor effect 
with PD-1 blockade by inhibiting arginine metabolism in 
PMN-MDSCs [341]. Similarily, iNOS inhibitors promote 
an anti-tumor immune response. In cutaneous squa-
mous cell carcinoma, MDSCs impair vascular E-selec-
tin expression through iNOS-induced NO production, 
and N(ω)-nitro-L-arginine(L-NNA), an iNOS inhibitor, 
restored vascular E-selectin expression to enhance T 
cell recruitment [342]. Both the Arg1 inhibitor NOHA 
(NG-Hydroxy-L-arginine) and iNOS inhibitor L-NAME 
(Nω-nitro-L-arginine methyl ester) upregulate expression 
of co-stimulatory molecules in DCs, facilitating the anti-
gen presentation function of DCs [277].

Dihydrolipoamide succinyl transferase (DLST), a mito-
chondrial enzyme and subunit of the α-KGDC complex 
within the TCA cycle, was found to associate with ovar-
ian cancer. Deprivation of glutamine reduced DLST 
expression in MDSCs and further rescued anti-tumor 
immune function [343].

Target amino acids sensors
As a kyn sensor, AhR plays a critical role in the try-IDO/
TDO-kyn-AhR pathway. Thus, it is generally recognized 
as a therapeutic target, both in immune cells and tumor 
cells. This immune suppressive axis could be an effective 
target by selective blockade of AhR to delay the progres-
sion of IDO/TDO overexpressing tumors and enhance 
anti-tumor efficacy when combined with immune check-
point blockade. To this end, we have summarized clinical 
trials using AhR inhibitors (Table 2). 3′,4′-dimethoxyfla-
vone (DMF) was reported to be an effective AhR inhibi-
tor that blocks the formation of nuclear AhR complexes 
in TCDD induced breast cancer cells [344]. DMF mark-
edly enhanced PD-1 blockade in CD8+ T cells when 
combined with carboxyamidotriazole [345]. Consist-
ently, AhRil (CH-223191), another AhR inhibitor, pro-
motes pro-inflammatory polarization of macrophages 
and increases infiltration of CD8+ T cells, leading to 
improved immune checkpoint blockade therapy with 
PD-1 antibody [95, 207, 346].

GCN2 senses amino acid deficiency, and negatively 
regulates the anti-tumor capacity of T cells. Disruption of 
GCN2 in T cells prevents inhibition of their proliferation 
induced by IDO+ DC cells both in vivo and in vitro [85], 
but it has yet to be associated with GCN2 amino acid 
sensing capability. Subsequent studies of GCN2 inhibi-
tion mainly focused on tumor cells [347–349]. Although 
a role for GCN2 in amino acid metabolism and the 

anti-tumor efficacy of GCN2 inhibition has been dem-
onstrated, whether GCN2 inhibition is a potential thera-
peutic strategy to target tumor-associated T cells needs 
further evaluation.

The metabotropic glutamate receptor 2/3 (mGluR2/3) 
is expressed in MDSCs, and the mGluR2/3 antagonist 
LY341495 reduced the immune inhibitory function of 
MDSCs and further attenuated B16 melanoma growth 
[350].

Conclusions and future perspectives
With the application of ultra-sensitive metabolic detec-
tion technologies, metabolic reprogramming of amino 
acids has been extensively identified in various types of 
malignancies. These studies have demonstrated that 
amino acid metabolism is an essential layer of regula-
tion on immune cells to impact human tumorigenesis. 
As central amino acid sensors, mTOR and GCN2 inte-
grate nutrient availability signals to regulate growth, 
polarization, and functions of cancer-associated immune 
cells. Amino acid uptake by immune cells is facilitated 
jointly by multiple amino acid transporters in the SLC 
family, whose functions are still not fully understood 
and deserves further comprehensive studies. Moreo-
ver, a series of rate-limiting enzymes control amino acid 
metabolism to regulate immune cell function in the 
TME.

However, only limited studies have shed light on the 
mechanisms by which amino acids influence tumorigen-
esis through SLCs, key enzymes involved in catalysis, and 
targeted sensors, to influence immune cell phenotypes. 
Most studies have focused on the well-defined amino 
acid regulatory pathways in immune cells, such as the 
uptake process and the function of metabolites, lack-
ing a detailed understanding of mechanisms that drive 
metabolic reprogramming of immune cells. Moreover, 
there is increasing knowledge of T cell metabolism, but 
metabolic status of other infiltrating immune cells such 
as neutrophils or eosinophils have assessed. Similarly, 
with respect to amino acids, most studies have focused 
on a small subset of amino acids. The roles of many other 
amino acids in tumor-associated immune cells, as well 
as their metabolic processes and functional metabolites, 
require further investigation. In addition, dynamic regu-
lation of metabolism has not been taken into consid-
eration in most scenarios since cancer development and 
anti-tumor immunity is a spatiotemporally heterogenic 
process.

Therapeutic potential of targeting aberrant amino 
acid metabolism has been recently evaluated to enhance 
anti-cancer immunity. Compared to monotherapy (anti-
PD-1 or chemotherapy), combination therapy with 
either amino acid supplementation or metabolic enzyme 
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inhibitors enhances efficacy. Moreover, manipulation 
of amino acid metabolism may also improve immuno-
therapy with CAR-T cells. However, one should bear in 
mind that amino acids are essential metabolites required 
for numerous physiological processes and thus caution 
should be taken to avoid systemic cytotoxicity by target-
ing these metabolic pathways for cancer therapy. In this 
regard, novel delivery systems should be applied to mod-
ulate amino acid levels in specific immune cells within 
the TME.

Due to the complex architecture of the TME, devel-
oping and using new cell culture system such as orga-
noids, will provide a more physiologically relevant 
environment to model the TME in  vitro. By adding 
infiltrating immune cells into organoid cultures will 
provide a platform to quantitatively study metabolic 
interaction between various immune cells and tumor 
cells. In addition, the ability to supplement amino 
acids and metabolites into organoid cultures will be a 
valuable method to evaluate whether these molecules 

are necessary and sufficient for anti-tumor immunity. 
These techniques will promote an in-depth understand-
ing of the reprogramming of amino acid metabolism in 
tumor-associated immune cells.

Together, tremendous progress has been made in this 
field, but there are still many outstanding questions in 
reprogramming of amino acid metabolism in the TME. 
Moreover, amino acid competition between immune 
cells and cancer cells appears to be a widely observed 
phenomenon (Fig.  4). However, the underlying regu-
latory mechanisms are just beginning to be explored. 
While there will no doubt be broadly functioning 
molecular mechanisms, there will also likely be con-
text-dependent factors driving amino acid competition 
in different cancer types. Further mechanistic insights 
into this fundamental nutrient metabolism rewiring 
will identify novel therapeutic targets to restore anti-
tumor immunity in the TME and improve immuno-
therapeutic efficiency in the clinic.

Fig. 4  Amino acid competition in the TME. T cells compete with macrophages, MDSCs, and tumor cells for several amino acids, which influence 
the anti-tumor functions of T cells. Moreover, these cells produce kynurenine to suppress T cells, emphasizing the complexity of amino acid 
metabolism in the TME. The dashed line represents two lines that do not intersect. The arrow line represents activation and the line with a bar at the 
end represents inhibition. AHR Aryl hydrocarbon receptor; Arg Arginine; Arg1/2 Arginase-1/2; DC Dendritic cell; IDO Indoleamine 2,3-dioxygenase; 
iNOS Inducible isoform of NO synthase; Kyn Kynurenine; MDSC Myeloid-derived suppressor cell; Met Methionine; MTA Methylthioadenosine; PD-1 
Programmed death 1; SAM S-adenosylmethionine; STAT5 Signal transducer and activator of transcription 5; TAM Tumor-associated macrophages; Trp 
Tryptophan



Page 25 of 33Yang et al. Journal of Hematology & Oncology           (2023) 16:59 	

Acknowledgements
We thank all the members in the laboratory for helpful discussions on the 
manuscript.

Author contributions
LY with the assistance of ZC, ML, QZ, JL and QL collected all the reference, 
made the table, and wrote the manuscript draft. LY designed and drawn 
all the figures. YW, TW, JX, and BW discussed, revised the manuscript, and 
supervised the whole process. BW edited the manuscript and approved the 
submission. All the authors contributed to the final version of the manuscript.

Funding
This work was supported by the National Key Research and Development 
Program of China (No. 2022YFA1105300 to Bin Wang), National Natural Sci-
ence Foundation of China (NSFC Nos. 81872027, 91959111, and 81822032 
to Bin Wang; 82002585 to Tao Wang, 81902931 to Junyu Xiang), Natural 
Science Foundation of Chongqing (Nos. CSTC2019JCYJJQX0027 to Bin 
Wang; CSTC2020JCYJ-MSXMX0171 to Tao Wang), Funding from the JinFeng 
laboratory to Bin Wang, and Funding from the Army Medical University 
(Nos. 2019CXLCA001, 2018XLC2023, and 2019XQY19 to Bin Wang; Nos. 
2019CXLCC005 and 2018XLC3059 to Tao Wang).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
This study was approved by the Medical Ethics Committee of Army Medical 
University.

Competing interests
The authors have declared no potential conflicts of interest in this review.

Received: 8 February 2023   Accepted: 13 May 2023

References
	 1.	 Roy DG, Kaymak I, Williams KS, Ma EH, Jones RG. Immunometabolism 

in the tumor microenvironment. Ann Rev Cancer Biol. 2021;5:137–59. 
https://​doi.​org/​10.​1146/​annur​ev-​cance​rbio-​030518-​055817.

	 2.	 Quail DF, Joyce JA. Microenvironmental regulation of tumor progres-
sion and metastasis. Nat Med. 2013;19:1423–37. https://​doi.​org/​10.​
1038/​nm.​3394.

	 3.	 Biffi G, Tuveson DA. Diversity and biology of cancer-associated fibro-
blasts. Physiol Rev. 2021;101:147–76. https://​doi.​org/​10.​1152/​physr​ev.​
00048.​2019.

	 4.	 Eggert T, Greten TF. Tumor regulation of the tissue environment in the 
liver. Pharmacol Ther. 2017;173:47–57. https://​doi.​org/​10.​1016/j.​pharm​
thera.​2017.​02.​005.

	 5.	 Germic N, Frangez Z, Yousefi S, Simon HU. Regulation of the innate 
immune system by autophagy: monocytes, macrophages, dendritic 
cells and antigen presentation. Cell Death Differ. 2019;26:715–27. 
https://​doi.​org/​10.​1038/​s41418-​019-​0297-6.

	 6.	 Gaber T, Strehl C, Buttgereit F. Metabolic regulation of inflammation. 
Nat Rev Rheumatol. 2017;13:267–79. https://​doi.​org/​10.​1038/​nrrhe​um.​
2017.​37.

	 7.	 Geltink RIK, Kyle RL, Pearce EL. Unraveling the complex inter-
play between T cell metabolism and function. Annu Rev Immu-
nol. 2018;36:461–88. https://​doi.​org/​10.​1146/​annur​ev-​immun​
ol-​042617-​053019.

	 8.	 Wu Q, Yu X, Li J, Sun S, Tu Y. Metabolic regulation in the immune 
response to cancer. Cancer Commun (Lond). 2021;41:661–94. https://​
doi.​org/​10.​1002/​cac2.​12182.

	 9.	 Boroughs LK, DeBerardinis RJ. Metabolic pathways promoting cancer 
cell survival and growth. Nat Cell Biol. 2015;17:351–9. https://​doi.​org/​10.​
1038/​ncb31​24.

	 10.	 Mossmann D, Park S, Hall MN. mTOR signalling and cellular metabolism 
are mutual determinants in cancer. Nat Rev Cancer. 2018;18:744–57. 
https://​doi.​org/​10.​1038/​s41568-​018-​0074-8.

	 11.	 Liu GY, Sabatini DM. mTOR at the nexus of nutrition, growth, ageing 
and disease. Nat Rev Mol Cell Biol. 2020;21:183–203. https://​doi.​org/​10.​
1038/​s41580-​019-​0199-y.

	 12.	 Dibble CC, Manning BD. Signal integration by mTORC1 coordinates 
nutrient input with biosynthetic output. Nat Cell Biol. 2013;15:555–64. 
https://​doi.​org/​10.​1038/​ncb27​63.

	 13.	 Blommaart EF, Luiken JJ, Blommaart PJ, van Woerkom GM, Meijer AJ. 
Phosphorylation of ribosomal protein S6 is inhibitory for autophagy in 
isolated rat hepatocytes. J Biol Chem. 1995;270:2320–6. https://​doi.​org/​
10.​1074/​jbc.​270.5.​2320.

	 14.	 Kim J, Guan KL. mTOR as a central hub of nutrient signalling and 
cell growth. Nat Cell Biol. 2019;21:63–71. https://​doi.​org/​10.​1038/​
s41556-​018-​0205-1.

	 15.	 Li Y. Lipid metabolism in tumor immunity, vol. 1316. Singapore: 
Springer; 2021.

	 16.	 Buck MD, Sowell RT, Kaech SM, Pearce EL. Metabolic instruction of 
immunity. Cell. 2017;169:570–86. https://​doi.​org/​10.​1016/j.​cell.​2017.​04.​
004.

	 17.	 Kaech SM, Wherry EJ, Ahmed R. Effector and memory T-cell differ-
entiation: implications for vaccine development. Nat Rev Immunol. 
2002;2:251–62. https://​doi.​org/​10.​1038/​nri778.

	 18.	 Baecher-Allan C, Viglietta V, Hafler DA. Human CD4+CD25+ regulatory 
T cells. Semin Immunol. 2004;16:89–98. https://​doi.​org/​10.​1016/j.​smim.​
2003.​12.​005.

	 19.	 Bennett CL, et al. The immune dysregulation, polyendocrinopathy, 
enteropathy, X-linked syndrome (IPEX) is caused by mutations of 
FOXP3. Nat Genet. 2001;27:20–1. https://​doi.​org/​10.​1038/​83713.

	 20.	 Fontenot JD, Gavin MA, Rudensky AY. Foxp3 programs the develop-
ment and function of CD4+CD25+ regulatory T cells. Nat Immunol. 
2003;4:330–6. https://​doi.​org/​10.​1038/​ni904.

	 21.	 Li C, Jiang P, Wei S, Xu X, Wang J. Regulatory T cells in tumor micro-
environment: new mechanisms, potential therapeutic strategies and 
future prospects. Mol Cancer. 2020;19:116. https://​doi.​org/​10.​1186/​
s12943-​020-​01234-1.

	 22.	 Tanaka A, Sakaguchi S. Regulatory T cells in cancer immunotherapy. Cell 
Res. 2017;27:109–18. https://​doi.​org/​10.​1038/​cr.​2016.​151.

	 23.	 Togashi Y, Shitara K, Nishikawa H. Regulatory T cells in cancer immuno-
suppression—implications for anticancer therapy. Nat Rev Clin Oncol. 
2019;16:356–71. https://​doi.​org/​10.​1038/​s41571-​019-​0175-7.

	 24.	 Joseph Louis Proust WJ. Revista CENIC. Ciencias Químicas. 2012;43.
	 25.	 Ehrlich F. Ueber das natürliche Isomere des Leucins. Ber Dtsch Chem 

Ges. 1904;37:1809–40. https://​doi.​org/​10.​1002/​cber.​19040​370295.
	 26.	 Fischer E. Ueber eine neue Aminosäure aus Leim. Ber Dtsch Chem Ges. 

1902;35:2660–5. https://​doi.​org/​10.​1002/​cber.​19020​350324.
	 27.	 Passlack N, Doherr MG, Zentek J. Effects of free amino acids on cytokine 

secretion and proliferative activity of feline T cells in an in vitro study 
using the cell line MYA-1. Cytotechnology. 2016;68:1949–61. https://​doi.​
org/​10.​1007/​s10616-​016-​0008-9.

	 28.	 Sun Y, et al. Gentamicin induced microbiome adaptations associate 
with increased BCAA levels and enhance severity of influenza infection. 
Front Immunol. 2020;11:608895. https://​doi.​org/​10.​3389/​fimmu.​2020.​
608895.

	 29.	 Fotiadis D, Kanai Y, Palacín M. The SLC3 and SLC7 families of amino acid 
transporters. Mol Aspects Med. 2013;34:139–58. https://​doi.​org/​10.​
1016/j.​mam.​2012.​10.​007.

	 30.	 Lee Y, et al. Cryo-EM structure of the human L-type amino acid trans-
porter 1 in complex with glycoprotein CD98hc. Nat Struct Mol Biol. 
2019;26:510–7. https://​doi.​org/​10.​1038/​s41594-​019-​0237-7.

	 31.	 Yan R, Zhao X, Lei J, Zhou Q. Structure of the human LAT1-4F2hc 
heteromeric amino acid transporter complex. Nature. 2019;568:127–30. 
https://​doi.​org/​10.​1038/​s41586-​019-​1011-z.

	 32.	 Sinclair LV, et al. Control of amino-acid transport by antigen receptors 
coordinates the metabolic reprogramming essential for T cell differen-
tiation. Nat Immunol. 2013;14:500–8. https://​doi.​org/​10.​1038/​ni.​2556.

https://doi.org/10.1146/annurev-cancerbio-030518-055817
https://doi.org/10.1038/nm.3394
https://doi.org/10.1038/nm.3394
https://doi.org/10.1152/physrev.00048.2019
https://doi.org/10.1152/physrev.00048.2019
https://doi.org/10.1016/j.pharmthera.2017.02.005
https://doi.org/10.1016/j.pharmthera.2017.02.005
https://doi.org/10.1038/s41418-019-0297-6
https://doi.org/10.1038/nrrheum.2017.37
https://doi.org/10.1038/nrrheum.2017.37
https://doi.org/10.1146/annurev-immunol-042617-053019
https://doi.org/10.1146/annurev-immunol-042617-053019
https://doi.org/10.1002/cac2.12182
https://doi.org/10.1002/cac2.12182
https://doi.org/10.1038/ncb3124
https://doi.org/10.1038/ncb3124
https://doi.org/10.1038/s41568-018-0074-8
https://doi.org/10.1038/s41580-019-0199-y
https://doi.org/10.1038/s41580-019-0199-y
https://doi.org/10.1038/ncb2763
https://doi.org/10.1074/jbc.270.5.2320
https://doi.org/10.1074/jbc.270.5.2320
https://doi.org/10.1038/s41556-018-0205-1
https://doi.org/10.1038/s41556-018-0205-1
https://doi.org/10.1016/j.cell.2017.04.004
https://doi.org/10.1016/j.cell.2017.04.004
https://doi.org/10.1038/nri778
https://doi.org/10.1016/j.smim.2003.12.005
https://doi.org/10.1016/j.smim.2003.12.005
https://doi.org/10.1038/83713
https://doi.org/10.1038/ni904
https://doi.org/10.1186/s12943-020-01234-1
https://doi.org/10.1186/s12943-020-01234-1
https://doi.org/10.1038/cr.2016.151
https://doi.org/10.1038/s41571-019-0175-7
https://doi.org/10.1002/cber.19040370295
https://doi.org/10.1002/cber.19020350324
https://doi.org/10.1007/s10616-016-0008-9
https://doi.org/10.1007/s10616-016-0008-9
https://doi.org/10.3389/fimmu.2020.608895
https://doi.org/10.3389/fimmu.2020.608895
https://doi.org/10.1016/j.mam.2012.10.007
https://doi.org/10.1016/j.mam.2012.10.007
https://doi.org/10.1038/s41594-019-0237-7
https://doi.org/10.1038/s41586-019-1011-z
https://doi.org/10.1038/ni.2556


Page 26 of 33Yang et al. Journal of Hematology & Oncology           (2023) 16:59 

	 33.	 Nicklin P, et al. Bidirectional transport of amino acids regulates mTOR 
and autophagy. Cell. 2009;136:521–34. https://​doi.​org/​10.​1016/j.​cell.​
2008.​11.​044.

	 34.	 Najumudeen AK, et al. The amino acid transporter SLC7A5 is required 
for efficient growth of KRAS-mutant colorectal cancer. Nat Genet. 
2021;53:16–26. https://​doi.​org/​10.​1038/​s41588-​020-​00753-3.

	 35.	 Cormerais Y, et al. The glutamine transporter ASCT2 (SLC1A5) promotes 
tumor growth independently of the amino acid transporter LAT1 
(SLC7A5). J Biol Chem. 2018;293:2877–87. https://​doi.​org/​10.​1074/​jbc.​
RA117.​001342.

	 36.	 Ichihara A, Koyama E. Transaminase of branched chain amino acids. I. 
Branched chain amino acids-alpha-ketoglutarate transaminase. J Bio-
chem. 1966;59:160–9. https://​doi.​org/​10.​1093/​oxfor​djour​nals.​jbchem.​
a1282​77.

	 37.	 Taylor RT, Jenkins WT. Leucine aminotransferase. J Biol Chem. 
1966;241:4396–405. https://​doi.​org/​10.​1016/​S0021-​9258(18)​
99734-​6S1-​10M4-​Citavi.

	 38.	 Nunes EA, et al. β-Hydroxy-β-methylbutyrate modifies human periph-
eral blood mononuclear cell proliferation and cytokine production 
in vitro. Nutrition (Burbank, Los Angeles County, Calif ). 2011;27:92–9. 
https://​doi.​org/​10.​1016/j.​nut.​2009.​12.​008.

	 39.	 Taheri F, et al. L-Arginine regulates the expression of the T-cell receptor 
zeta chain (CD3zeta) in Jurkat cells. Clin Cancer Res. 2001;7:958s–65s.

	 40.	 Rodriguez PC, et al. Regulation of T cell receptor CD3zeta chain expres-
sion by L-arginine. J Biol Chem. 2002;277:21123–9. https://​doi.​org/​10.​
1074/​jbc.​M1106​75200.

	 41.	 Chi H. Regulation and function of mTOR signalling in T cell fate deci-
sions. Nat Rev Immunol. 2012;12:325–38. https://​doi.​org/​10.​1038/​nri31​
98.

	 42.	 Myers DR, Wheeler B, Roose JP. mTOR and other effector kinase signals 
that impact T cell function and activity. Immunol Rev. 2019;291:134–53. 
https://​doi.​org/​10.​1111/​imr.​12796.

	 43.	 Powell JD, Delgoffe GM. The mammalian target of rapamycin: linking T 
cell differentiation, function, and metabolism. Immunity. 2010;33:301–
11. https://​doi.​org/​10.​1016/j.​immuni.​2010.​09.​002.

	 44.	 Ananieva EA, Patel CH, Drake CH, Powell JD, Hutson SM. Cytosolic 
branched chain aminotransferase (BCATc) regulates mTORC1 
signaling and glycolytic metabolism in CD4+ T cells. J Biol Chem. 
2014;289:18793–804. https://​doi.​org/​10.​1074/​jbc.​M114.​554113.

	 45.	 Wolfson RL, et al. Sestrin2 is a leucine sensor for the mTORC1 pathway. 
Science (New York, NY). 2016;351:43–8. https://​doi.​org/​10.​1126/​scien​ce.​
aab26​74.

	 46.	 Chen J, et al. SAR1B senses leucine levels to regulate mTORC1 signal-
ling. Nature. 2021. https://​doi.​org/​10.​1038/​s41586-​021-​03768-w.

	 47.	 Vallion R, et al. Regulatory T cell stability and migration are dependent 
on mTOR. J Immunol (Baltimore, Md 1950). 2020;205:1799–809. https://​
doi.​org/​10.​4049/​jimmu​nol.​19014​80.

	 48.	 Shi H, et al. Amino acids license kinase mTORC1 activity and treg cell 
function via small G proteins Rag and Rheb. Immunity. 2019;51:1012-
1027.e1017. https://​doi.​org/​10.​1016/j.​immuni.​2019.​10.​001.

	 49.	 Zeng H, et al. mTORC1 couples immune signals and metabolic 
programming to establish Treg-cell function. Nature. 2013;499:485–90. 
https://​doi.​org/​10.​1038/​natur​e1229​7S1-​7M4-​Citavi.

	 50.	 Kato H, Perl A. Blockade of treg cell differentiation and function by the 
interleukin-21-mechanistic target of rapamycin axis via suppression 
of autophagy in patients with systemic lupus erythematosus. Arthritis 
Rheumatol. 2018;70:427–38. https://​doi.​org/​10.​1002/​art.​40380.

	 51.	 Hattori A, et al. Cancer progression by reprogrammed BCAA metabo-
lism in myeloid leukaemia. Nature. 2017;545:500–4. https://​doi.​org/​10.​
1038/​natur​e22314.

	 52.	 Sunyer R, et al. Collective cell durotaxis emerges from long-range inter-
cellular force transmission. Science (New York, NY). 2016;353:1157–61. 
https://​doi.​org/​10.​1126/​scien​ce.​aaf71​19.

	 53.	 Martin SB, et al. Leucine and branched-chain amino acid metabolism 
contribute to the growth of bone sarcomas by regulating AMPK and 
mTORC1 signaling. Biochem J. 2020;477:1579–99. https://​doi.​org/​10.​
1042/​BCJ20​190754.

	 54.	 Ericksen RE, et al. Loss of BCAA catabolism during carcinogenesis 
enhances mTORC1 activity and promotes tumor development and 
progression. Cell Metab. 2019;29:1151-1165.e1156. https://​doi.​org/​10.​
1016/j.​cmet.​2018.​12.​020.

	 55.	 Lei M-Z, et al. Acetylation promotes BCAT2 degradation to suppress 
BCAA catabolism and pancreatic cancer growth. Signal Transduct 
Target Ther. 2020;5:70. https://​doi.​org/​10.​1038/​s41392-​020-​0168-0.

	 56.	 Li J-T, et al. BCAT2-mediated BCAA catabolism is critical for develop-
ment of pancreatic ductal adenocarcinoma. Nat Cell Biol. 2020;22:167–
74. https://​doi.​org/​10.​1038/​s41556-​019-​0455-6.

	 57.	 Tian Q, et al. Phosphorylation of BCKDK of BCAA catabolism at Y246 by 
Src promotes metastasis of colorectal cancer. Oncogene. 2020;39:3980–
96. https://​doi.​org/​10.​1038/​s41388-​020-​1262-z.

	 58.	 Krebs HA. Metabolism of amino-acids: the synthesis of glutamine from 
glutamic acid and ammonia, and the enzymic hydrolysis of glutamine 
in animal tissues. Biochem J. 1935;29:1951–69. https://​doi.​org/​10.​1042/​
bj029​1951.

	 59.	 Altman BJ, Stine ZE, Dang CV. From Krebs to clinic: glutamine metabo-
lism to cancer therapy. Nat Rev Cancer. 2016;16:619–34. https://​doi.​org/​
10.​1038/​nrc.​2016.​71.

	 60.	 Song M, et al. IRE1alpha-XBP1 controls T cell function in ovarian cancer 
by regulating mitochondrial activity. Nature. 2018;562:423–8. https://​
doi.​org/​10.​1038/​s41586-​018-​0597-x.

	 61.	 Huang H, et al. In vivo CRISPR screening reveals nutrient signaling pro-
cesses underpinning CD8(+) T cell fate decisions. Cell. 2021;184:1245–
61. https://​doi.​org/​10.​1016/j.​cell.​2021.​02.​021.

	 62.	 Procaccini C, et al. Signals of pseudo-starvation unveil the amino acid 
transporter SLC7A11 as key determinant in the control of Treg cell 
proliferative potential. Immunity. 2021;54:1543–60. https://​doi.​org/​10.​
1016/j.​immuni.​2021.​04.​014.

	 63.	 Koppula P, Zhuang L, Gan B. Cystine transporter SLC7A11/xCT in cancer: 
ferroptosis, nutrient dependency, and cancer therapy. Protein Cell. 
2021;12:599–620. https://​doi.​org/​10.​1007/​s13238-​020-​00789-5.

	 64.	 Swamy M, et al. Glucose and glutamine fuel protein O-GlcNAcylation to 
control T cell self-renewal and malignancy. Nat Immunol. 2016;17:712–
20. https://​doi.​org/​10.​1038/​ni.​3439.

	 65.	 Blagih J, et al. The energy sensor AMPK regulates T cell metabolic adap-
tation and effector responses in vivo. Immunity. 2015;42:41–54. https://​
doi.​org/​10.​1016/j.​immuni.​2014.​12.​030.

	 66.	 Lian G, et al. Glutathione de novo synthesis but not recycling process 
coordinates with glutamine catabolism to control redox homeostasis 
and directs murine T cell differentiation. Elife. 2018. https://​doi.​org/​10.​
7554/​eLife.​36158.

	 67.	 Johnson MO, et al. Distinct regulation of Th17 and Th1 cell differentia-
tion by glutaminase-dependent metabolism. Cell. 2018;175:1780-1795.
e1719. https://​doi.​org/​10.​1016/j.​cell.​2018.​10.​001.

	 68.	 Klysz D, et al. Glutamine-dependent α-ketoglutarate production regu-
lates the balance between T helper 1 cell and regulatory T cell genera-
tion. Sci Signal. 2015;8:ra97. https://​doi.​org/​10.​1126/​scisi​gnal.​aab26​10.

	 69.	 Leone RD, et al. Glutamine blockade induces divergent metabolic pro-
grams to overcome tumor immune evasion. Science (New York, NY). 
2019;366:1013–21. https://​doi.​org/​10.​1126/​scien​ce.​aav25​88.

	 70.	 Hopkins FG, Cole SW. A contribution to the chemistry of proteids: Part I. 
A preliminary study of a hitherto undescribed product of tryptic diges-
tion. J Physiol. 1901;27:418–28. https://​doi.​org/​10.​1113/​jphys​iol.​1901.​
sp000​880.

	 71.	 Hopkins FG. Feeding experiments illustrating the importance of acces-
sory factors in normal dietaries. J Physiol. 1912;44:425–60. https://​doi.​
org/​10.​1113/​jphys​iol.​1912.​sp001​524.

	 72.	 Platten M, Nollen EAA, Rohrig UF, Fallarino F, Opitz CA. Tryptophan 
metabolism as a common therapeutic target in cancer, neurodegen-
eration and beyond. Nat Rev Drug Discov. 2019;18:379–401. https://​doi.​
org/​10.​1038/​s41573-​019-​0016-5.

	 73.	 Cervenka I, Agudelo LZ, Ruas JL. Kynurenines: tryptophan’s metabolites 
in exercise, inflammation, and mental health. Science. 2017. https://​doi.​
org/​10.​1126/​scien​ce.​aaf97​94.

	 74.	 Du L, et al. Both IDO1 and TDO contribute to the malignancy of gliomas 
via the Kyn-AhR-AQP4 signaling pathway. Signal Transduct Target Ther. 
2020;5:10. https://​doi.​org/​10.​1038/​s41392-​019-​0103-4.

	 75.	 Mellor AL, et al. Prevention of T cell-driven complement activation and 
inflammation by tryptophan catabolism during pregnancy. Nat Immu-
nol. 2001;2:64–8. https://​doi.​org/​10.​1038/​83183.

	 76.	 Bauer TM, et al. Studying the immunosuppressive role of indoleamine 
2,3-dioxygenase: tryptophan metabolites suppress rat allogeneic T-cell 

https://doi.org/10.1016/j.cell.2008.11.044
https://doi.org/10.1016/j.cell.2008.11.044
https://doi.org/10.1038/s41588-020-00753-3
https://doi.org/10.1074/jbc.RA117.001342
https://doi.org/10.1074/jbc.RA117.001342
https://doi.org/10.1093/oxfordjournals.jbchem.a128277
https://doi.org/10.1093/oxfordjournals.jbchem.a128277
https://doi.org/10.1016/S0021-9258(18)99734-6S1-10M4-Citavi
https://doi.org/10.1016/S0021-9258(18)99734-6S1-10M4-Citavi
https://doi.org/10.1016/j.nut.2009.12.008
https://doi.org/10.1074/jbc.M110675200
https://doi.org/10.1074/jbc.M110675200
https://doi.org/10.1038/nri3198
https://doi.org/10.1038/nri3198
https://doi.org/10.1111/imr.12796
https://doi.org/10.1016/j.immuni.2010.09.002
https://doi.org/10.1074/jbc.M114.554113
https://doi.org/10.1126/science.aab2674
https://doi.org/10.1126/science.aab2674
https://doi.org/10.1038/s41586-021-03768-w
https://doi.org/10.4049/jimmunol.1901480
https://doi.org/10.4049/jimmunol.1901480
https://doi.org/10.1016/j.immuni.2019.10.001
https://doi.org/10.1038/nature12297S1-7M4-Citavi
https://doi.org/10.1002/art.40380
https://doi.org/10.1038/nature22314
https://doi.org/10.1038/nature22314
https://doi.org/10.1126/science.aaf7119
https://doi.org/10.1042/BCJ20190754
https://doi.org/10.1042/BCJ20190754
https://doi.org/10.1016/j.cmet.2018.12.020
https://doi.org/10.1016/j.cmet.2018.12.020
https://doi.org/10.1038/s41392-020-0168-0
https://doi.org/10.1038/s41556-019-0455-6
https://doi.org/10.1038/s41388-020-1262-z
https://doi.org/10.1042/bj0291951
https://doi.org/10.1042/bj0291951
https://doi.org/10.1038/nrc.2016.71
https://doi.org/10.1038/nrc.2016.71
https://doi.org/10.1038/s41586-018-0597-x
https://doi.org/10.1038/s41586-018-0597-x
https://doi.org/10.1016/j.cell.2021.02.021
https://doi.org/10.1016/j.immuni.2021.04.014
https://doi.org/10.1016/j.immuni.2021.04.014
https://doi.org/10.1007/s13238-020-00789-5
https://doi.org/10.1038/ni.3439
https://doi.org/10.1016/j.immuni.2014.12.030
https://doi.org/10.1016/j.immuni.2014.12.030
https://doi.org/10.7554/eLife.36158
https://doi.org/10.7554/eLife.36158
https://doi.org/10.1016/j.cell.2018.10.001
https://doi.org/10.1126/scisignal.aab2610
https://doi.org/10.1126/science.aav2588
https://doi.org/10.1113/jphysiol.1901.sp000880
https://doi.org/10.1113/jphysiol.1901.sp000880
https://doi.org/10.1113/jphysiol.1912.sp001524
https://doi.org/10.1113/jphysiol.1912.sp001524
https://doi.org/10.1038/s41573-019-0016-5
https://doi.org/10.1038/s41573-019-0016-5
https://doi.org/10.1126/science.aaf9794
https://doi.org/10.1126/science.aaf9794
https://doi.org/10.1038/s41392-019-0103-4
https://doi.org/10.1038/83183


Page 27 of 33Yang et al. Journal of Hematology & Oncology           (2023) 16:59 	

responses in vitro and in vivo. Transpl Int. 2005;18:95–100. https://​doi.​
org/​10.​1111/j.​1432-​2277.​2004.​00031.x.

	 77.	 Hainz U, et al. Monocyte-mediated T-cell suppression and augmented 
monocyte tryptophan catabolism after human hematopoietic stem-
cell transplantation. Blood. 2005;105:4127–34. https://​doi.​org/​10.​1182/​
blood-​2004-​05-​1726.

	 78.	 Byakwaga H, et al. The kynurenine pathway of tryptophan catabolism, 
CD4+ T-cell recovery, and mortality among HIV-infected Ugandans 
initiating antiretroviral therapy. J Infect Dis. 2014;210:383–91. https://​
doi.​org/​10.​1093/​infdis/​jiu115.

	 79.	 Dai X, Zhu BT. Suppression of T-cell response and prolongation of allo-
graft survival in a rat model by tryptophan catabolites. Eur J Pharmacol. 
2009;606:225–32. https://​doi.​org/​10.​1016/j.​ejphar.​2008.​12.​053.

	 80.	 Frumento G, et al. Tryptophan-derived catabolites are responsible for 
inhibition of T and natural killer cell proliferation induced by indoleam-
ine 2,3-dioxygenase. J Exp Med. 2002;196:459–68. https://​doi.​org/​10.​
1084/​jem.​20020​121.

	 81.	 Kudo Y, Boyd CA. Characterisation of L-tryptophan transporters in 
human placenta: a comparison of brush border and basal membrane 
vesicles. J Physiol. 2001;531:405–16. https://​doi.​org/​10.​1111/j.​1469-​
7793.​2001.​0405i.x.

	 82.	 Liu Y, et al. Tumor-repopulating cells induce PD-1 expression in CD8(+) 
T cells by transferring kynurenine and AhR activation. Cancer Cell. 
2018;33:480–94. https://​doi.​org/​10.​1016/j.​ccell.​2018.​02.​005.

	 83.	 Silk JD, et al. IDO induces expression of a novel tryptophan transporter 
in mouse and human tumor cells. J Immunol (Baltimore, Md: 1950). 
2011;187:1617–25. https://​doi.​org/​10.​4049/​jimmu​nol.​10008​15.

	 84.	 Harding HP, et al. Regulated translation initiation controls stress-
induced gene expression in mammalian cells. Mol Cell. 2000;6:1099–
108. https://​doi.​org/​10.​1016/​s1097-​2765(00)​00108-​8M4-​Citavi.

	 85.	 Munn DH, et al. GCN2 kinase in T cells mediates proliferative arrest and 
anergy induction in response to indoleamine 2,3-dioxygenase. Immu-
nity. 2005;22:633–42. https://​doi.​org/​10.​1016/j.​immuni.​2005.​03.​013.

	 86.	 Keil M, et al. General control non-derepressible 2 (GCN2) in T cells 
controls disease progression of autoimmune neuroinflammation. J 
Neuroimmunol. 2016;297:117–26. https://​doi.​org/​10.​1016/j.​jneur​oim.​
2016.​05.​014.

	 87.	 Wang P, et al. The amino acid sensor general control nonderepressible 
2 (GCN2) controls TH9 cells and allergic airway inflammation. J Allergy 
Clin Immunol. 2019;144:1091–105. https://​doi.​org/​10.​1016/j.​jaci.​2019.​
04.​028.

	 88.	 Eleftheriadis T, Pissas G, Antoniadi G, Liakopoulos V, Stefanidis I. 
Indoleamine 2,3-dioxygenase depletes tryptophan, activates general 
control non-derepressible 2 kinase and down-regulates key enzymes 
involved in fatty acid synthesis in primary human CD4+ T cells. Immu-
nology. 2015;146:292–300. https://​doi.​org/​10.​1111/​imm.​12502.

	 89.	 van de Velde L-A, et al. Stress kinase GCN2 controls the proliferative 
fitness and trafficking of cytotoxic T cells independent of environmen-
tal amino acid sensing. Cell Rep. 2016;17:2247–58. https://​doi.​org/​10.​
1016/j.​celrep.​2016.​10.​079.

	 90.	 Rashidi A, et al. GCN2 is essential for CD8+ T cell survival and function 
in murine models of malignant glioma. Cancer Immunol Immunother 
CII. 2020;69:81–94. https://​doi.​org/​10.​1007/​s00262-​019-​02441-6.

	 91.	 Sonner JK, et al. The stress kinase GCN2 does not mediate suppression 
of antitumor T cell responses by tryptophan catabolism in experimental 
melanomas. Oncoimmunology. 2016;5:e1240858. https://​doi.​org/​10.​
1080/​21624​02X.​2016.​12408​58.

	 92.	 Fallarino F, et al. The combined effects of tryptophan starvation and 
tryptophan catabolites down-regulate T cell receptor zeta-chain 
and induce a regulatory phenotype in naive T cells. J Immunol. 
2006;176:6752–61. https://​doi.​org/​10.​4049/​jimmu​nol.​176.​11.​6752.

	 93.	 Mezrich JD, et al. An interaction between kynurenine and the aryl 
hydrocarbon receptor can generate regulatory T cells. J Immunol 
(Baltimore, Md:1950). 2010;185:3190–8. https://​doi.​org/​10.​4049/​jimmu​
nol.​09036​70.

	 94.	 Sinclair LV, Neyens D, Ramsay G, Taylor PM, Cantrell DA. Single cell 
analysis of kynurenine and system L amino acid transport in T cells. Nat 
Commun. 2018;9:1981. https://​doi.​org/​10.​1038/​s41467-​018-​04366-7.

	 95.	 Campesato LF, et al. Blockade of the AHR restricts a Treg-macrophage 
suppressive axis induced by L-Kynurenine. Nat Commun. 2020;11:4011. 
https://​doi.​org/​10.​1038/​s41467-​020-​17750-z.

	 96.	 Quintana FJ, et al. Control of T(reg) and T(H)17 cell differentiation by the 
aryl hydrocarbon receptor. Nature. 2008;453:65–71. https://​doi.​org/​10.​
1038/​natur​e06880.

	 97.	 Mueller JH. A new sulfur-containing amino-acid isolated from the 
hydrolytic products of protein. J Biol Chem. 1923;56:157–69.

	 98.	 Odake S. On the occurrence of a sulphur-containing amino acid in 
yeast. J Agric Chem Soc Jpn. 1925;1:601–9.

	 99.	 Barger G, Coyne FP. The amino-acid methionine; constitution and syn-
thesis. Biochem J. 1928;22:1417–25. https://​doi.​org/​10.​1042/​bj022​1417.

	100.	 Sanderson SM, Gao X, Dai Z, Locasale JW. Methionine metabolism in 
health and cancer: a nexus of diet and precision medicine. Nat Rev 
Cancer. 2019;19:625–37. https://​doi.​org/​10.​1038/​s41568-​019-​0187-8.

	101.	 Hine C, et al. Endogenous hydrogen sulfide production is essential for 
dietary restriction benefits. Cell. 2015;160:132–44. https://​doi.​org/​10.​
1016/j.​cell.​2014.​11.​048.

	102.	 Sutter BM, Wu X, Laxman S, Tu BP. Methionine inhibits autophagy and 
promotes growth by inducing the SAM-responsive methylation of 
PP2A. Cell. 2013;154:403–15. https://​doi.​org/​10.​1016/j.​cell.​2013.​06.​041.

	103.	 Sinclair LV, et al. Antigen receptor control of methionine metabolism in 
T cells. Elife. 2019. https://​doi.​org/​10.​7554/​eLife.​44210.

	104.	 Bian Y, et al. Cancer SLC43A2 alters T cell methionine metabolism and 
histone methylation. Nature. 2020;585:277–82. https://​doi.​org/​10.​1038/​
s41586-​020-​2682-1.

	105.	 Roy DG, et al. Methionine metabolism shapes T helper cell responses 
through regulation of epigenetic reprogramming. Cell Metab. 
2020;31:250-266.e259. https://​doi.​org/​10.​1016/j.​cmet.​2020.​01.​006.

	106.	 Dai Z, Mentch SJ, Gao X, Nichenametla SN, Locasale JW. Methionine 
metabolism influences genomic architecture and gene expression 
through H3K4me3 peak width. Nat Commun. 2018;9:1955. https://​doi.​
org/​10.​1038/​s41467-​018-​04426-y.

	107.	 Hung MH, et al. Tumor methionine metabolism drives T-cell exhaustion 
in hepatocellular carcinoma. Nat Commun. 2021;12:1455. https://​doi.​
org/​10.​1038/​s41467-​021-​21804-1.

	108.	 Saini N, et al. Methionine uptake via the SLC43A2 transporter is essen-
tial for regulatory T-cell survival. Life Sci Alliance. 2022;10:15. https://​doi.​
org/​10.​26508/​lsa.​20220​1663.

	109.	 Schulze E, Steiger E. Ueber das Arginin. Z für Physiol Chem 11.
	110.	 Bronte V, Zanovello P. Regulation of immune responses by L-arginine 

metabolism. Nat Rev Immunol. 2005;5:641–54. https://​doi.​org/​10.​1038/​
nri16​68.

	111.	 Zhu X, et al. The central role of arginine catabolism in T-cell dysfunction 
and increased susceptibility to infection after physical injury. Ann Surg. 
2014;259:171–8. https://​doi.​org/​10.​1097/​SLA.​0b013​e3182​8611f8.

	112.	 Bernard A, et al. Red blood cell arginase suppresses Jurkat (T cell) 
proliferation by depleting arginine. Surgery. 2008;143:286–91. https://​
doi.​org/​10.​1016/j.​surg.​2007.​07.​037.

	113.	 Stadelmann B, Hanevik K, Andersson MK, Bruserud O, Svard SG. The role 
of arginine and arginine-metabolizing enzymes during Giardia—host 
cell interactions in vitro. BMC Microbiol. 2013;13:256. https://​doi.​org/​10.​
1186/​1471-​2180-​13-​256.

	114.	 Modolell M, et al. Local suppression of T cell responses by arginase-
induced L-arginine depletion in nonhealing leishmaniasis. PLoS Negl 
Trop Dis. 2009;3:e480. https://​doi.​org/​10.​1371/​journ​al.​pntd.​00004​80.

	115.	 Yeh CL, et al. Intravenous arginine administration benefits CD4(+) T-cell 
homeostasis and attenuates liver inflammation in mice with polymicro-
bial sepsis. Nutrients. 2020. https://​doi.​org/​10.​3390/​nu120​41047.

	116.	 Zea AH, et al. L-Arginine modulates CD3zeta expression and T cell func-
tion in activated human T lymphocytes. Cell Immunol. 2004;232:21–31. 
https://​doi.​org/​10.​1016/j.​celli​mm.​2005.​01.​004.

	117.	 Yu HR, et al. The functional DNA methylation signatures relevant to 
altered immune response of neonatal T cells with l-arginine supple-
mentation. Nutrients. 2021. https://​doi.​org/​10.​3390/​nu130​82780.

	118.	 Werner A, et al. Induced arginine transport via cationic amino acid 
transporter-1 is necessary for human T-cell proliferation. Eur J Immunol. 
2016;46:92–103. https://​doi.​org/​10.​1002/​eji.​20154​6047.

	119.	 Huang Y, et al. The cationic amino acid transporters CAT1 and CAT3 
mediate NMDA receptor activation-dependent changes in elaboration 
of neuronal processes via the mammalian target of rapamycin mTOR 
pathway. J Neurosci Off J Soc Neurosci. 2007;27:449–58. https://​doi.​org/​
10.​1523/​JNEUR​OSCI.​4489-​06.​2007.

https://doi.org/10.1111/j.1432-2277.2004.00031.x
https://doi.org/10.1111/j.1432-2277.2004.00031.x
https://doi.org/10.1182/blood-2004-05-1726
https://doi.org/10.1182/blood-2004-05-1726
https://doi.org/10.1093/infdis/jiu115
https://doi.org/10.1093/infdis/jiu115
https://doi.org/10.1016/j.ejphar.2008.12.053
https://doi.org/10.1084/jem.20020121
https://doi.org/10.1084/jem.20020121
https://doi.org/10.1111/j.1469-7793.2001.0405i.x
https://doi.org/10.1111/j.1469-7793.2001.0405i.x
https://doi.org/10.1016/j.ccell.2018.02.005
https://doi.org/10.4049/jimmunol.1000815
https://doi.org/10.1016/s1097-2765(00)00108-8M4-Citavi
https://doi.org/10.1016/j.immuni.2005.03.013
https://doi.org/10.1016/j.jneuroim.2016.05.014
https://doi.org/10.1016/j.jneuroim.2016.05.014
https://doi.org/10.1016/j.jaci.2019.04.028
https://doi.org/10.1016/j.jaci.2019.04.028
https://doi.org/10.1111/imm.12502
https://doi.org/10.1016/j.celrep.2016.10.079
https://doi.org/10.1016/j.celrep.2016.10.079
https://doi.org/10.1007/s00262-019-02441-6
https://doi.org/10.1080/2162402X.2016.1240858
https://doi.org/10.1080/2162402X.2016.1240858
https://doi.org/10.4049/jimmunol.176.11.6752
https://doi.org/10.4049/jimmunol.0903670
https://doi.org/10.4049/jimmunol.0903670
https://doi.org/10.1038/s41467-018-04366-7
https://doi.org/10.1038/s41467-020-17750-z
https://doi.org/10.1038/nature06880
https://doi.org/10.1038/nature06880
https://doi.org/10.1042/bj0221417
https://doi.org/10.1038/s41568-019-0187-8
https://doi.org/10.1016/j.cell.2014.11.048
https://doi.org/10.1016/j.cell.2014.11.048
https://doi.org/10.1016/j.cell.2013.06.041
https://doi.org/10.7554/eLife.44210
https://doi.org/10.1038/s41586-020-2682-1
https://doi.org/10.1038/s41586-020-2682-1
https://doi.org/10.1016/j.cmet.2020.01.006
https://doi.org/10.1038/s41467-018-04426-y
https://doi.org/10.1038/s41467-018-04426-y
https://doi.org/10.1038/s41467-021-21804-1
https://doi.org/10.1038/s41467-021-21804-1
https://doi.org/10.26508/lsa.202201663
https://doi.org/10.26508/lsa.202201663
https://doi.org/10.1038/nri1668
https://doi.org/10.1038/nri1668
https://doi.org/10.1097/SLA.0b013e31828611f8
https://doi.org/10.1016/j.surg.2007.07.037
https://doi.org/10.1016/j.surg.2007.07.037
https://doi.org/10.1186/1471-2180-13-256
https://doi.org/10.1186/1471-2180-13-256
https://doi.org/10.1371/journal.pntd.0000480
https://doi.org/10.3390/nu12041047
https://doi.org/10.1016/j.cellimm.2005.01.004
https://doi.org/10.3390/nu13082780
https://doi.org/10.1002/eji.201546047
https://doi.org/10.1523/JNEUROSCI.4489-06.2007
https://doi.org/10.1523/JNEUROSCI.4489-06.2007


Page 28 of 33Yang et al. Journal of Hematology & Oncology           (2023) 16:59 

	120.	 Jungnickel KEJ, Parker JL, Newstead S. Structural basis for amino 
acid transport by the CAT family of SLC7 transporters. Nat Commun. 
2018;9:550. https://​doi.​org/​10.​1038/​s41467-​018-​03066-6.

	121.	 Wang S, et al. Metabolism. Lysosomal amino acid transporter SLC38A9 
signals arginine sufficiency to mTORC1. Science (New York, NY). 
2015;347:188–94. https://​doi.​org/​10.​1126/​scien​ce.​12571​32.

	122.	 Rebsamen M, et al. SLC38A9 is a component of the lysosomal amino 
acid sensing machinery that controls mTORC1. Nature. 2015;519:477–
81. https://​doi.​org/​10.​1038/​natur​e14107.

	123.	 Wyant GA, et al. mTORC1 activator SLC38A9 is required to efflux essen-
tial amino acids from lysosomes and use protein as a nutrient. Cell. 
2017;171:642-654.e612. https://​doi.​org/​10.​1016/j.​cell.​2017.​09.​046.

	124.	 Saxton RA, Chantranupong L, Knockenhauer KE, Schwartz TU, Sabatini 
DM. Mechanism of arginine sensing by CASTOR1 upstream of mTORC1. 
Nature. 2016;536:229–33. https://​doi.​org/​10.​1038/​natur​e19079.

	125.	 Jung J, Genau HM, Behrends C. Amino acid-dependent mTORC1 
regulation by the lysosomal membrane protein SLC38A9. Mol Cell Biol. 
2015;35:2479–94. https://​doi.​org/​10.​1128/​MCB.​00125-​15.

	126.	 Chantranupong L, et al. The CASTOR proteins are arginine sensors for 
the mTORC1 pathway. Cell. 2016;165:153–64. https://​doi.​org/​10.​1016/j.​
cell.​2016.​02.​035.

	127.	 Rodriguez PC, Quiceno DG, Ochoa AC. L-arginine availability regulates 
T-lymphocyte cell-cycle progression. Blood. 2007;109:1568–73. https://​
doi.​org/​10.​1182/​blood-​2006-​06-​031856.

	128.	 Rodriguez PC, et al. L-arginine deprivation regulates cyclin D3 mRNA 
stability in human T cells by controlling HuR expression. J Immunol. 
2010;185:5198–204. https://​doi.​org/​10.​4049/​jimmu​nol.​10012​24.

	129.	 van de Velde L-A, et al. T cells encountering myeloid cells programmed 
for amino acid-dependent immunosuppression use rictor/mTORC2 
protein for proliferative checkpoint decisions. J Biol Chem. 2017;292:15–
30. https://​doi.​org/​10.​1074/​jbc.​M116.​766238.

	130.	 Fultang L, et al. Metabolic engineering against the arginine microen-
vironment enhances CAR-T cell proliferation and therapeutic activity. 
Blood. 2020;136:1155–60. https://​doi.​org/​10.​1182/​blood.​20190​04500.

	131.	 Wu G, Morris SM. Arginine metabolism: nitric oxide and beyond. Bio-
chem J. 1998;336(Pt 1):1–17. https://​doi.​org/​10.​1042/​bj336​0001.

	132.	 Werner A, et al. Reconstitution of T cell proliferation under arginine 
limitation: activated human T cells take up citrulline via L-type amino 
acid transporter 1 and use it to regenerate arginine after induction of 
argininosuccinate synthase expression. Front Immunol. 2017;8:864. 
https://​doi.​org/​10.​3389/​fimmu.​2017.​00864.

	133.	 Chapman NM, et al. mTOR coordinates transcriptional programs and 
mitochondrial metabolism of activated Treg subsets to protect tissue 
homeostasis. Nat Commun. 2018;9:2095. https://​doi.​org/​10.​1038/​
s41467-​018-​04392-5.

	134.	 Gerriets VA, et al. Foxp3 and Toll-like receptor signaling balance Treg cell 
anabolic metabolism for suppression. Nat Immunol. 2016;17:1459–66. 
https://​doi.​org/​10.​1038/​ni.​3577.

	135.	 Fletcher M, et al. l-Arginine depletion blunts antitumor T-cell responses 
by inducing myeloid-derived suppressor cells. Can Res. 2015;75:275–83. 
https://​doi.​org/​10.​1158/​0008-​5472.​CAN-​14-​1491.

	136.	 Marti Líndez A-A, et al. Mitochondrial arginase-2 is a cell-autonomous 
regulator of CD8+ T cell function and antitumor efficacy. JCI Insight. 
2019. https://​doi.​org/​10.​1172/​jci.​insig​ht.​132975.

	137.	 Geiger R, et al. L-arginine modulates T cell metabolism and enhances 
survival and anti-tumor activity. Cell. 2016;167:829-842.e813. https://​
doi.​org/​10.​1016/j.​cell.​2016.​09.​031.

	138.	 Cramer E, Almén A, Ruge E. Mittheilungen aus dem analytischen 
Laboratorium in Zürich. I. Beiträge zur Kenntniss der Anilinfarbstoffe. 
J für Prakt Chem. 1865;96:65–140. https://​doi.​org/​10.​1002/​prac.​18650​
960111.

	139.	 El-Hattab AW. Serine biosynthesis and transport defects. Mol Genet 
Metab. 2016;118:153–9. https://​doi.​org/​10.​1016/j.​ymgme.​2016.​04.​010.

	140.	 Fuchs BC, Bode BP. Amino acid transporters ASCT2 and LAT1 in cancer: 
Partners in crime? Semin Cancer Biol. 2005;15:254–66. https://​doi.​org/​
10.​1016/j.​semca​ncer.​2005.​04.​005.

	141.	 Yang M, Vousden KH. Serine and one-carbon metabolism in cancer. Nat 
Rev Cancer. 2016;16:650–62. https://​doi.​org/​10.​1038/​nrc.​2016.​81.

	142.	 Ducker GS, Rabinowitz JD. One-carbon metabolism in health and 
disease. Cell Metab. 2017;25:27–42. https://​doi.​org/​10.​1016/j.​cmet.​2016.​
08.​009.

	143.	 Ma EH, et al. Serine is an essential metabolite for effector T cell 
expansion. Cell Metab. 2017;25:345–57. https://​doi.​org/​10.​1016/j.​
cmet.​2016.​12.​011.

	144.	 Ron-Harel N, et al. Mitochondrial biogenesis and proteome remod-
eling promote one-carbon metabolism for T cell activation. Cell 
Metab. 2016;24:104–17. https://​doi.​org/​10.​1016/j.​cmet.​2016.​06.​007.

	145.	 Kurniawan H, et al. Glutathione restricts serine metabolism to 
preserve regulatory T cell function. Cell Metab. 2020;31:920-936.e927. 
https://​doi.​org/​10.​1016/j.​cmet.​2020.​03.​004.

	146.	 Torigoe M, et al. l-Leucine influx through Slc7a5 regulates inflamma-
tory responses of human B cells via mammalian target of rapamycin 
complex 1 signaling. Mod Rheumatol. 2019;29:885–91. https://​doi.​
org/​10.​1080/​14397​595.​2018.​15108​22.

	147.	 Jiang S, Yan W, Wang SE, Baltimore D. Let-7 suppresses B cell activa-
tion through restricting the availability of necessary nutrients. Cell 
Metab. 2018;27:393–403. https://​doi.​org/​10.​1016/j.​cmet.​2017.​12.​007.

	148.	 van Beek AA, et al. Frontline science: tryptophan restriction arrests B 
cell development and enhances microbial diversity in WT and pre-
maturely aging Ercc1(-/Delta7) mice. J Leukoc Biol. 2017;101:811–21. 
https://​doi.​org/​10.​1189/​jlb.​1HI02​16-​062RR.

	149.	 Kobayashi T, et al. The histidine transporter SLC15A4 coordinates 
mTOR-dependent inflammatory responses and pathogenic antibody 
production. Immunity. 2014;41:375–88. https://​doi.​org/​10.​1016/j.​
immuni.​2014.​08.​011.

	150.	 Zhang B, et al. B cell-derived GABA elicits IL-10(+) macrophages to 
limit anti-tumour immunity. Nature. 2021;599:471–6. https://​doi.​org/​
10.​1038/​s41586-​021-​04082-1.

	151.	 Huang, et al. Cancer-cell-derived GABA promotes beta-catenin-
mediated tumour growth and immunosuppression. Nat Cell Biol. 
2022;24:230–41. https://​doi.​org/​10.​1038/​s41556-​021-​00820-9.

	152.	 Victora GD, Nussenzweig MC. Germinal centers. Annu Rev Immu-
nol. 2012;30:429–57. https://​doi.​org/​10.​1146/​annur​ev-​immun​
ol-​020711-​075032.

	153.	 Mayer CT, et al. The microanatomic segregation of selection by apop-
tosis in the germinal center. Science (New York, NY). 2017. https://​
doi.​org/​10.​1126/​scien​ce.​aao26​02.

	154.	 Ye L, et al. mTOR promotes antiviral humoral immunity by differen-
tially regulating CD4 helper T cell and B cell responses. J Virol. 2017. 
https://​doi.​org/​10.​1128/​JVI.​01653-​16.

	155.	 Raybuck AL, et al. B cell-intrinsic mTORC1 promotes germinal center-
defining transcription factor gene expression, somatic hypermuta-
tion, and memory B cell generation in humoral immunity. J Immunol 
(Baltimore, Md: 1950). 2018;200:2627–39. https://​doi.​org/​10.​4049/​
jimmu​nol.​17013​21.

	156.	 Li B, et al. Mammalian target of rapamycin complex 1 signalling is 
essential for germinal centre reaction. Immunology. 2017;152:276–
86. https://​doi.​org/​10.​1111/​imm.​12767.

	157.	 Ersching J, et al. Germinal center selection and affinity matura-
tion require dynamic regulation of mTORC1 kinase. Immunity. 
2017;46:1045-1058.e1046. https://​doi.​org/​10.​1016/j.​immuni.​2017.​06.​
005.

	158.	 Lee K, et al. Requirement for rictor in homeostasis and function of 
mature B lymphoid cells. Blood. 2013;122:2369–79. https://​doi.​org/​
10.​1182/​blood-​2013-​01-​477505.

	159.	 Yang J, et al. Critical roles of mTOR Complex 1 and 2 for T follicular 
helper cell differentiation and germinal center responses. Elife. 2016. 
https://​doi.​org/​10.​7554/​eLife.​17936.

	160.	 Hao Y, et al. The kinase complex mTOR complex 2 promotes the 
follicular migration and functional maturation of differentiated 
follicular helper CD4+ T cells during viral infection. Front Immunol. 
2018;9:1127. https://​doi.​org/​10.​3389/​fimmu.​2018.​01127.

	161.	 Zeng H, et al. mTORC1 and mTORC2 kinase signaling and glucose 
metabolism drive follicular helper T cell differentiation. Immunity. 
2016;45:540–54. https://​doi.​org/​10.​1016/j.​immuni.​2016.​08.​017.

	162.	 Zhou X, et al. Stearoyl-CoA desaturase-mediated monounsatu-
rated fatty acid availability supports humoral immunity. Cell Rep. 
2021;34:108601. https://​doi.​org/​10.​1016/j.​celrep.​2020.​108601.

	163.	 Cho SH, et al. Germinal centre hypoxia and regulation of antibody 
qualities by a hypoxia response system. Nature. 2016;537:234–8. 
https://​doi.​org/​10.​1038/​natur​e19334.

https://doi.org/10.1038/s41467-018-03066-6
https://doi.org/10.1126/science.1257132
https://doi.org/10.1038/nature14107
https://doi.org/10.1016/j.cell.2017.09.046
https://doi.org/10.1038/nature19079
https://doi.org/10.1128/MCB.00125-15
https://doi.org/10.1016/j.cell.2016.02.035
https://doi.org/10.1016/j.cell.2016.02.035
https://doi.org/10.1182/blood-2006-06-031856
https://doi.org/10.1182/blood-2006-06-031856
https://doi.org/10.4049/jimmunol.1001224
https://doi.org/10.1074/jbc.M116.766238
https://doi.org/10.1182/blood.2019004500
https://doi.org/10.1042/bj3360001
https://doi.org/10.3389/fimmu.2017.00864
https://doi.org/10.1038/s41467-018-04392-5
https://doi.org/10.1038/s41467-018-04392-5
https://doi.org/10.1038/ni.3577
https://doi.org/10.1158/0008-5472.CAN-14-1491
https://doi.org/10.1172/jci.insight.132975
https://doi.org/10.1016/j.cell.2016.09.031
https://doi.org/10.1016/j.cell.2016.09.031
https://doi.org/10.1002/prac.18650960111
https://doi.org/10.1002/prac.18650960111
https://doi.org/10.1016/j.ymgme.2016.04.010
https://doi.org/10.1016/j.semcancer.2005.04.005
https://doi.org/10.1016/j.semcancer.2005.04.005
https://doi.org/10.1038/nrc.2016.81
https://doi.org/10.1016/j.cmet.2016.08.009
https://doi.org/10.1016/j.cmet.2016.08.009
https://doi.org/10.1016/j.cmet.2016.12.011
https://doi.org/10.1016/j.cmet.2016.12.011
https://doi.org/10.1016/j.cmet.2016.06.007
https://doi.org/10.1016/j.cmet.2020.03.004
https://doi.org/10.1080/14397595.2018.1510822
https://doi.org/10.1080/14397595.2018.1510822
https://doi.org/10.1016/j.cmet.2017.12.007
https://doi.org/10.1189/jlb.1HI0216-062RR
https://doi.org/10.1016/j.immuni.2014.08.011
https://doi.org/10.1016/j.immuni.2014.08.011
https://doi.org/10.1038/s41586-021-04082-1
https://doi.org/10.1038/s41586-021-04082-1
https://doi.org/10.1038/s41556-021-00820-9
https://doi.org/10.1146/annurev-immunol-020711-075032
https://doi.org/10.1146/annurev-immunol-020711-075032
https://doi.org/10.1126/science.aao2602
https://doi.org/10.1126/science.aao2602
https://doi.org/10.1128/JVI.01653-16
https://doi.org/10.4049/jimmunol.1701321
https://doi.org/10.4049/jimmunol.1701321
https://doi.org/10.1111/imm.12767
https://doi.org/10.1016/j.immuni.2017.06.005
https://doi.org/10.1016/j.immuni.2017.06.005
https://doi.org/10.1182/blood-2013-01-477505
https://doi.org/10.1182/blood-2013-01-477505
https://doi.org/10.7554/eLife.17936
https://doi.org/10.3389/fimmu.2018.01127
https://doi.org/10.1016/j.immuni.2016.08.017
https://doi.org/10.1016/j.celrep.2020.108601
https://doi.org/10.1038/nature19334


Page 29 of 33Yang et al. Journal of Hematology & Oncology           (2023) 16:59 	

	164.	 Xu L, et al. The kinase mTORC1 promotes the generation and suppres-
sive function of follicular regulatory T cells. Immunity. 2017;47:538-551.
e535. https://​doi.​org/​10.​1016/j.​immuni.​2017.​08.​011.

	165.	 Yang L, et al. CCL2 regulation of MST1-mTOR-STAT1 signaling axis 
controls BCR signaling and B-cell differentiation. Cell Death Differ. 2021. 
https://​doi.​org/​10.​1038/​s41418-​021-​00775-2.

	166.	 Nagai M, et al. Fasting-refeeding impacts immune cell dynamics and 
mucosal immune responses. Cell. 2019;178:1072-1087.e1014. https://​
doi.​org/​10.​1016/j.​cell.​2019.​07.​047.

	167.	 Zheng Z, et al. CXCL13/CXCR5 axis predicts poor prognosis and pro-
motes progression through PI3K/AKT/mTOR pathway in clear cell renal 
cell carcinoma. Front Oncol. 2018;8:682. https://​doi.​org/​10.​3389/​fonc.​
2018.​00682.

	168.	 Helmink BA, et al. B cells and tertiary lymphoid structures promote 
immunotherapy response. Nature. 2020;577:549–55. https://​doi.​org/​10.​
1038/​s41586-​019-​1922-8.

	169.	 Petitprez F, et al. B cells are associated with survival and immunother-
apy response in sarcoma. Nature. 2020;577:556–60. https://​doi.​org/​10.​
1038/​s41586-​019-​1906-8.

	170.	 Kiessling R, Klein E, Wigzell H. “Natural” killer cells in the mouse. I. Cyto-
toxic cells with specificity for mouse Moloney leukemia cells. Specificity 
and distribution according to genotype. Eur J Immunol. 1975;5:112–7. 
https://​doi.​org/​10.​1002/​eji.​18300​50208.

	171.	 Herberman RB, Nunn ME, Holden HT, Lavrin DH. Natural cytotoxic 
reactivity of mouse lymphoid cells against syngeneic and allogeneic 
tumors. II. Characterization of effector cells. Int J Cancer. 1975;16:230–9. 
https://​doi.​org/​10.​1002/​ijc.​29101​60205.

	172.	 Crinier A, et al. High-dimensional single-cell analysis identifies organ-
specific signatures and conserved NK cell subsets in humans and mice. 
Immunity. 2018;49:971–86. https://​doi.​org/​10.​1016/j.​immuni.​2018.​09.​
009.

	173.	 Bjorkstrom NK, Ljunggren HG, Michaelsson J. Emerging insights into 
natural killer cells in human peripheral tissues. Nat Rev Immunol. 
2016;16:310–20. https://​doi.​org/​10.​1038/​nri.​2016.​34.

	174.	 Vicario M, Amat C, Rivero M, Moreto M, Pelegri C. Dietary glutamine 
affects mucosal functions in rats with mild DSS-induced colitis. J Nutr. 
2007;137:1931–7. https://​doi.​org/​10.​1093/​jn/​137.8.​1931.

	175.	 Song QH, et al. Glutamine supplementation and immune function 
during heavy load training. Int J Clin Pharmacol Ther. 2015;53:372–6. 
https://​doi.​org/​10.​5414/​CP202​227.

	176.	 Krzywkowski K, et al. Effect of glutamine supplementation on exercise-
induced changes in lymphocyte function. Am J Physiol Cell Physiol. 
2001;281:C1259-1265. https://​doi.​org/​10.​1152/​ajpce​ll.​2001.​281.4.​C1259.

	177.	 Wee YM, et al. Tissue-resident natural killer cells exacerbate tubu-
lointerstitial fibrosis by activating transglutaminase 2 and syndecan-4 
in a model of aristolochic acid-induced nephropathy. BMB Rep. 
2019;52:554–9.

	178.	 Karre K. NK cells, MHC class I molecules and the missing self. Scand J 
Immunol. 2002;55:221–8. https://​doi.​org/​10.​1046/j.​1365-​3083.​2002.​
01053.x.

	179.	 Park JE, et al. Anti-tumor effects of NK cells and anti-PD-L1 antibody 
with antibody-dependent cellular cytotoxicity in PD-L1-positive 
cancer cell lines. J Immunother Cancer. 2020. https://​doi.​org/​10.​1136/​
jitc-​2020-​000873.

	180.	 Zhang M, et al. IL-15 enhanced antibody-dependent cellular cytotoxic-
ity mediated by NK cells and macrophages. Proc Natl Acad Sci U S A. 
2018;115:E10915–24. https://​doi.​org/​10.​1073/​pnas.​18116​15115.

	181.	 Wang Z, Yin C, Lum LG, Simons A, Weiner GJ. Bispecific antibody-acti-
vated T cells enhance NK cell-mediated antibody-dependent cellular 
cytotoxicity. J Hematol Oncol. 2021;14:204. https://​doi.​org/​10.​1186/​
s13045-​021-​01216-w.

	182.	 Shimasaki N, Jain A, Campana D. NK cells for cancer immunotherapy. 
Nat Rev Drug Discov. 2020;19:200–18. https://​doi.​org/​10.​1038/​
s41573-​019-​0052-1.

	183.	 Loftus RM, et al. Amino acid-dependent cMyc expression is essential 
for NK cell metabolic and functional responses in mice. Nat Commun. 
2018;9:2341. https://​doi.​org/​10.​1038/​s41467-​018-​04719-2.

	184.	 Jensen H, Potempa M, Gotthardt D, Lanier LL. Cutting edge: IL-2-in-
duced expression of the amino acid transporters SLC1A5 and CD98 
is a prerequisite for NKG2D-mediated activation of human NK cells. J 

Immunol (Baltimore, Md: 1950). 2017;199:1967–72. https://​doi.​org/​10.​
4049/​jimmu​nol.​17004​97.

	185.	 Almutairi SM, et al. Interleukin-18 up-regulates amino acid transporters 
and facilitates amino acid-induced mTORC1 activation in natural killer 
cells. J Biol Chem. 2019;294:4644–55. https://​doi.​org/​10.​1074/​jbc.​RA118.​
005892.

	186.	 Wang F, et al. Crosstalks between mTORC1 and mTORC2 variagate 
cytokine signaling to control NK maturation and effector function. Nat 
Commun. 2018;9:4874. https://​doi.​org/​10.​1038/​s41467-​018-​07277-9.

	187.	 Yang C, et al. mTORC1 and mTORC2 differentially promote natural killer 
cell development. Elife. 2018. https://​doi.​org/​10.​7554/​eLife.​35619.

	188.	 Choi WM, et al. Metabotropic glutamate receptor 5 in natural killer cells 
attenuates liver fibrosis by exerting cytotoxicity to activated stellate 
cells. Hepatology. 2021;74:2170–85. https://​doi.​org/​10.​1002/​hep.​31875.

	189.	 Hume DA. The mononuclear phagocyte system. Curr Opin Immunol. 
2006;18:49–53. https://​doi.​org/​10.​1016/j.​coi.​2005.​11.​008.

	190.	 Füger P, et al. Microglia turnover with aging and in an Alzheimer’s 
model via long-term in vivo single-cell imaging. Nat Neurosci. 
2017;20:1371–6. https://​doi.​org/​10.​1038/​nn.​4631.

	191.	 Dixon LJ, Barnes M, Tang H, Pritchard MT, Nagy LE. Kupffer cells in the 
liver. Compr Physiol. 2013;3:785–97. https://​doi.​org/​10.​1002/​cphy.​c1200​
26.

	192.	 Hussell T, Bell TJ. Alveolar macrophages: plasticity in a tissue-specific 
context. Nat Rev Immunol. 2014;14:81–93. https://​doi.​org/​10.​1038/​
nri36​00.

	193.	 Yao Y, et al. The macrophage-osteoclast axis in osteoimmunity and 
osteo-related diseases. Front Immunol. 2021;12:664871. https://​doi.​org/​
10.​3389/​fimmu.​2021.​664871.

	194.	 Pollard JW. Trophic macrophages in development and disease. Nat Rev 
Immunol. 2009;9:259–70. https://​doi.​org/​10.​1038/​nri25​28.

	195.	 Mossadegh-Keller N, et al. Developmental origin and maintenance of 
distinct testicular macrophage populations. J Exp Med. 2017;214:2829–
41. https://​doi.​org/​10.​1084/​jem.​20170​829.

	196.	 Hong C, Tontonoz P. Liver X receptors in lipid metabolism: opportuni-
ties for drug discovery. Nat Rev Drug Discov. 2014;13:433–44. https://​
doi.​org/​10.​1038/​nrd42​80.

	197.	 den Haan JM, Kraal G. Innate immune functions of macrophage sub-
populations in the spleen. J Innate Immun. 2012;4:437–45. https://​doi.​
org/​10.​1159/​00033​5216.

	198.	 Locati M, Curtale G, Mantovani A. Diversity, mechanisms, and signifi-
cance of macrophage plasticity. Annu Rev Pathol. 2020;15:123–47. 
https://​doi.​org/​10.​1146/​annur​ev-​pathm​echdis-​012418-​012718.

	199.	 Cozzi A, et al. Low serum tryptophan levels, reduced macrophage IDO 
activity and high frequency of psychopathology in HCV patients. J 
Viral Hepat. 2006;13:402–8. https://​doi.​org/​10.​1111/j.​1365-​2893.​2005.​
00706.x.

	200.	 Sun L, et al. The modulatory activity of tryptophan displaying nanode-
vices on macrophage activation for preventing acute lung injury. Front 
Immunol. 2021;12:750128. https://​doi.​org/​10.​3389/​fimmu.​2021.​750128.

	201.	 Cho SJ, et al. Decreased IDO1-dependent tryptophan metabolism in 
aged lung during influenza. Eur Respir J. 2021. https://​doi.​org/​10.​1183/​
13993​003.​00443-​2020.

	202.	 Nishimura M, et al. Upregulated kynurenine pathway enzymes in aortic 
atherosclerotic aneurysm: macrophage kynureninase downregulates 
inflammation. J Atheroscler Thromb. 2021;28:1214–40. https://​doi.​org/​
10.​5551/​jat.​58248.

	203.	 Minhas PS, et al. Macrophage de novo NAD(+) synthesis speci-
fies immune function in aging and inflammation. Nat Immunol. 
2019;20:50–63. https://​doi.​org/​10.​1038/​s41590-​018-​0255-3.

	204.	 Bosco MC, et al. The tryptophan catabolite picolinic acid selectively 
induces the chemokines macrophage inflammatory protein-1 alpha 
and −1 beta in macrophages. J Immunol. 2000;164:3283–91. https://​
doi.​org/​10.​4049/​jimmu​nol.​164.6.​3283.

	205.	 Toulmonde M, et al. Use of PD-1 targeting, macrophage infiltration, 
and IDO pathway activation in sarcomas: a phase 2 clinical trial. JAMA 
Oncol. 2018;4:93–7. https://​doi.​org/​10.​1001/​jamao​ncol.​2017.​1617.

	206.	 Takenaka MC, et al. Control of tumor-associated macrophages and T 
cells in glioblastoma via AHR and CD39. Nat Neurosci. 2019;22:729–40. 
https://​doi.​org/​10.​1038/​s41593-​019-​0370-y.

	207.	 Hezaveh K, et al. Tryptophan-derived microbial metabolites activate 
the aryl hydrocarbon receptor in tumor-associated macrophages to 

https://doi.org/10.1016/j.immuni.2017.08.011
https://doi.org/10.1038/s41418-021-00775-2
https://doi.org/10.1016/j.cell.2019.07.047
https://doi.org/10.1016/j.cell.2019.07.047
https://doi.org/10.3389/fonc.2018.00682
https://doi.org/10.3389/fonc.2018.00682
https://doi.org/10.1038/s41586-019-1922-8
https://doi.org/10.1038/s41586-019-1922-8
https://doi.org/10.1038/s41586-019-1906-8
https://doi.org/10.1038/s41586-019-1906-8
https://doi.org/10.1002/eji.1830050208
https://doi.org/10.1002/ijc.2910160205
https://doi.org/10.1016/j.immuni.2018.09.009
https://doi.org/10.1016/j.immuni.2018.09.009
https://doi.org/10.1038/nri.2016.34
https://doi.org/10.1093/jn/137.8.1931
https://doi.org/10.5414/CP202227
https://doi.org/10.1152/ajpcell.2001.281.4.C1259
https://doi.org/10.1046/j.1365-3083.2002.01053.x
https://doi.org/10.1046/j.1365-3083.2002.01053.x
https://doi.org/10.1136/jitc-2020-000873
https://doi.org/10.1136/jitc-2020-000873
https://doi.org/10.1073/pnas.1811615115
https://doi.org/10.1186/s13045-021-01216-w
https://doi.org/10.1186/s13045-021-01216-w
https://doi.org/10.1038/s41573-019-0052-1
https://doi.org/10.1038/s41573-019-0052-1
https://doi.org/10.1038/s41467-018-04719-2
https://doi.org/10.4049/jimmunol.1700497
https://doi.org/10.4049/jimmunol.1700497
https://doi.org/10.1074/jbc.RA118.005892
https://doi.org/10.1074/jbc.RA118.005892
https://doi.org/10.1038/s41467-018-07277-9
https://doi.org/10.7554/eLife.35619
https://doi.org/10.1002/hep.31875
https://doi.org/10.1016/j.coi.2005.11.008
https://doi.org/10.1038/nn.4631
https://doi.org/10.1002/cphy.c120026
https://doi.org/10.1002/cphy.c120026
https://doi.org/10.1038/nri3600
https://doi.org/10.1038/nri3600
https://doi.org/10.3389/fimmu.2021.664871
https://doi.org/10.3389/fimmu.2021.664871
https://doi.org/10.1038/nri2528
https://doi.org/10.1084/jem.20170829
https://doi.org/10.1038/nrd4280
https://doi.org/10.1038/nrd4280
https://doi.org/10.1159/000335216
https://doi.org/10.1159/000335216
https://doi.org/10.1146/annurev-pathmechdis-012418-012718
https://doi.org/10.1111/j.1365-2893.2005.00706.x
https://doi.org/10.1111/j.1365-2893.2005.00706.x
https://doi.org/10.3389/fimmu.2021.750128
https://doi.org/10.1183/13993003.00443-2020
https://doi.org/10.1183/13993003.00443-2020
https://doi.org/10.5551/jat.58248
https://doi.org/10.5551/jat.58248
https://doi.org/10.1038/s41590-018-0255-3
https://doi.org/10.4049/jimmunol.164.6.3283
https://doi.org/10.4049/jimmunol.164.6.3283
https://doi.org/10.1001/jamaoncol.2017.1617
https://doi.org/10.1038/s41593-019-0370-y


Page 30 of 33Yang et al. Journal of Hematology & Oncology           (2023) 16:59 

suppress anti-tumor immunity. Immunity. 2022;55:324–40. https://​doi.​
org/​10.​1016/j.​immuni.​2022.​01.​006.

	208.	 Panitz V, et al. Tryptophan metabolism is inversely regulated in 
the tumor and blood of patients with glioblastoma. Theranostics. 
2021;11:9217–33. https://​doi.​org/​10.​7150/​thno.​60679.

	209.	 Bonvini A, et al. Effects of different branched-chain amino acids supple-
mentation protocols on the inflammatory response of LPS-stimulated 
RAW 264.7 macrophages. Amino Acids. 2021;53:597–607. https://​doi.​
org/​10.​1007/​s00726-​021-​02940-w.

	210.	 Ko JH, et al. BCAT1 affects mitochondrial metabolism independently 
of leucine transamination in activated human macrophages. J Cell Sci. 
2020. https://​doi.​org/​10.​1242/​jcs.​247957.

	211.	 Papathanassiu AE, et al. BCAT1 controls metabolic reprogramming in 
activated human macrophages and is associated with inflammatory 
diseases. Nat Commun. 2017;8:16040. https://​doi.​org/​10.​1038/​ncomm​
s16040.

	212.	 Michelucci A, et al. Immune-responsive gene 1 protein links metabo-
lism to immunity by catalyzing itaconic acid production. Proc Natl Acad 
Sci U S A. 2013;110:7820–5. https://​doi.​org/​10.​1073/​pnas.​12185​99110.

	213.	 Grajeda-Iglesias C, et al. Leucine supplementation attenuates mac-
rophage foam-cell formation: Studies in humans, mice, and cultured 
macrophages. BioFactors. 2018;44:245–62. https://​doi.​org/​10.​1002/​biof.​
1415.

	214.	 Wang F, et al. Activation of GCN2 in macrophages promotes white 
adipose tissue browning and lipolysis under leucine deprivation. FASEB 
J. 2021;35:e21652. https://​doi.​org/​10.​1096/​fj.​20210​0061RR.

	215.	 McKell MC, et al. Promotion of anti-tuberculosis macrophage activ-
ity by L-arginine in the absence of nitric oxide. Front Immunol. 
2021;12:653571. https://​doi.​org/​10.​3389/​fimmu.​2021.​653571.

	216.	 Aoki JI, et al. Dual transcriptome analysis reveals differential gene 
expression modulation influenced by Leishmania arginase and host 
genetic background. Microb Genom. 2020. https://​doi.​org/​10.​1099/​
mgen.0.​000427.

	217.	 Granger DL, Hibbs JB Jr, Broadnax LM. Urinary nitrate excretion in rela-
tion to murine macrophage activation. Influence of dietary L-arginine 
and oral NG-monomethyl-L-arginine. J Immunol. 1991;146:1294–302.

	218.	 Peters H, Border WA, Noble NA. L-Arginine supplementation increases 
mesangial cell injury and subsequent tissue fibrosis in experimental 
glomerulonephritis. Kidney Int. 1999;55:2264–73. https://​doi.​org/​10.​
1046/j.​1523-​1755.​1999.​00462.x.

	219.	 Gillespie JS, Liu XR, Martin W. The effects of L-arginine and NG-mono-
methyl L-arginine on the response of the rat anococcygeus muscle to 
NANC nerve stimulation. Br J Pharmacol. 1989;98:1080–2. https://​doi.​
org/​10.​1111/j.​1476-​5381.​1989.​tb126​50.x.

	220.	 Badirzadeh A, et al. Arginase activity in pathogenic and non-pathogenic 
species of Leishmania parasites. PLoS Negl Trop Dis. 2017;11:e0005774. 
https://​doi.​org/​10.​1371/​journ​al.​pntd.​00057​74.

	221.	 Hannemann N, et al. Transcription factor Fra-1 targets arginase-1 to 
enhance macrophage-mediated inflammation in arthritis. J Clin Invest. 
2019;129:2669–84. https://​doi.​org/​10.​1172/​JCI96​832.

	222.	 Dowling JK, et al. Mitochondrial arginase-2 is essential for IL-10 meta-
bolic reprogramming of inflammatory macrophages. Nat Commun. 
2021;12:1460. https://​doi.​org/​10.​1038/​s41467-​021-​21617-2.

	223.	 Lasch M, et al. Arginase inhibition attenuates arteriogenesis and inter-
feres with M2 macrophage accumulation. Lab Invest. 2016;96:830–8. 
https://​doi.​org/​10.​1038/​labin​vest.​2016.​62.

	224.	 Gotoh T, Mori M. Arginase II downregulates nitric oxide (NO) production 
and prevents NO-mediated apoptosis in murine macrophage-derived 
RAW 264.7 cells. J Cell Biol. 1999;144:427–34. https://​doi.​org/​10.​1083/​
jcb.​144.3.​427.

	225.	 MacMicking J, Xie QW, Nathan C. Nitric oxide and macrophage func-
tion. Annu Rev Immunol. 1997;15:323–50. https://​doi.​org/​10.​1146/​
annur​ev.​immun​ol.​15.1.​323.

	226.	 Munder M, Eichmann K, Modolell M. Alternative metabolic states in 
murine macrophages reflected by the nitric oxide synthase/arginase 
balance: competitive regulation by CD4+ T cells correlates with Th1/
Th2 phenotype. J Immunol (Baltimore, Md: 1950). 1998;160:5347–54.

	227.	 Modolell M, Corraliza IM, Link F, Soler G, Eichmann K. Reciprocal 
regulation of the nitric oxide synthase/arginase balance in mouse 
bone marrow-derived macrophages by TH1 and TH2 cytokines. Eur J 
Immunol. 1995;25:1101–4. https://​doi.​org/​10.​1002/​eji.​18302​50436.

	228.	 Yeramian A, et al. Arginine transport via cationic amino acid transporter 
2 plays a critical regulatory role in classical or alternative activation of 
macrophages. J Immunol. 2006;176:5918–24. https://​doi.​org/​10.​4049/​
jimmu​nol.​176.​10.​5918.

	229.	 Yeramian A, et al. Macrophages require distinct arginine catabolism and 
transport systems for proliferation and for activation. Eur J Immunol. 
2006;36:1516–26. https://​doi.​org/​10.​1002/​eji.​20053​5694.

	230.	 Nicholson B, Manner CK, Kleeman J, MacLeod CL. Sustained nitric oxide 
production in macrophages requires the arginine transporter CAT2. J 
Biol Chem. 2001;276:15881–5. https://​doi.​org/​10.​1074/​jbc.​M0100​30200.

	231.	 Ji L, et al. Slc6a8-mediated creatine uptake and accumulation repro-
gram macrophage polarization via regulating cytokine responses. 
Immunity. 2019;51:272–84. https://​doi.​org/​10.​1016/j.​immuni.​2019.​06.​
007.

	232.	 Zheng X, et al. Correction of arginine metabolism with sepiapterin-the 
precursor of nitric oxide synthase cofactor BH4-induces immunostim-
ulatory-shift of breast cancer. Biochem Pharmacol. 2020;176:113887. 
https://​doi.​org/​10.​1016/j.​bcp.​2020.​113887.

	233.	 Jha AK, et al. Network integration of parallel metabolic and transcrip-
tional data reveals metabolic modules that regulate macrophage 
polarization. Immunity. 2015;42:419–30. https://​doi.​org/​10.​1016/j.​
immuni.​2015.​02.​005.

	234.	 Liu PS, et al. alpha-ketoglutarate orchestrates macrophage activation 
through metabolic and epigenetic reprogramming. Nat Immunol. 
2017;18:985–94. https://​doi.​org/​10.​1038/​ni.​3796.

	235.	 Koenis DS, et al. Nuclear receptor Nur77 limits the macrophage inflam-
matory response through transcriptional reprogramming of mitochon-
drial metabolism. Cell Rep. 2018;24:2127–40. https://​doi.​org/​10.​1016/j.​
celrep.​2018.​07.​065.

	236.	 Hou YC, et al. Protective effects of glutamine and leucine supplemen-
tation on sepsis-induced skeletal muscle injuries. Int J Mol Sci. 2021. 
https://​doi.​org/​10.​3390/​ijms2​22313​003.

	237.	 Fernandez-Bustamante A, et al. Brief glutamine pretreatment 
increases alveolar macrophage CD163/heme oxygenase-1/p38-MAPK 
dephosphorylation pathway and decreases capillary damage but 
not neutrophil recruitment in IL-1/LPS-insufflated rats. PLoS ONE. 
2015;10:e0130764. https://​doi.​org/​10.​1371/​journ​al.​pone.​01307​64.

	238.	 Merlin J, et al. Non-canonical glutamine transamination sustains effero-
cytosis by coupling redox buffering to oxidative phosphorylation. Nat 
Metab. 2021;3:1313–26. https://​doi.​org/​10.​1038/​s42255-​021-​00471-y.

	239.	 Sartori T, et al. Effects of glutamine, taurine and their association on 
inflammatory pathway markers in macrophages. Inflammopharmacol-
ogy. 2018;26:829–38. https://​doi.​org/​10.​1007/​s10787-​017-​0406-4.

	240.	 Rogero MM, et al. Dietary glutamine supplementation affects mac-
rophage function, hematopoiesis and nutritional status in early weaned 
mice. Clin Nutr. 2008;27:386–97. https://​doi.​org/​10.​1016/j.​clnu.​2008.​03.​
004.

	241.	 He L, Weber KJ, Schilling JD. Glutamine modulates macrophage lipotox-
icity. Nutrients. 2016;8:215. https://​doi.​org/​10.​3390/​nu804​0215.

	242.	 Fu Q, et al. Tumor-associated macrophage-derived interleukin-23 inter-
links kidney cancer glutamine addiction with immune evasion. Eur Urol. 
2019;75:752–63. https://​doi.​org/​10.​1016/j.​eururo.​2018.​09.​030.

	243.	 Steinman RM, Cohn ZA. Identification of a novel cell type in peripheral 
lymphoid organs of mice. I. Morphology, quantitation, tissue distribu-
tion. J Exp Med. 1973;137:1142–62. https://​doi.​org/​10.​1084/​jem.​137.5.​
1142.

	244.	 Mildner A, Jung S. Development and function of dendritic cell subsets. 
Immunity. 2014;40:642–56. https://​doi.​org/​10.​1016/j.​immuni.​2014.​04.​
016.

	245.	 Reizis B. Plasmacytoid dendritic cells: development regulation and 
function. Immunity 2019:50(1):37–50. https://​doi.​org/​10.​1016/j.​immuni.​
2018.​12.​027

	246.	 Goudot C, et al. Aryl hydrocarbon receptor controls monocyte differen-
tiation into dendritic cells versus macrophages. Immunity. 2017;47:582-
596.e586. https://​doi.​org/​10.​1016/j.​immuni.​2017.​08.​016.

	247.	 Oshi M, et al. Plasmacytoid dendritic cell (pDC) infiltration correlate with 
tumor infiltrating lymphocytes, cancer immunity, and better survival in 
triple negative breast cancer (TNBC) more strongly than conventional 
dendritic cell (cDC). Cancers. 2020. https://​doi.​org/​10.​3390/​cance​rs121​
13342.

https://doi.org/10.1016/j.immuni.2022.01.006
https://doi.org/10.1016/j.immuni.2022.01.006
https://doi.org/10.7150/thno.60679
https://doi.org/10.1007/s00726-021-02940-w
https://doi.org/10.1007/s00726-021-02940-w
https://doi.org/10.1242/jcs.247957
https://doi.org/10.1038/ncomms16040
https://doi.org/10.1038/ncomms16040
https://doi.org/10.1073/pnas.1218599110
https://doi.org/10.1002/biof.1415
https://doi.org/10.1002/biof.1415
https://doi.org/10.1096/fj.202100061RR
https://doi.org/10.3389/fimmu.2021.653571
https://doi.org/10.1099/mgen.0.000427
https://doi.org/10.1099/mgen.0.000427
https://doi.org/10.1046/j.1523-1755.1999.00462.x
https://doi.org/10.1046/j.1523-1755.1999.00462.x
https://doi.org/10.1111/j.1476-5381.1989.tb12650.x
https://doi.org/10.1111/j.1476-5381.1989.tb12650.x
https://doi.org/10.1371/journal.pntd.0005774
https://doi.org/10.1172/JCI96832
https://doi.org/10.1038/s41467-021-21617-2
https://doi.org/10.1038/labinvest.2016.62
https://doi.org/10.1083/jcb.144.3.427
https://doi.org/10.1083/jcb.144.3.427
https://doi.org/10.1146/annurev.immunol.15.1.323
https://doi.org/10.1146/annurev.immunol.15.1.323
https://doi.org/10.1002/eji.1830250436
https://doi.org/10.4049/jimmunol.176.10.5918
https://doi.org/10.4049/jimmunol.176.10.5918
https://doi.org/10.1002/eji.200535694
https://doi.org/10.1074/jbc.M010030200
https://doi.org/10.1016/j.immuni.2019.06.007
https://doi.org/10.1016/j.immuni.2019.06.007
https://doi.org/10.1016/j.bcp.2020.113887
https://doi.org/10.1016/j.immuni.2015.02.005
https://doi.org/10.1016/j.immuni.2015.02.005
https://doi.org/10.1038/ni.3796
https://doi.org/10.1016/j.celrep.2018.07.065
https://doi.org/10.1016/j.celrep.2018.07.065
https://doi.org/10.3390/ijms222313003
https://doi.org/10.1371/journal.pone.0130764
https://doi.org/10.1038/s42255-021-00471-y
https://doi.org/10.1007/s10787-017-0406-4
https://doi.org/10.1016/j.clnu.2008.03.004
https://doi.org/10.1016/j.clnu.2008.03.004
https://doi.org/10.3390/nu8040215
https://doi.org/10.1016/j.eururo.2018.09.030
https://doi.org/10.1084/jem.137.5.1142
https://doi.org/10.1084/jem.137.5.1142
https://doi.org/10.1016/j.immuni.2014.04.016
https://doi.org/10.1016/j.immuni.2014.04.016
https://doi.org/10.1016/j.immuni.2018.12.027
https://doi.org/10.1016/j.immuni.2018.12.027
https://doi.org/10.1016/j.immuni.2017.08.016
https://doi.org/10.3390/cancers12113342
https://doi.org/10.3390/cancers12113342


Page 31 of 33Yang et al. Journal of Hematology & Oncology           (2023) 16:59 	

	248.	 Riemann D, et al. Blood immune cell biomarkers in lung cancer. Clin 
Exp Immunol. 2019;195:179–89. https://​doi.​org/​10.​1111/​cei.​13219.

	249.	 Poropatich K, et al. OX40+ plasmacytoid dendritic cells in the tumor 
microenvironment promote antitumor immunity. J Clin Investig. 
2020;130:3528–42. https://​doi.​org/​10.​1172/​JCI13​1992.

	250.	 Labidi-Galy SI, et al. Quantitative and functional alterations of plas-
macytoid dendritic cells contribute to immune tolerance in ovarian 
cancer. Can Res. 2011;71:5423–34. https://​doi.​org/​10.​1158/​0008-​5472.​
CAN-​11-​0367.

	251.	 Chow KV, Lew AM, Sutherland RM, Zhan Y. Monocyte-derived dendritic 
cells promote Th polarization, whereas conventional dendritic cells pro-
mote Th proliferation. J Immunol (Baltimore, Md: 1950). 2016;196:624–
36. https://​doi.​org/​10.​4049/​jimmu​nol.​15012​02.

	252.	 Plantinga M, et al. Conventional and monocyte-derived CD11b(+) 
dendritic cells initiate and maintain T helper 2 cell-mediated immunity 
to house dust mite allergen. Immunity. 2013;38:322–35. https://​doi.​org/​
10.​1016/j.​immuni.​2012.​10.​016.

	253.	 Stamper CC, et al. Crystal structure of the B7–1/CTLA-4 complex that 
inhibits human immune responses. Nature. 2001;410:608–11. https://​
doi.​org/​10.​1038/​35069​118.

	254.	 Peng Q, et al. PD-L1 on dendritic cells attenuates T cell activation and 
regulates response to immune checkpoint blockade. Nat Commun. 
2020;11:4835. https://​doi.​org/​10.​1038/​s41467-​020-​18570-x.

	255.	 Li C, et al. Mechanism of indoleamine 2, 3-dioxygenase inhibiting 
cardiac allograft rejection in mice. J Cell Mol Med. 2020;24:3438–48. 
https://​doi.​org/​10.​1111/​jcmm.​15024.

	256.	 Liu Z, et al. Suppression of memory CD8 T cell generation and function 
by tryptophan catabolism. J Immunol. 2007;178:4260–6. https://​doi.​
org/​10.​4049/​jimmu​nol.​178.7.​4260.

	257.	 Mondanelli G, et al. A relay pathway between arginine and tryptophan 
metabolism confers immunosuppressive properties on dendritic cells. 
Immunity. 2017;46:233–44. https://​doi.​org/​10.​1016/j.​immuni.​2017.​01.​
005.

	258.	 Tashita C, et al. Kynurenine plays an immunosuppressive role in 
2,4,6-trinitrobenzene sulfate-induced colitis in mice. World J Gastroen-
terol. 2020;26:918–32. https://​doi.​org/​10.​3748/​wjg.​v26.​i9.​918.

	259.	 Lee WS, et al. The tryptophan metabolite 3-hydroxyanthranilic acid 
suppresses T cell responses by inhibiting dendritic cell activation. Int 
Immunopharmacol. 2013;17:721–6. https://​doi.​org/​10.​1016/j.​intimp.​
2013.​08.​018.

	260.	 Romani L, et al. Thymosin alpha1 activates dendritic cell tryptophan 
catabolism and establishes a regulatory environment for balance of 
inflammation and tolerance. Blood. 2006;108:2265–74. https://​doi.​org/​
10.​1182/​blood-​2006-​02-​004762.

	261.	 Chalise JP, et al. IDO1 and TGF-beta mediate protective effects of 
IFN-alpha in antigen-induced arthritis. J Immunol. 2016;197:3142–51. 
https://​doi.​org/​10.​4049/​jimmu​nol.​15021​25.

	262.	 Ghimire S, et al. Indoxyl 3-sulfate inhibits maturation and activa-
tion of human monocyte-derived dendritic cells. Immunobiology. 
2018;223:239–45. https://​doi.​org/​10.​1016/j.​imbio.​2017.​10.​014.

	263.	 George MM, Subramanian Vignesh K, Landero Figueroa JA, Caruso JA, 
Deepe GS Jr. Zinc induces dendritic cell tolerogenic phenotype and 
skews regulatory T cell-Th17 balance. J Immunol. 2016;197:1864–76. 
https://​doi.​org/​10.​4049/​jimmu​nol.​16004​10.

	264.	 Sharma MD, et al. Plasmacytoid dendritic cells from mouse tumor-
draining lymph nodes directly activate mature Tregs via indoleamine 
2,3-dioxygenase. J Clin Investig. 2007;117:2570–82. https://​doi.​org/​10.​
1172/​JCI31​911.

	265.	 Fallarino F, et al. Modulation of tryptophan catabolism by regulatory T 
cells. Nat Immunol. 2003;4:1206–12. https://​doi.​org/​10.​1038/​ni1003.

	266.	 Pal Singh S, Dammeijer F, Hendriks RW. Role of Bruton’s tyrosine kinase 
in B cells and malignancies. Mol Cancer. 2018;17:57. https://​doi.​org/​10.​
1186/​s12943-​018-​0779-z.

	267.	 Gunderson AJ, et al. Bruton tyrosine kinase-dependent immune cell 
cross-talk drives pancreas cancer. Cancer Discov. 2016;6:270–85. https://​
doi.​org/​10.​1158/​2159-​8290.​CD-​15-​0827.

	268.	 Stiff A, et al. Myeloid-derived suppressor cells express bruton’s tyrosine 
kinase and can be depleted in tumor-bearing hosts by ibrutinib treat-
ment. Cancer Res. 2016;76:2125–36. https://​doi.​org/​10.​1158/​0008-​5472.​
CAN-​15-​1490.

	269.	 Singhal E, Kumar P, Sen P. A novel role for Bruton’s tyrosine kinase in 
hepatocyte growth factor-mediated immunoregulation of dendritic 
cells. J Biol Chem. 2011;286:32054–63. https://​doi.​org/​10.​1074/​jbc.​
M111.​271247.

	270.	 Kawakami Y, et al. Regulation of dendritic cell maturation and function 
by Bruton’s tyrosine kinase via IL-10 and Stat3. Proc Natl Acad Sci U S A. 
2006;103:153–8. https://​doi.​org/​10.​1073/​pnas.​05097​84103.

	271.	 Sharma MD, et al. Inhibition of the BTK-IDO-mTOR axis promotes differ-
entiation of monocyte-lineage dendritic cells and enhances anti-tumor 
T cell immunity. Immunity. 2021;54:2354–71. https://​doi.​org/​10.​1016/j.​
immuni.​2021.​09.​005.

	272.	 Zhong K, et al. Murine myeloid dendritic cells that phagocytose 
apoptotic T cells inhibit the immune response via NO. PLoS ONE. 
2012;7:e49378. https://​doi.​org/​10.​1371/​journ​al.​pone.​00493​78.

	273.	 Liu H, et al. Differential nitric oxide induced by Mycobacterium bovis 
and BCG leading to dendritic cells apoptosis in a caspase dependent 
manner. Microb Pathog. 2020;149:104303. https://​doi.​org/​10.​1016/j.​
micpa​th.​2020.​104303.

	274.	 Bhatt S, et al. All-trans retinoic acid induces arginase-1 and inducible 
nitric oxide synthase-producing dendritic cells with T cell inhibitory 
function. J Immunol. 2014;192:5098–108. https://​doi.​org/​10.​4049/​
jimmu​nol.​13030​73.

	275.	 Panfili E, et al. IL-35Ig-expressing dendritic cells induce tolerance via 
Arginase 1. J Cell Mol Med. 2019;23:3757–61. https://​doi.​org/​10.​1111/​
jcmm.​14215.

	276.	 Fossati-Jimack L, et al. Intranasal peptide-induced tolerance and linked 
suppression: consequences of complement deficiency. Immunology. 
2015;144:149–57. https://​doi.​org/​10.​1111/​imm.​12358.

	277.	 Simioni PU, Fernandes LG, Tamashiro WM. Downregulation of L-arginine 
metabolism in dendritic cells induces tolerance to exogenous antigen. 
Int J Immunopathol Pharmacol. 2017;30:44–57. https://​doi.​org/​10.​1177/​
03946​32016​678873.

	278.	 Gabrilovich DI, et al. The terminology issue for myeloid-derived sup-
pressor cells. Cancer Res. 2007;67:425. https://​doi.​org/​10.​1158/​0008-​
5472.​CAN-​06-​3037.

	279.	 Mandruzzato S, et al. Toward harmonized phenotyping of human 
myeloid-derived suppressor cells by flow cytometry: results from an 
interim study. Cancer Immunol Immunother. 2016;65:161–9. https://​
doi.​org/​10.​1007/​s00262-​015-​1782-5.

	280.	 Roussel M, et al. Mass cytometry deep phenotyping of human mono-
nuclear phagocytes and myeloid-derived suppressor cells from human 
blood and bone marrow. J Leukoc Biol. 2017;102:437–47. https://​doi.​
org/​10.​1189/​jlb.​5MA11​16-​457R.

	281.	 Hegde S, Leader AM, Merad M. MDSC: Markers, development, states, 
and unaddressed complexity. Immunity. 2021;54:875–84. https://​doi.​
org/​10.​1016/j.​immuni.​2021.​04.​004.

	282.	 Darcy CJ, et al. Neutrophils with myeloid derived suppressor function 
deplete arginine and constrain T cell function in septic shock patients. 
Crit Care. 2014;18:R163. https://​doi.​org/​10.​1186/​cc140​03.

	283.	 Brodaczewska KK, Donskow-Łysoniewska K, Krawczak K, Doligalska 
M. Role of l-arginine and CD11b+Gr-1+ cells in immunosuppression 
induced by Heligmosomoides polygyrus bakeri. Parasite Immunol. 
2020;42:e12704. https://​doi.​org/​10.​1111/​pim.​12704.

	284.	 Pallett LJ, et al. Metabolic regulation of hepatitis B immunopathol-
ogy by myeloid-derived suppressor cells. Nat Med. 2015;21:591–600. 
https://​doi.​org/​10.​1038/​nm.​3856.

	285.	 Miret JJ, et al. Suppression of myeloid cell arginase activity leads to ther-
apeutic response in a NSCLC mouse model by activating anti-tumor 
immunity. J Immunother Cancer. 2019;7:32. https://​doi.​org/​10.​1186/​
s40425-​019-​0504-5.

	286.	 Rodriguez PC, et al. Arginase I-producing myeloid-derived suppressor 
cells in renal cell carcinoma are a subpopulation of activated granulo-
cytes. Can Res. 2009;69:1553–60. https://​doi.​org/​10.​1158/​0008-​5472.​
CAN-​08-​1921.

	287.	 Cimen Bozkus C, Elzey BD, Crist SA, Ellies LG, Ratliff TL. Expression of 
cationic amino acid transporter 2 is required for myeloid-derived sup-
pressor cell-mediated control of T cell immunity. J Immunol (Baltimore, 
Md: 1950). 2015;195:5237–50. https://​doi.​org/​10.​4049/​jimmu​nol.​15009​
59.

	288.	 Bian Z, et al. Arginase-1 is neither constitutively expressed in nor 
required for myeloid-derived suppressor cell-mediated inhibition of 

https://doi.org/10.1111/cei.13219
https://doi.org/10.1172/JCI131992
https://doi.org/10.1158/0008-5472.CAN-11-0367
https://doi.org/10.1158/0008-5472.CAN-11-0367
https://doi.org/10.4049/jimmunol.1501202
https://doi.org/10.1016/j.immuni.2012.10.016
https://doi.org/10.1016/j.immuni.2012.10.016
https://doi.org/10.1038/35069118
https://doi.org/10.1038/35069118
https://doi.org/10.1038/s41467-020-18570-x
https://doi.org/10.1111/jcmm.15024
https://doi.org/10.4049/jimmunol.178.7.4260
https://doi.org/10.4049/jimmunol.178.7.4260
https://doi.org/10.1016/j.immuni.2017.01.005
https://doi.org/10.1016/j.immuni.2017.01.005
https://doi.org/10.3748/wjg.v26.i9.918
https://doi.org/10.1016/j.intimp.2013.08.018
https://doi.org/10.1016/j.intimp.2013.08.018
https://doi.org/10.1182/blood-2006-02-004762
https://doi.org/10.1182/blood-2006-02-004762
https://doi.org/10.4049/jimmunol.1502125
https://doi.org/10.1016/j.imbio.2017.10.014
https://doi.org/10.4049/jimmunol.1600410
https://doi.org/10.1172/JCI31911
https://doi.org/10.1172/JCI31911
https://doi.org/10.1038/ni1003
https://doi.org/10.1186/s12943-018-0779-z
https://doi.org/10.1186/s12943-018-0779-z
https://doi.org/10.1158/2159-8290.CD-15-0827
https://doi.org/10.1158/2159-8290.CD-15-0827
https://doi.org/10.1158/0008-5472.CAN-15-1490
https://doi.org/10.1158/0008-5472.CAN-15-1490
https://doi.org/10.1074/jbc.M111.271247
https://doi.org/10.1074/jbc.M111.271247
https://doi.org/10.1073/pnas.0509784103
https://doi.org/10.1016/j.immuni.2021.09.005
https://doi.org/10.1016/j.immuni.2021.09.005
https://doi.org/10.1371/journal.pone.0049378
https://doi.org/10.1016/j.micpath.2020.104303
https://doi.org/10.1016/j.micpath.2020.104303
https://doi.org/10.4049/jimmunol.1303073
https://doi.org/10.4049/jimmunol.1303073
https://doi.org/10.1111/jcmm.14215
https://doi.org/10.1111/jcmm.14215
https://doi.org/10.1111/imm.12358
https://doi.org/10.1177/0394632016678873
https://doi.org/10.1177/0394632016678873
https://doi.org/10.1158/0008-5472.CAN-06-3037
https://doi.org/10.1158/0008-5472.CAN-06-3037
https://doi.org/10.1007/s00262-015-1782-5
https://doi.org/10.1007/s00262-015-1782-5
https://doi.org/10.1189/jlb.5MA1116-457R
https://doi.org/10.1189/jlb.5MA1116-457R
https://doi.org/10.1016/j.immuni.2021.04.004
https://doi.org/10.1016/j.immuni.2021.04.004
https://doi.org/10.1186/cc14003
https://doi.org/10.1111/pim.12704
https://doi.org/10.1038/nm.3856
https://doi.org/10.1186/s40425-019-0504-5
https://doi.org/10.1186/s40425-019-0504-5
https://doi.org/10.1158/0008-5472.CAN-08-1921
https://doi.org/10.1158/0008-5472.CAN-08-1921
https://doi.org/10.4049/jimmunol.1500959
https://doi.org/10.4049/jimmunol.1500959


Page 32 of 33Yang et al. Journal of Hematology & Oncology           (2023) 16:59 

T-cell proliferation. Eur J Immunol. 2018;48:1046–58. https://​doi.​org/​10.​
1002/​eji.​20174​7355.

	289.	 Maeda A, et al. Monocytic MDSCs regulate macrophage-mediated 
xenogenic cytotoxicity. Transpl Immunol. 2015;33:140–5. https://​doi.​
org/​10.​1016/j.​trim.​2015.​07.​002.

	290.	 Yu J, et al. Myeloid-derived suppressor cells suppress antitumor 
immune responses through IDO expression and correlate with lymph 
node metastasis in patients with breast cancer. J Immunol (Baltimore, 
Md:1950). 2013;190:3783–97. https://​doi.​org/​10.​4049/​jimmu​nol.​12014​
49.

	291.	 Li A, et al. Indoleamine 2,3-dioxygenase 1 inhibition targets anti-PD1-
resistant lung tumors by blocking myeloid-derived suppressor cells. 
Cancer Lett. 2018;431:54–63. https://​doi.​org/​10.​1016/j.​canlet.​2018.​05.​
005.

	292.	 Ozturk S, Kalter V, Roessner PM, Sunbul M, Seiffert M. IDO1-targeted 
therapy does not control disease development in the emicro-TCL1 
mouse model of chronic lymphocytic leukemia. Cancers (Basel). 2021. 
https://​doi.​org/​10.​3390/​cance​rs130​81899.

	293.	 Tousif S, et al. Indoleamine 2, 3-dioxygenase promotes aryl hydrocar-
bon receptor-dependent differentiation of regulatory B cells in lung 
cancer. Front Immunol. 2021;12:747780. https://​doi.​org/​10.​3389/​fimmu.​
2021.​747780.

	294.	 Oh M-H, et al. Targeting glutamine metabolism enhances tumor-spe-
cific immunity by modulating suppressive myeloid cells. J Clin Investig. 
2020;130:3865–84. https://​doi.​org/​10.​1172/​JCI13​1859.

	295.	 Dey S, et al. IDO1 signaling through GCN2 in a subpopulation of Gr-1(+) 
cells shifts the IFNgamma/IL6 balance to promote neovascularization. 
Cancer Immunol Res. 2021;9:514–28. https://​doi.​org/​10.​1158/​2326-​
6066.​CIR-​20-​0226.

	296.	 Sun H-W, et al. Glutamine deprivation promotes the generation and 
mobilization of MDSCs by enhancing expression of G-CSF and GM-CSF. 
Front Immunol. 2020;11:616367. https://​doi.​org/​10.​3389/​fimmu.​2020.​
616367.

	297.	 Hammami I, Chen J, Bronte V, DeCrescenzo G, Jolicoeur M. L-glutamine 
is a key parameter in the immunosuppression phenomenon. Biochem 
Biophys Res Commun. 2012;425:724–9. https://​doi.​org/​10.​1016/j.​bbrc.​
2012.​07.​139.

	298.	 Zhang C, et al. The mTOR signal regulates myeloid-derived suppressor 
cells differentiation and immunosuppressive function in acute kidney 
injury. Cell Death Dis. 2017;8:e2695. https://​doi.​org/​10.​1038/​cddis.​2017.​
86.

	299.	 Halaby MJ, et al. GCN2 drives macrophage and MDSC function and 
immunosuppression in the tumor microenvironment. Sci Immunol. 
2019. https://​doi.​org/​10.​1126/​sciim​munol.​aax81​89.

	300.	 Chitapanarux I, et al. Arginine, glutamine, and fish oil supplementa-
tion in cancer patients treated with concurrent chemoradiotherapy: a 
randomized control study. Curr Probl Cancer. 2020;44:100482. https://​
doi.​org/​10.​1016/j.​currp​roblc​ancer.​2019.​05.​005.

	301.	 Sittitrai P, Ruenmarkkaew D, Booyaprapa S, Kasempitakpong B. Effect 
of a perioperative immune-enhancing diet in clean-contaminated 
head and neck cancer surgery: a randomized controlled trial. Int J Surg. 
2021;93:106051. https://​doi.​org/​10.​1016/j.​ijsu.​2021.​106051.

	302.	 Cao Y, et al. l-arginine and docetaxel synergistically enhance anti-tumor 
immunity by modifying the immune status of tumor-bearing mice. 
Int Immunopharmacol. 2016;35:7–14. https://​doi.​org/​10.​1016/j.​intimp.​
2016.​03.​002.

	303.	 Satoh Y, et al. Supplementation of l-arginine boosts the therapeutic effi-
cacy of anticancer chemoimmunotherapy. Cancer Sci. 2020;111:2248–
58. https://​doi.​org/​10.​1111/​cas.​14490.

	304.	 Cao Y, Feng Y, Zhang Y, Zhu X, Jin F. L-arginine supplementation 
inhibits the growth of breast cancer by enhancing innate and adaptive 
immune responses mediated by suppression of MDSCs in vivo. BMC 
Cancer. 2016;16:343. https://​doi.​org/​10.​1186/​s12885-​016-​2376-0.

	305.	 Szefel J, et al. The effect of l-arginine supplementation and surgical 
trauma on the frequency of myeloid-derived suppressor cells and T 
lymphocytes in tumour and blood of colorectal cancer patients. Adv 
Med Sci. 2022;67:66–78. https://​doi.​org/​10.​1016/j.​advms.​2021.​12.​005.

	306.	 Wang R, et al. The transcription factor Myc controls metabolic repro-
gramming upon T lymphocyte activation. Immunity. 2011;35:871–82. 
https://​doi.​org/​10.​1016/j.​immuni.​2011.​09.​021.

	307.	 Yue M, Jiang J, Gao P, Liu H, Qing G. Oncogenic MYC activates a feedfor-
ward regulatory loop promoting essential amino acid metabolism and 
tumorigenesis. Cell Rep. 2017;21:3819–32. https://​doi.​org/​10.​1016/j.​
celrep.​2017.​12.​002.

	308.	 Verbist KC, et al. Metabolic maintenance of cell asymmetry following 
division in activated T lymphocytes. Nature. 2016;532:389–93. https://​
doi.​org/​10.​1038/​natur​e17442.

	309.	 Liu P, et al. A functional mammalian target of rapamycin complex 1 
signaling is indispensable for c-Myc-driven hepatocarcinogenesis. 
Hepatology. 2017;66:167–81. https://​doi.​org/​10.​1002/​hep.​29183.

	310.	 Park Y, Reyna-Neyra A, Philippe L, Thoreen CC. mTORC1 balances cellular 
amino acid supply with demand for protein synthesis through post-
transcriptional control of ATF4. Cell Rep. 2017;19:1083–90. https://​doi.​
org/​10.​1016/j.​celrep.​2017.​04.​042.

	311.	 Li S, et al. miR-31-5p regulates type I interferon by targeting SLC15A4 
in plasmacytoid dendritic cells of systemic lupus erythematosus. J 
Inflamm Res. 2022;15:6607–16. https://​doi.​org/​10.​2147/​JIR.​S3836​23.

	312.	 Morotti M, et al. Hypoxia-induced switch in SNAT2/SLC38A2 regulation 
generates endocrine resistance in breast cancer. Proc Natl Acad Sci 
USA. 2019;116:12452–61. https://​doi.​org/​10.​1073/​pnas.​18185​21116.

	313.	 Elorza A, et al. HIF2α acts as an mTORC1 activator through the amino 
acid carrier SLC7A5. Mol Cell. 2012;48:681–91. https://​doi.​org/​10.​1016/j.​
molcel.​2012.​09.​017.

	314.	 Luu TT, et al. IL-15 and CD155 expression regulate LAT expression in 
murine DNAM1+ NK cells, enhancing their effectors functions. Eur J 
Immunol. 2020;50:494–504. https://​doi.​org/​10.​1002/​eji.​20194​8233.

	315.	 Czuba LC, Hillgren KM, Swaan PW. Post-translational modifications of 
transporters. Pharmacol Ther. 2018;192:88–99. https://​doi.​org/​10.​1016/j.​
pharm​thera.​2018.​06.​013.

	316.	 Liu E, et al. Cord blood NK cells engineered to express IL-15 and a 
CD19-targeted CAR show long-term persistence and potent antitumor 
activity. Leukemia. 2018;32:520–31. https://​doi.​org/​10.​1038/​leu.​2017.​
226.

	317.	 Edwards DN, et al. Selective glutamine metabolism inhibition in tumor 
cells improves antitumor T lymphocyte activity in triple-negative breast 
cancer. J Clin Investig. 2021. https://​doi.​org/​10.​1172/​JCI14​0100.

	318.	 Cormerais Y, et al. Genetic disruption of the multifunctional CD98/LAT1 
complex demonstrates the key role of essential amino acid transport in 
the control of mTORC1 and tumor growth. Can Res. 2016;76:4481–92. 
https://​doi.​org/​10.​1158/​0008-​5472.​CAN-​15-​3376.

	319.	 Hayes GM, et al. Antitumor activity of an anti-CD98 antibody. Int J 
Cancer. 2015;137:710–20. https://​doi.​org/​10.​1002/​ijc.​29415.

	320.	 Dolšak A, Gobec S, Sova M. Indoleamine and tryptophan 2,3-dioxy-
genases as important future therapeutic targets. Pharmacol Ther. 
2021;221:107746. https://​doi.​org/​10.​1016/j.​pharm​thera.​2020.​107746.

	321.	 Mullard A. IDO takes a blow. Nat Rev Drug Discov. 2018;17:307. https://​
doi.​org/​10.​1038/​nrd.​2018.​67.

	322.	 Feng X, Shen P, Wang Y, Li Z, Bian J. Synthesis and in vivo antitumor 
evaluation of an orally active potent phosphonamidate derivative tar-
geting IDO1/IDO2/TDO. Biochem Pharmacol. 2019;168:214–23. https://​
doi.​org/​10.​1016/j.​bcp.​2019.​07.​011.

	323.	 Liang H, et al. IDO1/TDO dual inhibitor RY103 targets Kyn-AhR pathway 
and exhibits preclinical efficacy on pancreatic cancer. Cancer Lett. 
2021;522:32–43. https://​doi.​org/​10.​1016/j.​canlet.​2021.​09.​012.

	324.	 Naing A, et al. Preclinical investigations and a first-in-human phase I trial 
of M4112, the first dual inhibitor of indoleamine 2,3-dioxygenase 1 and 
tryptophan 2,3-dioxygenase 2, in patients with advanced solid tumors. 
J Immunother Cancer. 2020. https://​doi.​org/​10.​1136/​jitc-​2020-​000870.

	325.	 Yang D, et al. N-Benzyl/Aryl substituted tryptanthrin as dual inhibitors 
of indoleamine 2,3-dioxygenase and tryptophan 2,3-dioxygenase. J 
Med Chem. 2019;62:9161–74. https://​doi.​org/​10.​1021/​acs.​jmedc​hem.​
9b010​79.

	326.	 Yang L, et al. 4,6-substituted-1H-indazoles as potent IDO1/TDO dual 
inhibitors. Bioorg Med Chem. 2019;27:1087–98. https://​doi.​org/​10.​
1016/j.​bmc.​2019.​02.​014.

	327.	 Schramme F, et al. Inhibition of tryptophan-dioxygenase activity 
increases the antitumor efficacy of immune checkpoint inhibitors. 
Cancer Immunol Res. 2020;8:32–45. https://​doi.​org/​10.​1158/​2326-​6066.​
CIR-​19-​0041.

	328.	 Holmgaard RB, Zamarin D, Munn DH, Wolchok JD, Allison JP. Indoleam-
ine 2,3-dioxygenase is a critical resistance mechanism in antitumor T 

https://doi.org/10.1002/eji.201747355
https://doi.org/10.1002/eji.201747355
https://doi.org/10.1016/j.trim.2015.07.002
https://doi.org/10.1016/j.trim.2015.07.002
https://doi.org/10.4049/jimmunol.1201449
https://doi.org/10.4049/jimmunol.1201449
https://doi.org/10.1016/j.canlet.2018.05.005
https://doi.org/10.1016/j.canlet.2018.05.005
https://doi.org/10.3390/cancers13081899
https://doi.org/10.3389/fimmu.2021.747780
https://doi.org/10.3389/fimmu.2021.747780
https://doi.org/10.1172/JCI131859
https://doi.org/10.1158/2326-6066.CIR-20-0226
https://doi.org/10.1158/2326-6066.CIR-20-0226
https://doi.org/10.3389/fimmu.2020.616367
https://doi.org/10.3389/fimmu.2020.616367
https://doi.org/10.1016/j.bbrc.2012.07.139
https://doi.org/10.1016/j.bbrc.2012.07.139
https://doi.org/10.1038/cddis.2017.86
https://doi.org/10.1038/cddis.2017.86
https://doi.org/10.1126/sciimmunol.aax8189
https://doi.org/10.1016/j.currproblcancer.2019.05.005
https://doi.org/10.1016/j.currproblcancer.2019.05.005
https://doi.org/10.1016/j.ijsu.2021.106051
https://doi.org/10.1016/j.intimp.2016.03.002
https://doi.org/10.1016/j.intimp.2016.03.002
https://doi.org/10.1111/cas.14490
https://doi.org/10.1186/s12885-016-2376-0
https://doi.org/10.1016/j.advms.2021.12.005
https://doi.org/10.1016/j.immuni.2011.09.021
https://doi.org/10.1016/j.celrep.2017.12.002
https://doi.org/10.1016/j.celrep.2017.12.002
https://doi.org/10.1038/nature17442
https://doi.org/10.1038/nature17442
https://doi.org/10.1002/hep.29183
https://doi.org/10.1016/j.celrep.2017.04.042
https://doi.org/10.1016/j.celrep.2017.04.042
https://doi.org/10.2147/JIR.S383623
https://doi.org/10.1073/pnas.1818521116
https://doi.org/10.1016/j.molcel.2012.09.017
https://doi.org/10.1016/j.molcel.2012.09.017
https://doi.org/10.1002/eji.201948233
https://doi.org/10.1016/j.pharmthera.2018.06.013
https://doi.org/10.1016/j.pharmthera.2018.06.013
https://doi.org/10.1038/leu.2017.226
https://doi.org/10.1038/leu.2017.226
https://doi.org/10.1172/JCI140100
https://doi.org/10.1158/0008-5472.CAN-15-3376
https://doi.org/10.1002/ijc.29415
https://doi.org/10.1016/j.pharmthera.2020.107746
https://doi.org/10.1038/nrd.2018.67
https://doi.org/10.1038/nrd.2018.67
https://doi.org/10.1016/j.bcp.2019.07.011
https://doi.org/10.1016/j.bcp.2019.07.011
https://doi.org/10.1016/j.canlet.2021.09.012
https://doi.org/10.1136/jitc-2020-000870
https://doi.org/10.1021/acs.jmedchem.9b01079
https://doi.org/10.1021/acs.jmedchem.9b01079
https://doi.org/10.1016/j.bmc.2019.02.014
https://doi.org/10.1016/j.bmc.2019.02.014
https://doi.org/10.1158/2326-6066.CIR-19-0041
https://doi.org/10.1158/2326-6066.CIR-19-0041


Page 33 of 33Yang et al. Journal of Hematology & Oncology           (2023) 16:59 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

cell immunotherapy targeting CTLA-4. J Exp Med. 2013;210:1389–402. 
https://​doi.​org/​10.​1084/​jem.​20130​066.

	329.	 Wainwright DA, et al. Durable therapeutic efficacy utilizing combinato-
rial blockade against IDO, CTLA-4, and PD-L1 in mice with brain tumors. 
Clin Cancer Res. 2014;20:5290–301. https://​doi.​org/​10.​1158/​1078-​0432.​
CCR-​14-​0514.

	330.	 Muller AJ, DuHadaway JB, Donover PS, Sutanto-Ward E, Prendergast 
GC. Inhibition of indoleamine 2,3-dioxygenase, an immunoregulatory 
target of the cancer suppression gene Bin1, potentiates cancer chemo-
therapy. Nat Med. 2005;11:312–9. https://​doi.​org/​10.​1038/​nm1196.

	331.	 Berrong Z, et al. Antigen-specific antitumor responses induced by OX40 
agonist are enhanced by the IDO inhibitor indoximod. Cancer Immunol 
Res. 2018;6:201–8. https://​doi.​org/​10.​1158/​2326-​6066.​CIR-​17-​0223.

	332.	 Zang X, Song J, Yi X, Piyu J. Polymeric indoximod based prodrug 
nanoparticles with doxorubicin entrapment for inducing immunogenic 
cell death and improving the immunotherapy of breast cancer. J Mater 
Chem B. 2022;10:2019–27. https://​doi.​org/​10.​1039/​d2tb0​0197g.

	333.	 Schulte ML, et al. Pharmacological blockade of ASCT2-dependent 
glutamine transport leads to antitumor efficacy in preclinical models. 
Nat Med. 2018;24:194–202. https://​doi.​org/​10.​1038/​nm.​4464.

	334.	 Qin R, et al. Tryptophan potentiates CD8(+) T cells against cancer 
cells by TRIP12 tryptophanylation and surface PD-1 downregulation. J 
Immunother Cancer. 2021. https://​doi.​org/​10.​1136/​jitc-​2021-​002840.

	335.	 Ray A, et al. Targeting tryptophan catabolic kynurenine pathway 
enhances antitumor immunity and cytotoxicity in multiple myeloma. 
Leukemia. 2020;34:567–77. https://​doi.​org/​10.​1038/​s41375-​019-​0558-x.

	336.	 Cronin SJF, et al. The metabolite BH4 controls T cell proliferation in 
autoimmunity and cancer. Nature. 2018;563:564–8. https://​doi.​org/​10.​
1038/​s41586-​018-​0701-2.

	337.	 Triplett TA, et al. Reversal of indoleamine 2,3-dioxygenase-mediated 
cancer immune suppression by systemic kynurenine depletion with a 
therapeutic enzyme. Nat Biotechnol. 2018;36:758–64. https://​doi.​org/​
10.​1038/​nbt.​4180.

	338.	 Steggerda SM, et al. Inhibition of arginase by CB-1158 blocks myeloid 
cell-mediated immune suppression in the tumor microenviron-
ment. J Immunother Cancer. 2017;5:101. https://​doi.​org/​10.​1186/​
s40425-​017-​0308-4.

	339.	 Czystowska-Kuzmicz M, et al. Small extracellular vesicles containing 
arginase-1 suppress T-cell responses and promote tumor growth in 
ovarian carcinoma. Nat Commun. 2019;10:3000. https://​doi.​org/​10.​
1038/​s41467-​019-​10979-3.

	340.	 Mitcheltree MJ, et al. Discovery and optimization of rationally designed 
bicyclic inhibitors of human arginase to enhance cancer immuno-
therapy. ACS Med Chem Lett. 2020;11:582–8. https://​doi.​org/​10.​1021/​
acsme​dchem​lett.​0c000​58.

	341.	 Gao W, et al. Prim-O-glucosylcimifugin enhances the antitumour 
effect of PD-1 inhibition by targeting myeloid-derived suppressor 
cells. J Immunother Cancer. 2019;7:231. https://​doi.​org/​10.​1186/​
s40425-​019-​0676-z.

	342.	 Gehad AE, et al. Nitric oxide-producing myeloid-derived suppressor 
cells inhibit vascular E-selectin expression in human squamous cell 
carcinomas. J Invest Dermatol. 2012;132:2642–51. https://​doi.​org/​10.​
1038/​jid.​2012.​190.

	343.	 Udumula MP, et al. Ovarian cancer modulates the immunosuppressive 
function of CD11b(+)Gr1(+) myeloid cells via glutamine metabolism. 
Mol Metab. 2021;53:101272. https://​doi.​org/​10.​1016/j.​molmet.​2021.​
101272.

	344.	 Lee JE, Safe S. 3ʹ,4ʹ-dimethoxyflavone as an aryl hydrocarbon receptor 
antagonist in human breast cancer cells. Toxicol Sci. 2000;58:235–42. 
https://​doi.​org/​10.​1093/​toxsci/​58.2.​235.

	345.	 Shi J, et al. Carboxyamidotriazole combined with IDO1-Kyn-AhR path-
way inhibitors profoundly enhances cancer immunotherapy. J Immu-
nother Cancer. 2019;7:246. https://​doi.​org/​10.​1186/​s40425-​019-​0725-7.

	346.	 Shinde R, et al. Apoptotic cell-induced AhR activity is required for 
immunological tolerance and suppression of systemic lupus erythema-
tosus in mice and humans. Nat Immunol. 2018;19:571–82. https://​doi.​
org/​10.​1038/​s41590-​018-​0107-1.

	347.	 Schmidt S, et al. A MYC-GCN2-eIF2α negative feedback loop limits 
protein synthesis to prevent MYC-dependent apoptosis in colorec-
tal cancer. Nat Cell Biol. 2019;21:1413–24. https://​doi.​org/​10.​1038/​
s41556-​019-​0408-0.

	348.	 Nakamura A, et al. Inhibition of GCN2 sensitizes ASNS-low cancer cells 
to asparaginase by disrupting the amino acid response. Proc Natl Acad 
Sci USA. 2018;115:E7776–85. https://​doi.​org/​10.​1073/​pnas.​18055​23115.

	349.	 Jiangbin Y, et al. The GCN2-ATF4 pathway is critical for tumour cell 
survival and proliferation in response to nutrient deprivation. EMBO J. 
2010;29(12):2082–96.

	350.	 Morikawa N, et al. LY341495, an mGluR2/3 antagonist, regulates the 
immunosuppressive function of myeloid-derived suppressor cells and 
inhibits melanoma tumor growth. Biol Pharm Bull. 2018;41:1866–9. 
https://​doi.​org/​10.​1248/​bpb.​b18-​00055.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1084/jem.20130066
https://doi.org/10.1158/1078-0432.CCR-14-0514
https://doi.org/10.1158/1078-0432.CCR-14-0514
https://doi.org/10.1038/nm1196
https://doi.org/10.1158/2326-6066.CIR-17-0223
https://doi.org/10.1039/d2tb00197g
https://doi.org/10.1038/nm.4464
https://doi.org/10.1136/jitc-2021-002840
https://doi.org/10.1038/s41375-019-0558-x
https://doi.org/10.1038/s41586-018-0701-2
https://doi.org/10.1038/s41586-018-0701-2
https://doi.org/10.1038/nbt.4180
https://doi.org/10.1038/nbt.4180
https://doi.org/10.1186/s40425-017-0308-4
https://doi.org/10.1186/s40425-017-0308-4
https://doi.org/10.1038/s41467-019-10979-3
https://doi.org/10.1038/s41467-019-10979-3
https://doi.org/10.1021/acsmedchemlett.0c00058
https://doi.org/10.1021/acsmedchemlett.0c00058
https://doi.org/10.1186/s40425-019-0676-z
https://doi.org/10.1186/s40425-019-0676-z
https://doi.org/10.1038/jid.2012.190
https://doi.org/10.1038/jid.2012.190
https://doi.org/10.1016/j.molmet.2021.101272
https://doi.org/10.1016/j.molmet.2021.101272
https://doi.org/10.1093/toxsci/58.2.235
https://doi.org/10.1186/s40425-019-0725-7
https://doi.org/10.1038/s41590-018-0107-1
https://doi.org/10.1038/s41590-018-0107-1
https://doi.org/10.1038/s41556-019-0408-0
https://doi.org/10.1038/s41556-019-0408-0
https://doi.org/10.1073/pnas.1805523115
https://doi.org/10.1248/bpb.b18-00055

	Amino acid metabolism in immune cells: essential regulators of the effector functions, and promising opportunities to enhance cancer immunotherapy
	Abstract 
	Introduction
	Amino acid metabolism in lymphoid cells
	T lymphocytes
	Branched-chain amino acids (BCAAs)
	Glutamine
	Tryptophan
	Methionine
	Arginine
	Serine

	B lymphocytes
	Natural killer cells

	Amino acid metabolism in myeloid cells
	Macrophages
	Tryptophan
	Branched-chain amino acids (BCAAs)
	Arginine
	Glutamine

	Dendritic cells
	Tryptophan
	Arginine

	Myeloid-derived suppressor cells

	Therapeutic opportunities of targeting altered amino acid metabolism in immune cells
	Supplementation of amino acids
	Targeting SLC transporters
	Targeting amino acid metabolism enzymes
	Target amino acids sensors

	Conclusions and future perspectives
	Acknowledgements
	References


