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Abstract

A growing body of evidence indicates that, over the course of evolution of the immune system, arginine has been selected
as a node for the regulation of immune responses. An appropriate supply of arginine has long been associated with the
improvement of immune responses. In addition to being a building block for protein synthesis, arginine serves as a substrate
for distinct metabolic pathways that profoundly affect immune cell biology; especially macrophage, dendritic cell and T
cell immunobiology. Arginine availability, synthesis, and catabolism are highly interrelated aspects of immune responses
and their fine-tuning can dictate divergent pro-inflammatory or anti-inflammatory immune outcomes. Here, we review
the organismal pathways of arginine metabolism in humans and rodents, as essential modulators of the availability of this
semi-essential amino acid for immune cells. We subsequently review well-established and novel findings on the functional
impact of arginine biosynthetic and catabolic pathways on the main immune cell lineages. Finally, as arginine has emerged
as a molecule impacting on a plethora of immune functions, we integrate key notions on how the disruption or perversion of
arginine metabolism is implicated in pathologies ranging from infectious diseases to autoimmunity and cancer.
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Abbreviations L-NAME r-~N°-Nitroarginine methyl ester
AKT Protein kinase B L-NMMA L-N°-Monomethyl arginine acetate
AP-1 Activator protein 1 MHC Major histocompatibility complex
APRIL A proliferation-inducing ligand NADPH Nicotinamide adenine dinucleotide phosphate
BH, Tetrahydrobiopterin NF-xB Nuclear factor kappa-light-chain-enhancer of
C/EBPp CCAAT-enhancer-binding proteinf activated B cells
cAMP Cyclic adenosine monophosphate pMHC-I Cognate peptide and MHC-I molecule
elF2a Eukaryotic translation initiation factor 2A complex
ERK Extracellular signal-regulated kinase PD-1 Programmed cell death protein 1
FAD Flavin adenine dinucleotide PGE2 Prostaglandin E,
FMN Flavin mononucleotide PHA Phytohemagglutinin
GM-CSF  Granulocyte—macrophage colony-stimulating ROS Reactive oxygen species
factor STAT Signal transducer and activator of
IFN Interferon transcription
IL Interleukin TGF-p Transforming growth factor-beta
IL-2R Interleukin 2 receptor Th T helper
IRF1 Interferon regulatory factor 1
ITAM Immunoreceptor tyrosine-based
activation motif Introduction

The restriction of amino acid availability is an evolution-
arily conserved strategy for controlling cellular functions
of both the host and pathogens [1]. One such amino acid
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in mRNA molecules for protein synthesis. As a free amino
acid, arginine serves as the substrate for different nitrogen-
containing compounds. In ureotelic animals, arginine is a
key substrate for ammonia detoxification via the urea cycle.
Free arginine also serves as a substrate for other biologically
active compounds. Being a core metabolic module, arginine
metabolism directly and indirectly participates in a plethora
of biological phenomena, such as vasodilation, calcium
release, regeneration of adenosine triphosphate, neurotrans-
mission, cell proliferation, and, most notably, immunity [2,
3]. Beyond constituting a mere nutrient, arginine metabolism
has recently emerged as a critical pathway for controlling
immune cell function, including metabolically demanding
activated T cells [4, 5]. Certain pathogens and malignant
cells exploit arginine’s relevance for the immune system
and co-opt arginine metabolism to impede host immune
responses [6].

Arginine: a multifaceted amino acid

Arginine is defined as a semi-essential amino acid, because
under certain conditions, such as growth during infancy,
pregnancy, severe immune challenge, or burn injuries [7,
8]; humans require a supplemental intake of dietary argi-
nine. Human adults are able to synthesize arginine from glu-
tamine, glutamate, and proline [9, 10], and dietary amino
acids represent the major influx of circulating arginine.
However, endogenous arginine synthesis does not suffice to
compensate for dietary arginine insufficiency [11, 12]. The
dependence on dietary arginine provision during periods of
increased demand for this amino acid consequently accounts
for the conditional essentiality of arginine [13].

Arginine was first isolated in 1886 [14] and identified as
a proteinogenic amino acid soon afterwards [15]. In 1932,
Krebs and Henseleit first postulated the existence of the urea
cycle [16], pioneering the identification of a prominent role
of L-arginine (hereafter arginine) in human physiology: the
detoxification of neurotoxic ammonia [17]. Besides protein
anabolism and ammonia detoxification, arginine regulates
a plethora of biological processes, such as vasodilation,
calcium signaling, regeneration of adenosine triphosphate,
neurotransmission, cell proliferation, and immunity [2, 3].

Arginine serves as a precursor for numerous biologically
active compounds: nitric oxide (NO), ornithine, proline
and polyamines, creatine and hence phosphocreatine, and
agmatine. Arginine also regulates its synthesis via allos-
teric activation of the synthesis of N-acetylglutamate [18], a
cofactor subsequently required for glutamine metabolization
into arginine. Moreover, infused arginine—but not enteral
arginine—acts as a secretagogue, stimulating the secretion
of anabolic hormones, such as insulin, glucagon, prolactin,
somatostatin, pancreatic polypeptide from the pancreas, and
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adrenal catecholamines [19-21]. In support of its endocrine
effects, arginine transport into pancreatic beta-cells leads to
membrane depolarization and electrochemical stimulation
of beta-cells [19].

The pK, value of 13.8+0.1 of arginine’s guanidinium
group [22] implies that the arginine side chain remains pro-
tonated throughout all physiologic conditions, therefore,
operating as a positively charged, basic amino acid. More-
over, it has been hypothesized that the positively charged
guanidium group interferes with the incorporation of argi-
nine into the hydrophobic interior of proteins, exerting an
evolutionary selective pressure against the incorporation of
arginine into bigger and more complex proteins [23]. Para-
doxically, although the genetic code comprises six codons
for arginine incorporation into proteins, the average content
of arginine in animal proteins is markedly lower than what
would be expected from the theoretical frequency of codons
associated to it [24]. This negative bias against arginine
incorporation into proteins could conceal a repurposing of
arginine beyond structural functions, implying the evolu-
tion of free-arginine usage towards regulatory functions. In
this respect, a growing body of evidence indicates that over
the course of immune system evolution, arginine has been
selected as a metabolic node for the regulation of immune
responses [4].

Potential of arginine as an immune enhancer

Early studies established that arginine availability has
critical roles in the immune system. Detrimental effects
of arginine starvation on human T lymphocytes were first
described in 1968 by the establishment of a causal relation-
ship between arginine depletion and impaired in vitro acti-
vation of lymphocytes stimulated with phytohemagglutinin
[25]. Subsequent in vitro studies demonstrated that human
Burkitt lymphoma B cells also require adequate arginine
concentrations for their proliferation and maturation [26].
Animal experimentation revealed that arginine administra-
tion prevents thymic involution after surgery and increases
lymphocyte counts [27, 28]. Moreover, it also became
clinically apparent that there is an arginine requirement for
proper wound healing [28-30].

Pursuant to such observations of arginine’s immunostimu-
latory effects, dietary arginine supplementation gained atten-
tion, with the aim of creating so-called immune-enhancing
diets (IED) [31-33]. These diets included between two and
six times greater arginine contents than normal diets, as well
as n-3 fatty acids, nucleotides, and other micronutrients with
alleged immunostimulatory effects. Numerous IED trials
conducted in a variety of patient populations have unfortu-
nately resulted in mixed outcomes [32]. For instance, high-
risk surgery patients benefited from IED diets by exhibiting
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reduced infections, and trauma patients exhibited an increase
in markers of enhanced immunity [34-36]. Conversely, IED
diets failed to show any benefit in critically ill non-surgical
patients, with controversial effects in sepsis patients [31-33,
37], for which arginine supplementation remains of ques-
tionable value or is even counter-indicated [38, 39]. Deter-
mining whether arginine metabolism regulates immune cell
functions in specific diseases will undoubtably foster the
development of personalized therapeutic interventions in
pathologies, where modulating arginine metabolism proves
to be beneficial.

Dietary arginine intake and organismal-level
arginine synthesis

The turnover of circulating arginine in human adults is rapid,
with half-life measurements ranging from 41.6 to 79.5 min
depending on the administration route and arginine dose
[40]. The plasma arginine concentration ranges from 6.7 to
81.6 pmol/L in young humans and from 7.8 to 113.7 pmol/L
in the elderly [41, 42], and five main factors regulate its
plasmatic concentration: dietary arginine intake, endogenous
arginine synthesis, arginine catabolism, hepatic urea excre-
tion, and protein turnover. Although both the diet and bio-
synthesis significantly contribute to arginine fluxes, protein
turnover remains the major contributor to the circulating
pool of free arginine [43]. Modern western diets provide,
on average, a daily intake of 3—6 g of arginine [44, 45].
Orally ingested arginine is absorbed in the jejunum and in
the ileum via a specific amino acid transporter, classically
known as the y* transporter, which mediates uptake of the
basic amino acids lysine, ornithine, histidine, and arginine
[46, 47]. In human adults, however, arginase activity in the
intestinal mucosa degrades approximately 40% of the argi-
nine absorbed in the small intestine [48].

The endogenous synthesis of arginine yields a daily
production of 15-20 g of arginine [49]. However, argi-
nine dietary supply does not alter its synthesis rates, and

increased arginine synthesis is not used to counterbalance
a reduction in dietary intake [12]. Although hepatocytes
synthesize arginine efficiently, urea cycle enzymes are
organized in a metabolon that channels de novo synthe-
sized arginine to arginase-mediated hydrolysis [50, 51],
thus resulting in little to no net synthesis of arginine in
the liver. Furthermore, only about 5% of the urea pro-
duced by the liver derives from plasma arginine [52]. The
liver is, therefore, regarded as an arginine-depleted organ,
in which arginine concentrations (0.03-0.10 pmol/L)
are considerably lower than those of other amino acids
(0.5-10.0 pmol/L) [53]. This also reflects strict segrega-
tion between hepatic and circulating arginine pools.

Unlike arginine synthesis in the urea cycle, most de
novo arginine synthesis entails an inter-organ pathway:
the intestinal-renal axis [54, 55] (Fig. 1). In a first step,
enteral glutamine and glutamate, as well as circulating
glutamine, are taken up by the small intestine and finally
converted to citrulline in a series of reactions initiated by
L-A!-pyrroline-5-carboxylate (P5SC) synthetase. Citrulline
is subsequently released by the intestines into the blood-
stream, with an efficient bypass of the first-pass metabo-
lism. Once in the systemic circulation, virtually, all fluxes
of citrulline in the plasma feed into de novo arginine
synthesis by the kidneys, being up taken at the proximal
tubule of the nephron [56-58]. In the kidney, arginino-
succinate synthase (ASS1) converts citrulline to argini-
nosuccinate, and subsequently, argininosuccinate lyase
(ASL) converts it to arginine (Fig. 1), which ultimately
reenters circulation in the bloodstream. The kidney is,
therefore, the primary organ responsible for maintaining
circulating arginine levels [54, 55]. In certain conditions,
macrophages can also regenerate arginine pools thanks
to the reconversion of citrulline to arginine via ASS1 and
ASL [59, 60]. Importantly, however, not all cell types con-
comitantly express all the enzymes required for de novo
arginine synthesis; hence, certain cell types, notably cells
of the immune system, depend on circulating supplies of
arginine or its immediate precursors.
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Fig. 1 Inter-organ arginine metabolism and the intestinal renal arginine synthesis axis
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Intracellular arginine metabolism
Cellular uptake

Intracellular arginine concentrations are considerably greater
than those in the extracellular microenvironment or in the
blood. Plasma arginine concentrations in healthy adults
oscillate between 0.05 and 0.20 mmol/L, while intracellular
arginine concentrations range from 0.10 up to 1.00 mmol/L
depending on the cell type [61-63]. Lipid membranes are
not permeable to the positively charged arginine molecule,
which prevents its free diffusion and permits significant
compartmentalization of different arginine pools [64]. The
build-up of intracellular arginine pools, therefore, entails the
involvement of transporter systems.

Cellular uptake of arginine involves several different
amino acid transport systems, including mainly the cationic
amino acid transporters CAT-1 and CAT-2 [65, 66], with
minor involvement of the LAT-1 and LAT-2 proteins and
the B°, +and b°, + systems [67, 68]. The principal arginine
transporter in most cell types is CAT-1, which translocates
arginine in a Na*-independent manner and can be trans-
stimulated by other cationic amino acids [69]. Different
peripheral cells express CAT-1, such as macrophages, plate-
lets, endothelial cells, and vascular smooth muscle cells.
The CAT-2 transporter exists in two isoforms: CAT-2A and
CAT-2B, of which only the latter exhibits high affinity for
arginine and is expressed in macrophages and T cells [68,
70]. Notably, the CAT-1 transporter can be competitively
inhibited by lysine, ornithine and canavanine, as well as by
certain inhibitors of the arginine-metabolizing enzyme nitric
oxide synthase 2 (NOS2), such as L-NMMA and L-NIO
[71-73]. Therefore, certain NOS2-inhibiting pharmacologic
interventions can interfere with the availability of arginine
for other arginine-metabolizing enzymes.

In several biological systems, the induction of arginase
and NOS2 enzymes is concomitant with the upregulation
of arginine transporter expression [74-76]. Moreover,
cytokines, such as interferon gamma (IFN-y) and tumor
necrosis factor a (TNF-a), stimulate the activity of both argi-
nine transporters and arginine-metabolizing enzymes [77,
78]. These observations suggest that these proteins consti-
tute a functional unit of the response to metabolic demands
imposed by immune challenges.

Although arginine transporters in the plasma membrane
are well characterized, knowledge about the transport of
arginine through mitochondrial membranes remains quite
limited. Recent reports demonstrate that the SLC25A29
gene encodes a mitochondrial transporter of basic amino
acids, amongst them arginine [79]. However, mechanisms
mediating arginine trafficking into the mitochondria of
immune cells remain unexplored.
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Catabolism

The largest fraction of the circulating free-arginine flux is
expended for protein synthesis —via loading of arginine
onto arginyl-tRNAs by arginyl-tRNA synthetases [80].
Arginyl-tRNAs also catalyze the conjugation of arginine
to the N-termini of proteins and their consequent degrada-
tion by the ubiquitin-dependent proteolytic pathway [81].
Strikingly, ammonia detoxification only consumes a very
minor portion of the arginine flux. Besides protein turnover
and ammonia detoxification, a number of distinct metabolic
pathways catabolize the remainder proportion of circulating
arginine, thus serving different functions which, frequently,
are concomitantly active in the same cell.

Arginases

The arginase pathway leads to arginine hydrolysis and the
consequent production of urea and ornithine. Urea, a toxic
water-soluble metabolite, is efficiently excreted by the kid-
neys. Ornithine can be further metabolized by ornithine ami-
notransferase (OAT) and other enzymes to generate proline
or glutamate or, alternatively, by ornithine decarboxylase
(ODC) to generate putrescine and downstream polyamine
metabolites [1, 43] (Fig. 2). Another prominent fate of argi-
nase-derived ornithine is to feed the urea cycle: ornithine
can be subsequently converted to citrulline by ornithine
carbamoyltransferase (ODC) and, via arginine-synthesizing
enzymes ASS1 and ASL, citrulline is used to regenerate
arginine and hence iterate the next cycle of the urea cycle
(Fig. 2).

Mammals express two arginase isoforms (Argl and Arg2)
encoded by different genes. Although there is strict conser-
vation of the catalytic site [82], the human isoforms exhibit
only 58% amino acid homology. The isoforms differ in their
tissue distribution and subcellular localization. Whereas
Argl does not contain any targeting sequence, and is thus
located in the cytosol, both human and mouse Arg2 have an
N-terminal mitochondrial targeting sequence that is cleaved
during protein maturation [82, 83]. In ureotelic organisms,
only the Argl isoform is highly expressed in the liver, where
it ensures that the arginase activity required for the urea
cycle. Outside of the liver, Argl expression circumscribes
to discrete cell types and is under transcriptional control by
cytokines. On the contrary, Arg2 presents a more ubiquitous
and constitutive expression pattern, independent of regula-
tion by cytokines. Phylogenetic analysis suggest that Arg2
is the ancestral gene from which Argl arose via a duplica-
tion event during the evolution of vertebrates to terrestrial
adaptation and the emergence of a need for water-soluble
excretion of nitrogen [84].
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Fig.2 Overview of pathways involved in arginine metabolism.
Abbreviations: ADC arginine decarboxylase, AGAT arginine:glycine
amidinotransferase, GAMT guanidinoacetate N-methyltransferase
ARG arginase, NOS nitric oxide synthase, ASL argininosuccinate
lyase, ODC ornithine decarboxylase, ASS/ argininosuccinate syn-

Nitric oxide synthases

Nitric oxide synthases (NOS) catabolize arginine, resulting
in the generation of nitric oxide (NO) and citrulline. Notably,
arginine is the sole substrate used for NO synthesis [85].
Mammals have three distinct NOS isoforms (NOS1, NOS2,
and NOS3) encoded by different genes. All three isoforms
require BH,, haem, FAD, and FMN as cofactors for maximal
activity, but differ with respect to their intracellular localiza-
tion, kinetic properties, inhibitor sensitivity, and expression
patterns. NOS1 and NOS3 are constitutively expressed in
neuronal and endothelial cells, respectively. In endothelial
cells, NO serves as a signaling molecule for inducing vaso-
dilation: endothelium-derived NO regulates smooth mus-
cle diastole, thereby increasing blood flow. It also inhibits
platelet aggregation [86] and leukocyte aggregation [87].
NOS2 is the prevalent isoform in immune cells, where it
is not constitutively expressed, but is strongly induced by
lipopolysaccharide (LPS) and inflammatory cytokines: it is
hence known as inducible NOS or iNOS. Once expressed,
NOS?2 is constitutively active and its activity only depends
on regulation by its substrate—arginine promotes dimeriza-
tion of catalytically active NOS2 dimers—or cofactor avail-
ability [88].

NOS?2 is most often implicated in the production of NO
during pro-inflammatory responses. NO can react with
other oxygen species to generate nitrite and nitrate as well
as other highly cytotoxic reactive nitrogen species (RNS).
The biological roles of NO are multiple and its synthesis
during inflammatory conditions can entail both beneficial,

thase 1, OTC ornithine carbamoyltransferase, SMS spermine syn-
thase, SRM spermidine synthase, P5CS delta—1-pyrroline—5—car-
boxylate synthase, PYCR pyrroline—5—carboxylate reductase, PYCRL
pyrroline-5—carboxylate reductase-like, OAT ornithine aminotrans-
ferase

e.g., liver protection in LPS-treated rats [89], and detrimen-
tal consequences, e.g., aggravated ulcerative colitis and
mucosal destruction [90]. NO is also a potent cytostatic and
cytotoxic molecule that can inhibit cell growth or kill cells in
an unspecific way. For instance, high local concentrations of
NO can damage cells by condensing amino acid and/or thiol
groups, activating the p53 pathway [91], or inducing cell
necrosis caused by the peroxynitrite-oxidizing radical [92].
Likewise, low NO concentrations can also impair specific
cellular functions. For example, Complex IV of the respira-
tory electron transport chain is highly sensitive to NO inhibi-
tion [93]. Therefore, the complex and diverse consequences
of NO synthesis require regulatory mechanisms that unleash
NOS2 activity only under precise conditions.
Paradoxically, NO synthesis rates depend on arginine
concentration, even though the low K, of NOS enzymes
implies that these enzymes should be saturated at all physi-
ological arginine concentrations [94]. This irreconciled
observation is known as “the arginine paradox” and numer-
ous theories have aimed at disentangling this conundrum,
such as the existence of non-interchangeable intracellular
pools of arginine [64] or general control nonderepressible 2
(GCN-2)-mediated transcriptional control of NOS2 by argi-
nine availability [95]. An additional mechanism regulating
NOS activity involves substrate competition with arginase
enzymes: although K, of ARG1 and ARG2 are 3000-fold
higher than that of NOS2, V.. of arginases are 1000-fold
greater than that of NOS2. Hence, arginases and NOS2 cat-
abolize arginine at similar rates [96] and effectively compete
with each other for their substrate when co-expressed [43,
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97]. A number of additional mechanisms also contribute
to the crosstalk between the arginase and NOS2 pathways.
First, the intermediate subproduct N-w-hydroxy-L-arginine
of the reaction catalyzed by NOS2 is an inhibitor of argin-
ase activity [98]. Second, arginine availability controls the
translation of NOS2, which can, therefore, be modulated
by arginase activity [95]. Last, arginine depletion by argin-
ase promotes the uncoupling of NOS2, which impedes NO
synthesis and promotes the generation of RNS (reviewed
below).

Creatine pathway

In a similar vein as for NO production, arginine is the only
amino acid that provides the amidino group for creatine syn-
thesis [43]. In this pathway, arginine serves as a donor for
the transfer of the amidino group to a glycine backbone.
L-arginine:glycine amidinotransferases (AGAT) catalyze
this reaction, to generate ornithine and guanidinoacetic
acid. The latter is subsequently methylated by S-adeno-
syl-L-methionine:N-guanidinoacetate methyltransferases
(GAMT), to ultimately produce creatine and S-adenosylho-
mocysteine. Although systemic creatine synthesis involves
an inter-organ pathway [7, 99], the expression of creatine-
synthesizing AGAT and GAMT activity has been docu-
mented in human and rat spleens, respectively [99]. Of note,
the creatine kinase enzyme can reversibly phosphorylate
creatine to phosphocreatine, using adenosine triphosphate
(ATP) as phosphate donor or acceptor. Creatine thus serves
as major energy storage and transport molecule, having
major implications for the energy-demanding biosynthetic
processes performed by immune cells.

Agmatine and polyamine pathways

Plants and bacteria—including human microbiota spe-
cies—express arginine decarboxylase (ADC) enzymes that
catabolize arginine to agmatine and CO,. The presence of
an ADC gene in humans is controversial [100], although
agmatine synthesis has been detected in the small intestine,
brain, kidney, liver and adrenal tissue, as well as in mac-
rophages [101-104]. However, the direct effects of agmatine
on immune cells remain unstudied, and it remains unclear
whether immune cells synthesize agmatine via arginine
catabolism or they import it from exogenous sources, such
as the diet and microbiota synthesis. Nevertheless, agmatine
catabolism converges with the arginase pathway, as it results
in the synthesis of ornithine. The resulting ornithine can be
further catabolized to generate different polyamine metabo-
lites, which are well-known stimulators of cell growth and
differentiation [1, 43].
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Arginine metabolism in immune cells
Macrophages

Canonical classifications divide activated macrophages into
two functional subsets: M1 or classically activated and M2
or alternatively activated [105, 106]. These two subsets cat-
abolize arginine in a divergent manner—via predominant
NOS2 or ARG1 activity, respectively—and the functional
consequences associated with the dominant pathway are
typical classifiers for each subset [1, 107, 108]. However,
basing the classification of activated macrophages on the
polarization of arginine metabolism is an oversimplification
of the complex immunobiology of activated macrophages,
as they may express neither ARG1 nor NOS2 [109], or use
both pathways concomitantly, as observed in murine mac-
rophages after LPS stimulation [110]. The expression of
Arg?2 in macrophages may also affect arginine catabolism
[111, 112]. However, the importance of this contribution is
ill-defined, as ARG2 expression is independent of cytokines
that affect macrophage function and ARG?2 is not the pre-
dominantly active arginase in these cells [113, 114]. The
roles of creatine and agmatine synthesis in macrophages also
remain poorly defined. However, recent studies indicate that
the uptake of creatine in macrophages promotes IL-4 and
STATG6 induces ARG1 expression, and the suppression of
MI polarisation [115]. Similarly, agmatine promotes ARG1
expression in vivo [116] and suppression of the M1 pheno-
type in vitro [117, 118].

M1 or classically activated macrophages

M1 macrophages predominantly catabolize arginine via
NOS2. Th1 cytokines drive M1 activation and induce NOS2
activity while inhibiting Th2-driven ARG1 expression [1].
The synthesis of NO endows M1 macrophages with pro-
inflammatory and microbicidal properties, and renders them
proficient for cytotoxic clearing of intracellular pathogens
and malignant cells [119-122]. In these macrophages, Thl
inflammatory cytokines, such as IFN-y, IFN-a, IFN-f, and
IL-1, drive the activation of transcription factors, such as
NF-«xB, AP-1, IRF1, and STAT1 [123-126]. The transcrip-
tional program activated by these factors induces NOS2
expression [127] and co-expression of arginine transporters
[71, 128] and enzymes implicated in the synthesis of NOS2
cofactors [129-132]. However, intense NOS2 activity could
limit arginine availability and, therefore, impair NO synthe-
sis. To circumvent arginine scarcity, citrulline can replen-
ish the intracellular arginine pool, as stimuli, such as IFN-y
and Toll-like receptor (TLR), agonists also induce ASS1
expression. ASS1, coupled to constitutively expressed ASL,
allows the recycling of citrulline into argininosuccinate and
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subsequent de novo arginine synthesis. The importance of
citrulline recycling—known as the citrulline-NO cycle—is
manifested in Ass1~~ macrophages, which fail to control
mycobacterial infections [133].

M2 or alternatively activated macrophages

M2 macrophages predominantly catabolize arginine via
ARGTI. In this instance, the Th2 cytokines IL-4 and IL-13
promote Argl upregulation via binding of STAT6, together
with STAT3 and C/EBPS, to an enhancer in the Argl locus
[134-136]. Likewise, Argl expression can also be induced
via autocrine cytokines produced by mycobacteria-infected
macrophages, such as IL-10, IL-6, and GM-CSF [137],
as well as by other soluble factors, such as TGF-, PGE2,
catecholamines, cCAMP, and TLR agonists [138—140]. The
functions of M2 macrophages are, in part, mediated by the
induction of ornithine, proline and polyamines synthesis
[141, 142]; pathways that enable mechanisms essential
for regulating humoral immunity, anti-parasitic responses,
allergy, and fibrosis and wound repair processes [143]. For
instance, in vitro pharmacologic inhibition of Argl and mac-
rophage-specific deletion of Argl have indicated that Argl-
expressing macrophages are critical for matrix deposition
and wound healing [144]. A potential explanation of such
effects is that arginase activity potentiates collagen produc-
tion via increased proline synthesis [145, 146]. In line with
this notion, the metabolism of arginine in wounds presents
a biphasic pattern: a first early burst of microbicidal NO
synthesis precedes a drop in arginine concentration and an
increase in ornithine and proline synthesis to promote wound
healing [146, 147]. In addition, Argl-mediated wound heal-
ing mechanisms can be employed to directly modulate para-
site growth. Using an unconventional mechanism, antibodies
against Heligmosomoides polygyrus larvae trigger M2/alter-
native activation of macrophages recruited to infection sites,
and subsequently, Argl activity from M2 macrophages gen-
erates ornithine and polyamines that decrease larvae motility
and prevent tissue damage caused by the helminth [148].

Arginases and NOS2 crosstalk

As NO is a potent inflammatory and cytotoxic mediator, its
uncontrolled synthesis may lead to collateral tissue dam-
age. Macrophages, therefore, exploit the arginase pathway
to competitively regulate NO production and thereby coun-
terbalance exacerbated immunity. At the molecular level,
the depletion of arginine alone can regulate NO production
via GCN2-driven inhibition of e[F2«a and a subsequent halt
in NOS2 mRNA translation [95]. In addition, spermine pro-
duced by the arginase pathway can reduce mRNA levels for
NOS?2 and the CAT-2B transporter, as well as suppress TLR-
driven cytokine synthesis by rat macrophages [149, 150].

As exemplified by murine models of schistosoma mansoni
infection, a deficiency in Argl in macrophages results in
uncontrolled Th2 cytokine-driven liver inflammation and
fibrosis [151], as well as intestinal inflammation caused
by a dysregulated Th17/Treg ratio and the synthesis pro-
inflammatory IL-6, IL-12/IL-23p40, and NO [152]. Notably,
however, Argl activity can also coexist with NOS2 activity.
During Mycobacterium tuberculosis infection, a particular
organization of macrophages in granulomas leads to the con-
centration of NOS2 activity in the inner regions, whereas
Argl activity predominates in the outer regions. This helps
to minimize lung pathology by surrounding zones present-
ing microbicidal activity with regions favoring tissue repair
[153]. Such protective roles of arginase activity are nonethe-
less pathology-specific, as host Argl is irrelevant in some
models of excessive lung inflammation and asthma [143].

Pathogens can co-opt macrophage Argl activity to blunt
NO synthesis and escape the host immune response. For
instance, M. tuberculosis coinfections with either Schisto-
soma mansoni or Toxoplasma gondii lead to increased Argl
activity in lung macrophages and exacerbated disease pro-
gression [154, 155]. Pathogens can also exploit arginase
activities encoded in their own genomes. This situation is
exemplified by Helicobacter pylori, which can blunt NOS2
activity in macrophages, thereby promoting pathogen sur-
vival, by expressing an arginase encoded by the rocF gene
[156].

Granulocytes: neutrophils

Although human granulocytes express arginase enzymes,
their effector functions are surprisingly independent of
arginine availability [157]. Instead, granulocytes can exert
arginase-mediated immunosuppressive functions [158]
reminiscent of myeloid-derived suppressor cells (MDSCs),
a heterogeneous population of myeloid cells having para-
mount relevance for pathological disruption of arginine
metabolism. Neutrophils are thus often included in the
immunosuppressive MDSC population. Although neutro-
phils constitutively express Argl, this enzyme is not used to
metabolize arginine intracellularly [158, 159]. Instead, they
are key regulators of extracellular arginine availability as
they secrete arginase-containing granules [160], a mecha-
nism having extensive pathological implications in several
conditions. For instance, compared to neutrophils from
healthy individuals, neutrophils from septic shock patients
display elevated Arg2 expression and a superior capacity to
limit T cell proliferation [161]. Pharmacological arginase
inhibition confirmed that this suppressive capacity is indeed
partially dependent on arginase activity.

On the other hand, arginine can also enhance the phago-
cytosis of Staphylococcus aureus by human neutrophils
[162] and sustain the synthesis of NO by mouse neutrophils
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[163]. NO synthesis in neutrophils can also exert a protec-
tive role, in this case, by preventing the production of highly
damaging superoxide by these cells [164, 165].

Myeloid-derived suppressor cells

The MDSC population encompasses diverse types of devel-
opmentally immature cells at different stages of myelopoie-
sis [166]. They share the unifying property of being able to
suppress T cell function. Although MDSCs are uniformly
defined by the expression of CD11b, they exhibit considera-
ble heterogeneity in terms of (1) their expression of arginine-
catabolizing enzymes, (2) their pluripotency with respect to
being able to differentiate into macrophages, granulocytes,
or dendritic cells depending on the cytokine and growth
factor culture conditions [167], and (3) the mechanisms
they employ for exerting T cell inhibition. Argl-expressing
MDSCs are prominent immunosuppressors implicated in
the pathogenesis of chronic helminth infection, autoimmune
diseases and graft-versus-host disease, as well as in cancer
[168—173]. In neoplastic diseases, MDSCs are major con-
tributors to the intra-tumoral arginase activity observed in
both preclinical models and cancer patients [167, 174—176],
in which tumor-derived factors, such as PGE2, can induce
Argl expression via STAT3 or STAT6 [167, 177, 178]. A
classic immunosuppressive mechanism ascribed to MDSCs
is depletion of the extracellular arginine pool by Argl,
resulting in a reduced availability of arginine for effector T
cells [172]. Moreover, co-expression of CAT-2B in MDSCs
further supports the arginine-depleting activity of Argl by
importing more extracellular arginine in exchange for the
newly synthesized ornithine [179-181].

Arginine depletion by MDSCs exerts immunosuppressive
effects via two main mechanisms. First, suboptimal concen-
trations of arginine lead to decreased NOS2 mRNA trans-
lation, reduced NO synthesis, and induced NOS2 uncou-
pling [95, 182]. When arginine is scarce, the reductase and
oxygenase domains of uncoupled NOS2 can only transfer
NADPH electrons to O,, thereby generating O, superoxide
and, via subsequent reactions, ROS and RNS [183, 184].
The production of these oxidizing species within arginine-
starved T cells or by neighboring MDSCs affects numerous
key processes [185-187], including impaired loading of anti-
genic peptides onto MHC complexes in tumor cells [188],
reduced responsiveness of T cells to cytokines or to antigen-
specific stimulation [189], and even active induction of T
cell hyporesponsiveness [190]. In a second, complementary
manner, arginine starvation has direct, cell-intrinsic effects
on T cells, as described in more detail below. Although
MDSC activity can induce pathogenic T cell suppression,
for example, by inhibiting anti-tumor T cells, it can also
exert beneficial effects by limiting unwanted inflammation
[191]. For instance, both IFN-y and IL-4 activate MDSCs

@ Springer

at inflammation sites, thereby initiating a negative feedback
loop that suppresses T cell activity and helps to resolve
inflammation [74, 179].

Dendritic cells

Dendritic cells (DCs) are critical relays between the innate
and adaptive immune systems: they integrate multiple sig-
nals, for example cytokines secreted by innate immune cells
[192, 193], to ultimately instruct either reactive or tolerant
adaptive immune responses. Arginases and NOS2 enzymes
are prominent regulators of arginine metabolism in DCs,
and in a dichotomy reminiscent to that observed for mac-
rophages, the differential use of these pathways dynami-
cally modulates their stimulatory outcomes. Therefore, the
expression of these enzymes is tightly controlled in DCs.

In the previous studies, we identified Arg2 as a target
of microRNA-155 (miR-155) in diverse activated murine
DC subsets [194]. We demonstrated that in contrast to
macrophages stimulated with CpG and IFN-y [195], Arg2
expression is silenced by miR-155 in activated DCs. In a
series of in vitro and in vivo experiments, we demonstrated
that the repression of Arg2 by miR-155 in DCs is a pre-
requisite for their ability to induce optimal T cell priming
[196]. Consequently, de-repressed Arg2 activity in acti-
vated miR-155"'~ DCs thwarts cognate T cell activation
and proliferation.

The relevance of arginine metabolism in DCs is further
highlighted by the identification of a specific DC subpopula-
tion that is characterized by TNF-a and NOS2 expression,
hence known as TNF-a, iNOS-producing DCs (Tip-DCs)
[197, 198]. Tip-DCs exert pro-inflammatory roles conferring
resistance to Listeria monocytogenes, Brucella melitensis,
and Leishmania major infections [198-200]. Besides patho-
gen resistance, the pro-inflammatory activity of Tip-DCs
and their interaction with tumor-specific CD8" T cells result
in superior anti-tumor responses [201]. Conversely, Tip-DC-
derived NO suppresses antigen-specific T cells and prevents
the exacerbation of autoimmune myocarditis in vivo [202].
The activity of Tip-DCs also has detrimental consequences
in Trypanosoma brucei rodent infection, a model in which
IL-10 genetic administration counters pathological liver
damage via the inhibition of Tip-DC maturation [203].

Dendritic cells can also acquire tolerogenic properties
and exert immunosuppressive effects by modulating their
metabolism of arginine. For instance, murine DCs can rein-
force the suppressive activity of TGF-B-stimulated MDSCs:
in response to ornithine and spermine synthesized via the
arginase pathway in MDSCs, DCs upregulate Argl and
indoleamine 2,3-dioxygenase 1 (IDO1), thereby further
strengthening the immunosuppressive program triggered by
TGEF-f [204]. Another prominent example is fetal conven-
tional DCs (cDCs). Fetal cDC subpopulations are similar to
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those present in adults, with one major exception: fetal cDCs
promote tolerogenic responses and generate higher frequen-
cies of FOXP3™ regulatory T cells (Treg). A recent report
demonstrated that the co-culture of adult T cells with fetal
or adult DCs resulted in similar levels of T cell proliferation,
but that the fetal DCs induced a reduction in the synthesis
of the pro-inflammatory cytokines IL-2 and TNF-a and an
increase in the production of IL-4 by the co-cultured T cells
[205]. A key differentiating factor of the fetal DCs was a
markedly greater expression of ARG2. The authors further
showed that TNF-a expression was partially inhibited by
ARG2-mediated arginine depletion, as arginine supple-
mentation or pharmacological arginase inhibition restored
TNF-a synthesis. These observations emphasize the impor-
tance of arginine depletion as a physiological strategy imple-
mented by DCs to prevent detrimental T cell reactivity.

Erythroid cells

Erythroid cells also express arginine-metabolizing enzymes
[206, 207]. Using analogous mechanism to fetal DCs, ARG2
activity in CD717" erythroid cells contributes to the suppres-
sion of innate and adaptive immunity in immunologically
delicate contexts, such as during pregnancy or postnatally.
Interestingly, pregnancy induces a subset of maternal CD71%
erythroid cells that suppress allogeneic T cell responses via
ARG?2 activity and PD-L1 expression, therefore, promoting
fetomaternal tolerance [208]. However, ARG2 is expressed
not only in maternal CD71% erythroid cells, but also in neo-
natal CD71" erythroid cells. Therefore, neonates actively
engage arginine-depleting immunosuppressive mechanisms,
in opposition to the established notion that immaturity of
immune cells underlies suboptimal immunity in neonates
[209]. In line with this notion, recent investigations dem-
onstrated that CD717" erythroid cells suppress both cellular
and humoral adaptive immune responses against Bordetella
pertussis—a common pathogen of the neonatal respiratory
tract—as well as innate immune responses [210, 211]. More
specifically, Arg2-expressing CD71% erythroid cells regulate
CD11b™ cell phagocytosis in an arginine-dependent man-
ner. They also illustrate how ancient metabolic functions,
such as mitochondrial arginase activity, can be repurposed to
modulate appropriate immune reactivity in immunologically
delicate scenarios, such as to maintain fetomaternal toler-
ance by preventing undesirable immune reactivity directed
against the fetus.

T cells
A seminal study in 1968 first demonstrated that arginine

depletion in T cell lymphocytes infected by arginase-express-
ing mycoplasma inhibits their activation and proliferation

in vitro [25]; this inhibition was arginine-dependent as argi-
nine repletion at 10 mol/L relieved the block in activation
and proliferation. Subsequent experiments confirmed that
arginine depletion depresses T cell proliferation in vitro in
a dose-dependent manner, and that maximal proliferation
occurred after replenishing arginine to the concentrations
typically found in plasma (around 100 pmol/L) [82, 212,
213]. Further increases in arginine concentrations beyond
this threshold had no additional effect on proliferation [5,
214, 215]. Notably, proliferation and memory formation pre-
sented a more marked dependency on arginine availability
for CD8* T cells than for CD4™ T cells [216]. In addition,
dietary arginine supplementation improved thymic weight
and thymic lymphocyte counts in rats, increased ex vivo
reactivity of human and rat T lymphocytes to PHA and con-
canavalin A [30, 217], and T cell cytotoxicity [218].

Effects of arginine starvation on T cell biology

A plethora of studies has demonstrated that the culture of
T cells under limiting arginine concentrations impairs their
function via downregulation of the CD3( subunit of the T
cell receptor (TCR) complex (Fig. 3). This subunit is indis-
pensable for the assembly of the TCR complex [219-221]
and couples TCR ligation with the downstream signal trans-
duction cascade mediating T cell activation via phospho-
rylation of ITAM motifs on the CD3( subunit. Remarkably,
ex vivo arginine availability within physiological ranges
modulates the expression level of CD3( [222, 223] via a
mechanism that is not yet fully elucidated [224]. Interest-
ingly, supplementation of culture media with citrulline, a
precursor of arginine synthesis, can increase CD3( expres-
sion under low arginine conditions by extending the half-life
of its mRNA [223]. Downregulation of CD3( expression
blocks T cell proliferation without impairing T cell viabil-
ity [158] (Fig. 3). Collectively, these findings indicate that
regulation of CD3( expression is a prominent mechanism
for modulating T cell activation. Several examples under-
line the physiological relevance of these findings. For exam-
ple, as mentioned above, H. pylori co-opts this regulatory
mechanism to inhibit CD3C expression and thereby restrict
T cell activity by depleting arginine via the arginase enzyme
encoded by its rocF gene [225]. Other studies have dem-
onstrated that dying polymorphonuclear leukocytes release
Argl and thereby induce the depletion of extracellular argi-
nine, leading to the loss of CD3( expression by T cells in
inflamed microenvironments [158, 179].

In addition to CD3{ downregulation, arginine deprivation
modulates TCR signaling by impairing cofilin dephospho-
rylation in activated human T cells [226] (Fig. 3). Dephos-
phorylated cofilin increases the dynamics of F-actin net-
works [227], which is critical for T cell activation, because
it regulates TCR sensitivity thresholds in immune synapses
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Reduced CD25 and CD69
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Impaired cofilin dephosphorylation

Impaired IL-2 production

GCN-2 driven halt in
translation

Cell cycle arrest

Fig.3 Overview of the deleterious effects that arginine starvation exerts on T cell functions

[228]. Impaired cofilin dephosphorylation correlates with
a decrease in the F-actin content and decreased accumula-
tion of CD2 and CD3 in the immune synapse of activated T
cells, ultimately decreasing T cell proliferation and cytokine
synthesis [226]. In vitro activation with phorbol myristate
acetate (PMA), which bypasses the requirement for TCR
signaling, does not suffice to rescue poor T cell prolifera-
tion in arginine-depleted conditions [229]. This observation
implies that the inhibitory effect of arginine depletion on
T cell proliferation is not caused exclusively by decreased
CD3¢ expression and TCR signaling. Other mechanisms
must also be at play. In agreement with this, arginine deple-
tion has been implicated in other molecular alterations, such
as impaired nuclear translocation of NFxB-p65 [229].

Arginine deficiency leads to decreased IL-2 production
by cultured human T cells, and reduced expression of the
early activation markers CD25 and CD69 [216] (Fig. 3).
Seminal publications first proposed that arginine deprivation
decreases IL-2 concentrations in T cell culture supernatants
by regulating translation of its mRNA and by modifying its
autologous consumption. However, minimal arginine con-
centrations of 10-100 pM suffice for enabling robust T cell
proliferation and IL-2 production [216].

Arginine starvation also regulates p-type cyclins (D1, D2,
and D3) and cyclin-dependent kinases (CDK4 and CDK6)
in T cells, therefore, regulating progression through the cell
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cycle [230] (Fig. 3). For instance, in activated T cells, the
absence of arginine blocks cyclin D3 and CDK4 upregula-
tion, but increases CDK6 expression and results in the arrest
of T cells in the Gy—G, phase of the cell cycle [231, 232],
suggesting that sufficient arginine is a requirement for cell
cycle entry.

Amino acid depletion halts protein synthesis due to the
accumulation of uncharged aminoacyl-tRNAs, leading to
activation of the kinase GCN2, which senses the binding of
uncharged tRNAs to ribosomes and halts mRNA translation.
More precisely, activated GCN2 phosphorylates the transla-
tion initiation factor eIF2«a and inhibits protein synthesis by
blocking the binding of the eIF2 complex to methionine ami-
noacyl-tRNA [233]. GCN2 activation leads to an arrest in T
cell proliferation, induces T cell anergy, impairs cytotoxic
effector functions, and further downregulates the expression
of CD3{ in mouse CD8" T cells [234, 235]. In line with
these observations, the absence of arginine promotes the
phosphorylation of elF2a and is associated with decreased
translation rates [236] (Fig. 3).

A recent report demonstrated that arginine starvation
can also impact the glycolytic switch in activated T cells:
arginine starvation caused by adding recombinant Argl
to cultured T cells blocked their glycolytic function, with-
out affecting mitochondrial biogenesis or mitochondrial
functionality [237] (Fig. 3). Conversely, the addition of



Arginine-dependent immune responses

5313

supraphysiological concentrations of arginine to T cell cul-
tures resulted in perturbations of energy metabolism and
promoted CD8* T cell anti-tumor activity in vivo upon rein-
fusion into tumor-bearing mice [5]. Remarkably, T cells also
employ mechanisms to sustain intracellular arginine pools
and counteract arginine deprivation: when confronted with
arginine scarcity caused by, for instance, Argl-expressing
myeloid cells [172], Jurkat T cells upregulate the transcrip-
tion of the ASS1 gene to promote arginine biosynthesis
[218]. In line with this, reengineering CAR-T cells to express
arginine-synthetizing ASS1 and OTC enhances CAR-T cell
in vivo persistence and activity against solid and hemato-
logic tumors [238].

Arginase 2 regulates the intracellular metabolism
of arginine in T cells

Most investigations on the influence of arginine metabolism
on T cells have focused on mechanisms affecting extracel-
lular arginine concentration, such as Argl-mediated argi-
nine depletion in the tumor microenvironment. Nonetheless,
T cell activation encompasses an intense arginine uptake
[4, 5], and in human endothelial cells, distinct intracellular
arginine pools are not freely interchangeable [64]. Hence,
the extracellular arginine supply may not serve as a reliable
proxy for intracellular arginine availability. Mounting evi-
dence suggests that the intracellular metabolism of arginine
profoundly alters T cell function. Arg2 has recently emerged

Arginine ® .

as a cell-autonomous regulator of mouse and human acti-
vated T cells. Notably, pharmacological inhibition of argi-
nases increases in vitro activation and survival of human T
cells, which express ARG2 but not ARGI [3]. Along simi-
lar lines, activated Arg2~'~ mouse T cells present enhanced
in vitro survival and increased intracellular arginine lev-
els—the latter being indicative of reduced arginase activity
in these cells [3]. Importantly, such experiments were per-
formed under excess arginine conditions, hence independent
of extracellular arginine availability, and, therefore, argue for
a cell-intrinsic role of the mitochondrial Arg2 (Fig. 4) in the
reshaping of T cell arginine metabolism.

In a subsequent study, we demonstrated that germ-line
Arg2 deletion and adoptive transfer of Arg2™~ CD8* T
cells significantly reduce tumor growth in preclinical
cancer models by enhancing CD8" T cell activation, and
endowing these cells with more robust cytotoxic function,
memory T cell formation, and persistence [215]. Further-
more, Arg2-deficiency in CD8* T cells strongly synergized
with PD-1 blockade for the control of tumor growth and
animal survival. Although Arg2™~ CD8* T cells exhibited
accelerated and more robust activation kinetics, their prolif-
erative capacity remained unaffected. All these alterations
occurred in an otherwise Arg2-proficient background in vivo
and were independent of the extracellular arginine concen-
tration in vitro. This suggests that the observed alterations
were caused primarily by cell-autonomous mechanisms and
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Fig.4 Subcellular localization of proteins involved in arginine
metabolism. Abbreviations: ADC arginine decarboxylase, AGAT
arginine:glycine amidinotransferase, ARG arginase, NOS2 nitric oxide
synthase 2, ASS! argininosuccinate synthase 1, ASL argininosuccinate

lyase, CATs cationic amino acid transporters, GAMT guanidinoacetate
N-methyltransferase, OTC ornithine carbamoyltransferase, OAT orni-
thine aminotransferase
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emphasizes the critical importance of intracellular arginine
pools relative to the extracellular arginine supply (Fig. 4).
Strikingly, we also observed that the depletion of CD4*
T cells selectively improves tumor control in Arg2-deficient
mice. These results suggest a supportive role of Arg?2 for the
regulatory activity exerted by certain CD4" T cell subsets
in tumor-bearing mice. Interestingly, a very recent report
demonstrated that T, found in healthy human skin and in
metastatic melanoma [239] express Arg2. Conversely, the
expression of Arg2 in T, infiltrating psoriatic skin is sig-
nificantly less. Interestingly, the expression of Arg2 in T,
attenuated mTOR activity and endowed them with enhanced
suppressive activity in vitro and increased tissue persistence
of adoptively-transferred T, [239]. Taken together, these
observations suggest that the intracellular arginine concen-
tration and its regulation by Arg?2 dictate T,., expansion and
survival in different microenvironments, and unveil Arg?2 as
a putative therapeutic target in both autoimmune and neo-

plastic diseases.
Nitric oxide synthesis is a key modulator of T cell biology

Several studies have demonstrated that the NOS pathway
can affect T cell biology. High NO concentrations can exert
pro-apoptotic effects via different mechanisms, such as p53
accumulation and CD95 signaling [91, 240]. T cell activa-
tion also results in NO accumulation [241], in a mechanism
regarded as a self-limiting circuit that triggers T cell apop-
tosis via inhibition of the anti-apoptotic Bcl-2 [242]. In line
with these observations, endogenous NOS2 in mouse T cells
regulates their contraction phase, endowing Nos2 ™~ T cells
with enhanced resistance to death by neglect and death after
withdrawal of trophic stimuli [243]. Thus, mice lacking the
Nos2 gene showed an increased frequency of CD4* and
CD8* memory T cells after immunisation [243]. NO also
dampens T cell proliferation and differentiation by impair-
ing IL-2 synthesis [244, 245] and IL-2R signaling pathways
[246]. NO can inhibit the binding of JAK3 to the common
gamma-chain, thus dampening responses induced by the
cytokine receptors for IL-2, IL-4, IL-7, IL-9, and IL-15
[247]. NO can also inhibit signaling via STATS, a key fac-
tor for the maintenance of effector CD8" T cell responses,
as well as the ERK and AKT pathways [169]. In addition,
RNOS derived from NO can affect conformational flexibility
of binding of the TCR/CDS8 complex to the pMHC-I (pep-
tide-MHC-I) complex, thus limiting CD8 T cell anti-tumor
activity [188, 248].

Creatine uptake supports anti-tumor T cell functions
Creatine and phosphocreatine buffer intracellular high-

energy phosphate, acting as storage systems of the energy
required for ATP synthesis [249]. The uptake of creatine has
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recently been reported to support anti-tumor T cell func-
tions in murine melanoma and colorectal carcinoma mod-
els [250]. Tumor-infiltrating T cells express low levels of
creatine-synthesizing enzymes AGAT and GAMT and pri-
marily rely on creatine uptake via increased expression of its
plasma membrane transporter SLC6AS8 [250]. Interestingly,
intraperitoneal creatine supplementation synergized with
PD-1 blockade therapies for the control of tumor growth.
These observations are reminiscent of similar synergistic
results observed after PD-1 axis blockade in combination
with dietary arginine supplementation [251] or Arg2 genetic
deletion [215]. Therefore, whether arginine availability and
its intracellular metabolism impact on creatinine levels in
human T cells (see Fig. 2) is a question that merits further
exploration.

B cells

Only a few studies have addressed how arginine availability
and arginine metabolism influence B lymphocyte biology.
In comparison to T cells, B lymphocytes are less sensitive
to arginine depletion. Decreased plasma arginine concentra-
tions—via Argl overexpression in the small intestine—did
not alter peripheral B cell proliferation or cytokine secretion.
However, the same study demonstrated that arginine deple-
tion led to an impaired developmental transition from pro-B
to pre-B cells in the bone marrow, resulting in reduced B cell
cellularity in secondary lymphoid organs [252]. In addition,
mice fed with arginine-free diets showed impaired mucosal
immunity against tetanus toxoid, as no toxin-specific fecal
IgA were detected in these mice [253]. Single-cell RNA-seq
experiments demonstrated that B cells in human lung tumors
express ARG1 [254]. However, the roles of arginases in B
cells remain mostly unaddressed. Conversely, it has been
demonstrated that NOS2 is an intrinsic factor for plasma cell
survival in vitro and in vivo, as its activity is critical for the
response of plasma cells to pro-survival signals, provided by
APRIL and IL-6 derived from bone-marrow stromal cells
[255].

Natural killer cells

The modulatory role of arginine extends to human natural
killer (NK) cells. Early studies showed that arginine sup-
plementation enhanced the cytotoxic activity of CD56"
human NK cells in vitro, as well as in vivo after 3 days of
arginine supplementation in both healthy volunteers [256]
and breast cancer patients [257]. Arginine supplementation
in mice resulted in a similar observation, namely, enhanced
poly IC-inducible NK cell activity [258]. Conversely, argi-
nine starvation of cultured NK-92 cells and ex vivo human
NK cells limited their proliferation, reduced expression of
the NKp46 and NKp30 activating receptors, and of the NK
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¢ chain, and reduced their cytotoxicity and IFN-y secretion
[259]. Similarly, other studies showed that arginine deple-
tion by arginase activity derived from human granulocytes
severely impairs the proliferation and IFN-y secretion by
primary and in vitro IL-2-activated human NK cells [260].
Interestingly, these effects occurred by a GCN-2 independ-
ent mechanism. Furthermore, ARG1 activity derived from
hepatitis C virus-induced MDSCs has also been shown to
suppress IFN-y production by NK cells [261].

Several reports have shown that the NOS pathway is
active in NK cells. Unlike other immune cells, NK cells
constitutively express the endothelial NOS or NOS3 [262].
The synthesis of NO by NK cells supports their cytotoxic
functions in different in vitro settings. NK-derived NO syn-
thesis has been proposed to act as an accessory cytotoxic
mechanism that contributes to DNA fragmentation and cell
lysis of NK targets [263]. In line with this hypothesis, a
progressive increase in NO synthesis by IL-2 activated NK
cells correlated positively with their capacity to lyse NK-
resistant target cells [264]. Furthermore, the NOS inhibi-
tors L-NMMA and L-NAME were able to partially inhibit
the cytotoxic efficacy of NK cells [263, 264]. As mentioned
above for granulocytes, NOS inhibitors can also decrease
arginine-dependent NK cytotoxicity by interfering with argi-
nine uptake.

Arginine metabolism in cancer

Multiple reports have documented increased arginase activ-
ity in both animal models of cancer [167] and patients with
colon, lung, breast, thyroid, or prostate cancer [174, 175].
Elevated arginine catabolism is a common hallmark of the
TME. A pioneering study showed increased expression of
arginases and NOS enzymes in neoplastic prostate epithe-
lium compared to the surrounding healthy tissue, and that
CD8* T cells infiltrating these malignant tissues displayed a
terminally differentiated phenotype, becoming irresponsive
to immune stimuli [175]. In addition, treatment with argi-
nase and NOS inhibitors restored CD8* T cell responsive-
ness. Subsequent studies showed that Arg2 expression in
mouse renal cell carcinoma suffices to induce arginine deple-
tion and immunosuppress co-cultured human T cells [265].
These observations suggested, for the first time, that arginine
depletion by arginases constitutes a major mechanism by
which cancer cells induce in situ immunosuppression.
Enforcing arginine depletion in the tumor microenviron-
ment might, however, seems counterproductive for tumor
growth: amino acids are essential for tumor cell prolifera-
tion as well as for stromal and vascular tissue remodeling
required for tumor spread. Several lines of evidence sup-
port the notion that immunosuppression by arginine deple-
tion is more beneficial for tumor growth than the constraint

resulting from reduced access to arginine [266]. In addition,
enforcing arginase activity in cancer cells might promote
tumor progression by providing neoplastic cells with poly-
amines and other arginine subproducts that stimulate cell
proliferation, and the tumor cells could adapt to limited argi-
nine by upregulating amino acid transporters or by lowering
their sensitivity to GCN2 and mTOR signaling. As described
above, T cells have specific requirements for specific amino
acids and arginine depletion activates GCN2 to block entry
into S phase following T cell stimulation [232], suggesting
that sufficient access to arginine is a prerequisite for cell
cycle entry in T cells.

These mechanisms are also reminiscent of healing
responses—used to control and prevent immune-mediated
damage in inflamed and wounded tissues. A central hypoth-
esis in current investigations is that malignant lesions hijack
tissue healing pathways and subvert these mechanisms for
suppressing anti-tumor immunity and creating potent pro-
tumoral immune checkpoints. Macrophages and cells from
the myeloid compartment are a paradigm of such hypothe-
ses. M1 macrophages are regarded as mediators of resistance
against tumor growth: they produce inflammatory cytokines,
such as IL-1p and TNF-, which promote Thl responses.
M1 macrophages are also responsible for NO production
[267], causing cell cycle arrest and tumor cell cytostasis
or apoptosis, and further sensitizing cancer cells to TNF-
induced cytotoxicity. On the contrary, macrophages con-
ditioned by anti-inflammatory cytokines released in tumor
microenvironment—such as IL-4, IL-10, amongst others—
polarize towards the M2 phenotype [268]. M2-polarised
macrophages induce Th2 responses and are characterized
by the production of anti-inflammatory mediators, such as
Argl. Both in patients and mice, tumor-associated mac-
rophages (TAMs) promote tumor progression and pro-
tumoral tissue remodelling [267, 269]. Activated similar
to M2 macrophages [105, 106], TAMs express substantial
amounts of ARG, leading to an over-production of orni-
thine, which can be used by ODC to synthesize polyam-
ines, such as putrescine, spermidine, and spermine, and thus
promote cancer cell proliferation and tumor vascularization
[270, 271].

In parallel, murine and human neoplastic cells can secrete
soluble factors—such as GM-CSF and G-CSF—that alter
myelopoiesis and lead to the recruitment and accumula-
tion of MDSCs [272]. For instance, increased numbers of
circulating MDSCs exhibiting high Argl expression have
been documented in glioblastoma patients [273]. In tumors,
MDSCs frequently express Argl and reflect functional simi-
larities to alternatively activated M2 macrophages [1, 274],
including IL-10, TGF-p, and IDO expression [275]. Interest-
ingly, it has been demonstrated that CD3( chain downregula-
tion caused by tumor-derived MDSCs overexpressing Argl
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might be more detrimental for CD4* T cells than CD8" T
cells [276].

Counterintuitively, arginine-depleting immune cells
might contribute to the establishment of barriers to natural
and therapy-induced anti-tumor immunity, even if tumor
cells do not catabolize arginine themselves. In light of these
findings, arginine supplementation could seem counterpro-
ductive, feed-forwarding the establishment of an immune
barrier. However, the combination of arginine supplemen-
tation with therapies that release other immunosuppressive
barriers, such as PD-L1 blockade, has proven successful in
preclinical models of osteosarcoma in mice [251]. There-
fore, restoring arginine in the TME boosts anti-tumor T cells
in a context, where the PD-1/PD-L1 axis is also disarmed
for the in situ repression of T cells. Thus, and as discussed
below, the exploitation of non-redundant immunosuppres-
sive mechanisms bears great promise for the immediate
future of cancer immunotherapies.

Arginases as therapeutic solutions and targets
in cancer

Numerous clinical trials have explored arginine depletion to
combat different malignancies, such as lymphoblastic and
acute myeloid leukemias, melanoma, as well as pancreatic
and liver carcinomas [277]. These therapeutic strategies
exploit a frequent ASS1 deficiency in tumor cells, which
renders malignant cells auxotrophic for arginine [278].
Therefore, arginine deprivation in the bloodstream has been
tested using the administration of two different pegylated
proteins, the mycoplasma-derived arginine deiminase (ADI-
Peg) or human Arginase 1 (Argl-Peg).

Although ADI-Peg has demonstrated efficacious anti-
tumor activity in ASS1-deficient tumors, such as HCC, ADI-
Peg is significantly immunogenic and induces the production
of blocking antibodies. Furthermore, ADI-Peg also leads to
the synthesis of ammonia, a toxic product, causing neutrope-
nia and neurological impairment [279]. Alternatively, Peg-
Argl can also reduce arginine serum levels in vivo without
inducing noticeable toxicity [280] and without evidence of
immunogenicity. Consequently, Peg-Arg] represents a safer
and more efficacious therapy that has exhibited significant
anti-tumor benefits in multiple preclinical cancer models and
in cancer patients [277].

Arginase inhibitors have also been tested for cancer treat-
ment. The most notorious case is that of the CB-1158 argin-
ase inhibitor. In mouse preclinical models, CB-1158 released
MDSC-mediated T cell immunosuppression and reduced
tumor growth in a CD8* T cell and NK cell-dependent man-
ner [281]. Moreover, in preclinical models, CB-1158 also
boosted the effect of standard-of-care immunotherapies—
such PD-L1 checkpoint blockade, and adoptive T or NK cell
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therapies—and improved efficacy of the chemotherapeutic
agent gemcitabine.

Concluding remarks and perspectives

Early work in the arginine metabolism field focused on
examining defects in arginine-starved immune cells. Subse-
quent studies identified key metabolic pathways driving argi-
nine metabolism in immune cells and defined major roles of
distinct immune cell lineages in immune responses to argi-
nine depletion. Over the past decade, an increasingly refined
picture has emerged of how cellular arginine metabolism
affects the differentiation, expansion, and maturation of both
macrophage, DC and T cell subsets. In parallel to a need
for a better understanding of arginine metabolism in other
immune cell lineages, some aspects of arginine relevance for
immune cell biology remain unaddressed. Although intracel-
lular arginine compartmentalization has been described, the
mechanisms of arginine trafficking from the cytosol to key
organelles, such as the mitochondrion, remain unknown. In
addition, it is still unclear what mechanisms mediate argi-
nine sensing in such organelles, a question of paramount
importance considering the relevance of intracellular argi-
nine metabolism for dictating immune outcomes.

It has also become evident that distinct arginine usages
result in lineage- and subset-specific pro- or anti-inflam-
matory phenotypes. Translating and further expanding
our knowledge on the metabolic fate of arginine is likely
to lead to the development of new therapeutic strategies in
many disease areas. Understanding how arginine metabo-
lism integrates with other regulatory mechanisms, such as
microRNA-155 upregulation in activated CD8 T cells, might
reveal critical metabolic nodes that might be readily avail-
able for genetic or pharmacologic intervention. Given our
growing appreciation of how arginine metabolism dictates
divergent immune phenotypes, e.g., Arg2 limits T cell acti-
vation and effector functions but promotes T,,, metabolic
fitness, integrating arginine metabolism and the inflamma-
tory milieu in which T cells operate will be crucial for the
development of next-generation immunotherapies. Isoform-
specific arginase inhibitors or genetic engineering of argi-
nine metabolic pathways could prove to be valuable thera-
peutic tools to favor immunogenic or tolerogenic responses
in personalized immunotherapies.
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