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Macrophages represent the first line of defence in innate immune responses
and additionally serve important functions for the regulation of host
inflammation and tissue homeostasis. The M1/M2 model describes the two
extremes of macrophage polarization states, which can be induced by mul-
tiple stimuli, most notably by LPS/IFN-y and IL-4/1L-13. Historically, the
expression of two genes encoding for enzymes, which use the same amino
acid as their substrate, iINOS and ARG1, has been used to define classically
activated M1 (iNOS) and alternatively activated M2 (ARG1) macrophages.
This ‘arginine dichotomy’ has recently become a matter of debate; how-
ever, in parallel with the emerging field of immunometabolism there is
accumulating evidence that these two enzymes and their related metabolites
are fundamentally involved in the intrinsic regulation of macrophage polar-
ization and function. The aim of this review is to highlight recent advances
in macrophage biology and immunometabolism with a specific focus on
amino acid metabolism and their related metabolic pathways: iNOS/ARG1
(arginine), TCA cycle and OXPHOS (glutamine) as well as the one-carbon
metabolism (serine, glycine).
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ACO2, aconitase 2; ACOD1, aconitate decarboxylase 1; ARG1, arginase 1; ATP, adenosine triphosphate; CD206, mannose receptor; DLD,
dihydrolipoamide dehydrogenase; elFbA, eukaryotic translation initiation factor 5A; ETC, electron transport chain; FAQO, fatty acid oxidation;
GABA, gamma aminobutyric acid; GLS, glutaminase; GS, glutamine synthetase; H3K27, histone H3 lysine-27; HIF-1a, hypoxia-inducible
factor 1 alpha; IFN-y, interferon gamma; IL-1B, interleukin-1 beta; INOS, inducible nitric oxide synthase; Irg1, immunoresponsive gene 1; IRS,
insulin receptor substrate; JAK, janus kinase; JMJD3, jumonji domain-containing 3; LPS, lipopolysaccharide; MGL2, macrophage galactose
N-acetyl-galactosamine-specific lectin 2; mTOR, mechanistic target of rapamycin; NRF2, nuclear factor erythroid-2-related factor 2; Nuclear
factor kappa-light-chain-enhancer of activated B cells, NF-kB; OGDC, oxoglutarate dehydrogenase complex; OXPHOS, oxidative
phosphorylation; PDHC, pyruvate dehydrogenase complex; PHD, prolyl hydroxylases; PHGDH, phosphoglycerate dehydrogenase; PPAR-y,
peroxisome proliferator-activated receptor-gamma; RELMa, resistin-like molecule-alpha; ROS, reactive oxygen species; SAM, S-adenosy!
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acetylglucosamine; a-KG, alpha-ketoglutarate.
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Introduction

Nearly one century ago, Otto F. Warburg realized that
slices of tumour tissues convert glucose to lactate much
faster than healthy tissues [1]. Interestingly, this rapid
lactate production even happens in the presence of suf-
ficient oxygen, which would allow respiration via
oxidative phosphorylation (OXPHOS) in mitochondria.
This observation has later been termed the ‘Warburg
effect’. Warburg also found a similar metabolic pheno-
type in leucocytes but falsely attributed it to an artefact
of preparation [2]. However, earlier studies had already
demonstrated that neutrophils and macrophages are
similarly dependent on the process of aerobic glycolysis
for the production of adenosine triphosphate (ATP) [3—
6]. The evidence for increased glucose uptake and a
switch to aerobic glycolysis in lymphocytes upon stimu-
lation with mitogens was underpinned by a series of
studies starting in the 1960s [7-12]. Increased lactate
production of cells, which are dividing, was observed at
the same time and led to the notion that aerobic glycol-
ysis is indeed a hallmark of cellular proliferation [13—
15]. As more and more efficient, even cell type-specific,
gene-modifying technologies were introduced, the field
of immunometabolism gained new momentum. One of
the first studies, which marked the beginning of the
new era, demonstrated that hypoxia-inducible factor 1
alpha (HIF-1o) is essential for myeloid cell-mediated
inflammation by regulating ATP production [16]. In
particular, in the last 10 years a rapidly growing num-
ber of studies have elucidated that metabolic processes
such as aerobic glycolysis and respiration serve a much
broader purpose that goes beyond proliferation and
demonstrated that metabolic pathways distinctly shape
the immune response.

While glucose metabolism has long been the focus
and still is one of the major research areas of how
metabolism shapes the immune response, immunolo-
gists now increasingly turn their attention to the
impact of amino acid metabolism on immune cells,
especially on macrophage function. Before understand-
ing the mechanisms, it was a matter of debate, which
type of cells contribute to the excess nitrate production
in mammals [17]. In 1985, macrophages have been
identified as a major source of this metabolite in the
urine of lipopolysaccharide (LPS)-treated mice [18].
Subsequent studies could show that a metabolic pro-
duct of arginine mediates the cytotoxic and bacterio-
static effects of LPS-activated macrophages [19,20].
Over the last decade, it has become clear that addi-
tionally to its role as a key defence element, arginine-
derived NO is essential for orchestrating the metabolic
adaptation during macrophage activation and thus
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ultimately controls the cell’s response to inflammatory
stimuli. Although receiving less attention, studies
reporting alternative arginine conversion via arginase 1
(ARG1) were published in parallel and at first mainly
linked ARGI1 activity to suppression of cytotoxic T
cell function in mixed macrophage lymphocyte cultures
[21]. Soon later in the 1990s, it was discovered that
cytokines such as IL-4, which inhibit NO production,
upregulate ARGI1 activity in macrophages [22-24].
The term classical (M1) and alternative (M2) macro-
phage activation stems from exactly these alternative
metabolic states reflected by the nitric oxide synthase
(iNOS)/ARGTI balance and furthermore correlates with
type I T helper/type II T helper (Th;/Th,) cell pheno-
types [25]. In accordance with the essential role of
iNOS-derived NO for the metabolic adaptation
required for M1 macrophage activation, recent evi-
dence suggests that also the alternative metabolic flux
via ARGI plays a fundamental role for M2 macro-
phages to acquire their phenotype and fulfil their effec-
tor functions. In this regard, it is important to note
that iNOS and ARGI are not exclusively expressed by
either pro- or anti-inflammatory myeloid subsets. In
fact, due to the high plasticity of macrophages several
studies reported the presence of myeloid cells that are
positive for both enzymes in distinct pathological set-
tings including Mycobacterium tuberculosis (M. tuber-
culosis) infection, the tumour immune infiltrate and a
mouse model for multiple sclerosis [26-28]. Addition-
ally, there is accumulating evidence that ARGI1 expres-
sion might also be induced by pathways that are
usually linked to an inflammatory innate immune
response [27,29-33], which further challenges this ‘argi-
nine dichotomy’.

Besides the iNOS/ARGT] axis, the tricarboxylic acid
(TCA) cycle has emerged as a central immunometa-
bolic hub for macrophage activation. The observation
that macrophages in response to LPS/IFN-y suppress
OXPHOS and induce two functionally important dis-
ruptions in the TCA cycle, which lead to the accumu-
lation of succinate and itaconate, stands in stark
contrast to a fully functional TCA cycle and the high
OXPHOS activity in IL-4-stimulated macrophages
[34-37]. Hence, both of these two TCA cycle modes
play fundamental roles by regulating the activation
state and functional properties of macrophages. Addi-
tionally, the amino acid glutamine has been shown to
be crucial for both macrophage phenotypes by feeding
into the TCA cycle via glutamate and alpha-ketoglu-
tarate (0-KQG). This is, however, triggered by different
events during M1 and M2 activation, which have
specific consequences in the context of the respective
polarization state [38].
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Additionally to glutamine, the involvement of amino
acids in redox homeostasis such as glycine and serine
has sparked new interests in the field of macrophage
biology. Recently, the serine synthesis pathway, which
is also linked to glutathione metabolism, has been
shown to be implicated in the response of macro-
phages to LPS/IFN-y and IL-4 [39—41]. In this review,
we will discuss how the metabolism of specific amino
acids fundamentally regulates macrophage activation
and intrinsically controls their function. This article
complements a series of recently published reviews
focusing solely on TCA cycle metabolites and their
role in macrophage polarization as well as on amino
acid metabolism in the context of immunity in general
[42,43].

Classical activation (M1) of
macrophages and metabolic
adaptation during polarization

Cells belonging to the monocyte/macrophage lineage
display a distinct phenotypic heterogeneity, which
results from differences in cellular differentiation state,
tissue distribution and predominance of a variety of
endogenous and exogenous stimuli [44]. In the context
of a type 1 effector response, macrophages acquire a
phenotype, which mediates immunity to many
microorganisms including bacteria, viruses, fungi as
well as protozoa and also helps to maintain tumour
immune surveillance. The term ‘classical’ immune acti-
vation of macrophages that has later also been
described as M1 polarization stems from early studies
with mice infected with Listeria monocytogenes or M.
tuberculosis [45]. The observation of enhanced antimi-
crobial activities of macrophages, which can induce
resistance to these bacterial infections, was subse-
quently attributed to cytokines, in particular inter-
feron-y (IFN-y), that are secreted by specifically
activated Th; cells and natural killer cells [46].

In parallel to the observation that macrophages alter
their arginine metabolism to produce large amounts of
NO when they encounter LPS [18], it was realized that
glycolysis is another metabolic pathway, which is sub-
stantially upregulated during classical macrophage
polarization [47,48]. Before HIF-1a was discovered as
a strongly activated transcription factor in macro-
phages following LPS stimulation, because its loss pro-
tects from LPS-induced mortality in mice [16,49-51],
HIF-1o had been identified to be a major driver of
glycolytic gene expression [52]. This connection is of
particular interest as it partially explains why M1-po-
larized macrophages engage in aerobic glycolysis even
under normoxic conditions. The question arose, which
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cellular events trigger HIF-1a activation and stabiliza-
tion in these macrophages.

Besides a mechanism that involves pyruvate kinase
M2 [53], another metabolic key event in classically
activated macrophages is the accumulation of several
TCA cycle intermediates, which is based on a pro-
found change in this metabolic pathway (Fig. 1) [34].
The build-up of succinate stabilizes HIF-1a by impair-
ing prolyl hydroxylases (PHDs), which under active
conditions hydroxylate HIF-1a that is further tagged
with ubiquitin to induce proteasomal degradation. The
decrease in PHD activity is explained by product inhi-
bition. These enzymes use o-KG to hydroxylate their
target proteins, while succinate, the product of this
reaction, negatively regulates their function [54]. Fur-
thermore, in 2011 two independent studies reported
the discovery of significant accumulation of itaconate
in LPS/TFN-y-stimulated macrophages and diseased
lung tissue of M. tuberculosis-infected mice [55,56]. Ita-
conate is produced via the decarboxylation of cis-
aconitate by aconitate decarboxylase 1 (ACODI). It
took two more years to unravel that immunorespon-
sive gene 1 (Irgl), which had been described already
years before as one of the most highly upregulated
genes under pro-inflammatory conditions, encodes for
the enzyme ACODI1 [57-60]. Due to its inhibitory
properties on succinate dehydrogenase (SDH), ita-
conate is involved in the aforementioned accumulation
of succinate [61,62]. Interestingly, Seim et al. [63] have
shown that itaconate itself can inhibit the activity of
PHDs, which together with succinate might lead to the
stabilization of HIF-1o.. However, the stabilization of
this transcription factor can also be mediated by the
oxidation of succinate via SDH. This reaction has
been shown to drive reactive oxygen species (ROS)
production by hyperpolarization of mitochondria in
LPS-activated macrophages, which induces the produc-
tion of pro-inflammatory cytokines such as IL-1p [64].
In this setting, itaconate would act as a rheostat by
inhibiting SDH activity and consistently Irg/~/~
macrophages exhibit a more pro-inflammatory state
[61]. Therefore, it is a yet unresolved question, why
itaconate exerts anti-inflammatory properties while at
the same time it promotes the build-up of succinate,
which is thought to drive a pro-inflammatory response.
One hypothesis that might solve this controversy is
that the effect of mitochondrial ROS production by
oxidation of succinate on HIF-1a stabilization is domi-
nant over the effect of PHD inhibition via succinate
and itaconate accumulation. In support of this notion,
the OCR of Irg/~/~ macrophages is highly increased
upon LPS stimulation and in vivo administration of
itaconate leads to a fast reduction in oxygen uptake of
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Fig. 1. Amino acids and corresponding metabolic pathways shape M1 macrophage activation. The ETC and mitochondrial complexes are
remodelled in response to LPS/IFN-y stimulation to increase mitochondrial ROS production and decrease respiration. Mitochondrial ROS has
been shown to drive the inflammatory response of M1-polarized macrophages. Arginine is converted via iINOS to citrulline and NO, which
inhibits mitochondrial complex | and complex Il and promotes the loss of mitochondrial complexes during late stages of M1 polarization.
The TCA cycle also undergoes rapid changes during M1 polarization. In the early stage, production of itaconate leads to accumulation of
succinate by inhibition of SDH, which stabilizes HIF-1a and augments the inflammatory response. NO inhibits ACO2 and IDH, which leads
to decreased carbon flux from citrate to o-KG and, which triggers increased carbon entry from glutamine into the TCA cycle to fuel o-KG
and succinate anaplerosis. The ratio of succinate and o-KG regulates M1 polarization via PHD-dependent proline hydroxylation of IKKB,
which is important for activation of NF-xB signalling. High levels of succinate in the early phase of M1 polarization favour a strong
inflammatory response. The later phase is characterized by inhibition of PDHC and OGDC, which leads to a drastic reduction in the levels of
citrate, itaconate and succinate. PDHC has been shown to be inhibited by NO-mediated nitrosation of cysteine residues from DLD, a
subunit, which also associates with OGDC. Thus, it is also likely that NO mediates the observed diminished flux from a-KG to succinate in
the late phase. Additionaly, glutamine-derived o-KG is important for the induction of endotoxin tolerance and GLS inhibition leads to
increased mortality in the context of repeated LPS administrations. The SSP is also involved in M1 polarization by generation of glycine and
driving the folate cycle, which is important for glutathione and SAM production. Glutathione production is important for optimal IL-1B
expression and SAM promotes H3K36 trimethylation of inflammatory genes to increase their expression.

rats [61,65]. In this regard, the role of succinate as a
strictly pro-inflammatory metabolite has also recently
been challenged by several studies, which demonstrate
that succinate can have context-dependent anti-inflam-
matory properties [66-69]. Moreover, it still needs to
be defined, which effects derive from the intracellular
build-up of succinate pools during M1 polarization
and which from extracellular succinate that can be

sensed via succinate receptor 1 (SUCNRI). While an
earlier study has demonstrated increased IL-1f pro-
duction via SUCNRI signalling [70], more recent
reports propose an anti-inflammatory role of the succi-
nate-SUCNRI axis in tumour-associated and adipose
tissue macrophages [66,67]. Adding another layer of
complexity, the expression of SUCNRI is variable
among the different macrophage polarization states
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and is predominantly expressed in pro-resolving or
anti-inflammatory macrophages. Furthermore, sig-
nalling via this receptor seems to activate HIF-1a, but
instead of inducing pro-inflammatory genes it leads to
the induction of anti-inflammatory modulators such as
ARGI [66,67,71].

Interestingly, a recent study from Harber er al.
could not reproduce the effects from previous studies,
which demonstrated that adding succinate to in vitro
classical macrophage activation assays drives the
inflammatory response and instead showed that addi-
tion of this metabolite or expression of SUCNRI
reduces the induction of M1 marker genes and the
production of inflammatory cytokines [69]. Taken
together, although the underlying mechanisms are
incompletely understood, these studies provide evi-
dence that itaconate and succinate serve important
functions for the regulation of macrophage polariza-
tion and that the remodelling of the TCA cycle is fun-
damentally linked to their function.

Arginine-derived nitric oxide is
involved in the dynamic remodelling
of the mitochondrial electron
transport chain during M1 polarization

Early work already established that macrophages alter
their metabolism by increasing glucose uptake and lac-
tate production while decreasing oxygen consumption
when encountering an inflammatory stimulus [72-74].
A first possible connection between this distinct meta-
bolic phenotype and the short-lived arginine-derived
metabolite NO was presented by Drapier et al. [75,76].
They showed that the activity of the mitochondrial
complexes I (NADH-Q oxidoreductase) and II (SDH)
decrease in LPS/IFN-y-activated macrophages in par-
allel with the induction of arginine-derived NO and
also noted a concomitant increase in glycolytic activity
(Fig. 1). The authors suggested that glycolysis must be
upregulated in order to meet the demand for ATP
when mitochondrial metabolism is compromised. Sub-
sequently, another effect of NO on the electron trans-
port chain (ETC) was described as it was shown that
short-term exposure to NO reversibly inhibits complex
IV, which is competitive with oxygen at the catalytic
site of the enzyme [77,78]. Furthermore, Clementi
et al. [79] clarified the already established mechanism
of complex I inhibition by demonstrating that S-nitro-
sylation of this complex can lead to persistent defects
of cellular respiration.

Recent studies have explored the role of the ETC
with a particular focus on complex I and complex II
(SDH) as well as ROS generation during inflammatory
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responses of macrophages. Deletion of Ndufs4, which
causes a dysfunctional complex I, increases mitochon-
drial ROS and upregulates expression of the inflamma-
tory genes I/1b and Tnfa already in the absence of
direct activation [80]. In line with this, it has been
shown that the engagement of the Toll-like receptors
TLR1, TLR2 and TLR4 leads to increased ROS pro-
duction via ubiquitination of the protein evolutionarily
conserved signalling intermediate in Toll pathways
(ECSIT), which is involved in assembly of mitochon-
drial complex I [81,82]. Underlining the hypothesis
that ROS induce a more pro-inflammatory state,
chemical inhibition of complex I or expression of the
alternative oxidase (AOX) impairs ROS production
and leads to reduced IL-1B levels in LPS-activated
macrophages [83,84]. Recently, Garaude et al. [85]
have also demonstrated that upon activation of Toll-
like receptor signalling and the NLRP3 inflammasome,
macrophages transiently decrease assembly of complex
I- and complex I-containing supercomplexes, which is
accompanied by an increase in the activity of complex
II. Treatment of mice with the complex II inhibitor
dimethyl malonate reduces IL-1f levels when chal-
lenged with viable E. coli bacteria. These studies sup-
port a model where the ETC of macrophages during
M1 polarization undergoes a rapid reorganization,
which causes an increase in ROS production driven by
changes in the activity of complex I and complex II
leading to a pro-inflammatory state. In the context of
this dynamic remodelling of the ETC from classically
activated macrophages, a study using Nos2~/~ macro-
phages shows that NO also promotes the loss of mito-
chondrial ETC complexes in addition to its well-
known inhibitory effect on their function [86] (Fig. 1).
Concerning the consequences of the NO-mediated
inhibition of the ETC, Van den Bossche et al. [87] pro-
vide evidence that M1 macrophages fail to repolarize
to an M2-like phenotype, because M2 polarization is
highly dependent on a functional ETC. This lack of
polarization plasticity can be partially restored by
chemical inhibition of iNOS or in Nos2~/~ macro-
phages. This could also explain previous in vivo find-
ings in Nos2~/~ mice where preserved plasticity of pro-
atherogenic M1 cells to inflammation-resolving, pro-fi-
brotic M2 macrophages may underlie the decreased
atherosclerosis and increased atherosclerotic collagen
deposition in these mice [88,89]. Several questions con-
cerning the specific effects of NO, which modulate the
inflammatory state of macrophages, still remain open.
If NO inhibits complex II and oxidation of succinate
through this complex drives hyperpolarization of mito-
chondria, which leads to elevated ROS levels, the lack
of complex II inhibition in Nos2™/~ macrophages
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would be one possible mechanism explaining the
increased levels of pro-inflammatory cytokines
reported in two recent studies [86,90]. In support of
this hypothesis, McNeill ef al. demonstrate that
Gchl™/~ macrophages, which express normal iNOS
protein levels but lack NO production, exhibit higher
cellular ROS production [91]. Furthermore, ROS pro-
duction is induced earlier than NO [63], which suggests
that the remodelling of the ETC that initiates mito-
chondrial ROS formation is NO-independent but sus-
tained NO levels at later time points have a regulatory
function by its known inhibition of mitochondrial
complexes.

In connection with the proposed compensatory
upregulation of glycolysis due to NO-mediated repres-
sion of mitochondrial respiration, it is important to
mentioned that two studies did not observe differences
in the glycolytic rate between Nos2~/~ and wild-type
macrophages and one study even reported higher levels
with chemical iNOS inhibition [86,87,90]. In two of
these studies, extracellular acidification rate was used
to derive the glycolytic rate [87,90]. It has been shown
that the extracellular acidification rate can also be
highly dependent on acidification from other sources
than lactate such as TCA cycle-derived production of
CO, and therefore is not always a reliable parameter
for glycolytic flux [92]. In this regard, Bailey et al. [90]
also reported reduced lactate secretion in Nos2™ /'~
macrophages. Thus, there is conflicting evidence con-
cerning the compensatory upregulation of glycolysis
mediated by NO-derived inhibition of mitochondrial
respiration. Another question is whether a similar
time-resolved regulation depending on the late LPS-in-
duced expression of iNOS also exists in macrophages.
This has been shown in dendritic cells, where only the
sustained commitment towards a more glycolytic state
is mediated by NO and not the rapid early activation
upon stimulation with LPS [93,94].

The TCA cycle undergoes vast
changes during M1 polarization: a key
role of arginine-derived nitric oxide

In parallel to the aforementioned reorganization of the
ETC, the TCA cycle also rapidly changes in macro-
phages encountering a pro-inflammatory stimulus.
Recently, Seim et al. [63] have shown that the remod-
elling of this central metabolic pathway can be divided
into two stages. During the early stage, IDH1/2 and
aconitase 2 (ACO2) are inhibited or downregulated
and the upstream metabolites citrate/isocitrate accu-
mulate. In connection with the rapid induction of
ACODI, these events lead to a diversion of the carbon

Amino acid metabolism in macrophage polarization

flux to itaconate. Itaconate competitively inhibits
SDH, which results in accumulation of succinate. As a
consequence of the succinate build-up, HIF-1a levels
increase via inhibition of PHD. This event indicates
the transition from the early to the late phase meta-
bolic rewiring, which is characterized by upregulation
of NO synthesis and activation of the aspartate argini-
nosuccinate shunt that connects anaplerosis of the
TCA cycle metabolites fumarate, malate and oxaloac-
etate with NO synthesis. Furthermore, substantial inhi-
bition of pyruvate dehydrogenase complex (PDHC)
that decarboxylates pyruvate to generate acetyl-CoA
leads to reduced carbon entry from glycolysis to the
TCA cycle. This results in the reduction of glucose-
derived citrate, cis-aconitate and itaconate. Simultane-
ously, inhibition of oxoglutarate dehydrogenase com-
plex (OGDC) dampens succinate accumulation. The
net effect is a drastic reduction in these metabolites
and normalization of HIF-1a [63].

Insight from several studies suggests an important
role for arginine-derived NO in the rewiring of the
TCA cycle. Concerning the reduction in carbon transi-
tion from citrate to o-KG, it has been shown that
NO-mediated nitrosation of cysteine residues of IDH1
decreases the activity of this enzyme [90] (Fig. 1).
Another study demonstrated that the decrease in
ACO?2 expression and activity, which can be observed
during M1 polarization, is absent in Nos2~/~ macro-
phages [86]. Findings from earlier studies also suggest
that continuously high NO production can destabilize
the required Fe-S cluster of this enzyme [75,95]. In
concordance with the abovementioned observations,
isotope tracing experiments with uniformly labelled
glucose suggest a functional TCA cycle in Nos2™/~
macrophages due to the presence of substantial ratios
ofm+ 4, m+5and m+ 6 for all TCA cycle interme-
diates, which is completely absent in NO-producing
wild-type macrophages upon M1 polarization [86].
Thus, NO is a key determining factor of the observed
break in the TCA cycle between citrate and o-KG.

NO is furthermore involved in the metabolic rewir-
ing at the level of PDHC-mediated flux from glycolysis
into the TCA cycle by nitrosation of cysteine residues
from dihydrolipoamide dehydrogenase (DLD), which
associates with several metabolic enzymes such as
PDHC and OGDC [86] (Fig. 1). Nitrosation of this
subunit has been shown to reversibly inhibit its activity
and could thus explain the severely compromised car-
bon flux through PDHC, which is a hallmark of the
late phase metabolic adaptation of MIl-polarized
macrophages [63,96]. Accordingly, the absence of NO
promotes pyruvate oxidation via PDHC because the
flux through this enzyme complex, measured by the
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ratio of m + 2 citrate/m + 3 pyruvate from uniformly
labelled glucose, is not downregulated upon LPS/IFN-
y stimulation in Nos2~/~ macrophages and addition-
ally, pyruvate respiration is comparable to unstimu-
lated cells [86]. As DLD associates also with OGDC
and is nitrosated by NO, the observed reduced carbon
flow through this enzyme complex in the late meta-
bolic phase might as well be largely mediated by NO
similar to the mechanism that has been shown for
PDHC. This, however, requires further investigation,
and to this date, reports which prove this hypothesis
are still missing.

To sum up, besides its role as a potent cytotoxic
and bacteriostatic metabolite produced by inflamma-
tory macrophages, NO also serves regulatory functions
via its effects on the ETC and TCA cycle (Fig. 1). This
is in line with the observed phenotype of Nos2™/~
macrophages, which express higher levels of pro-in-
flammatory cytokines [86,90]. NO has also been shown
to control the immunopathology of tuberculosis by
inhibiting NLRP3 inflammasome-dependent processing
of IL-1PB [97]. In addition, supplementation with argi-
nine also increases NO production and improves the
clinical outcome of patients with tuberculosis who are
undergoing tuberculostatic therapy, which underscores
the important role of this amino acid-derived metabo-
lite in inflammation and immunity [98].

A break in the TCA cycle leads to
increased anaplerosis of TCA cycle
intermediates through glutamine,
which serves as an important immune
rheostat for M1 polarization

Key characteristics of the early remodelling of the
TCA cycle during M1 polarization are the decreased
carbon transition from citrate to «-KG and the build-
up of succinate. Consequently, the replenishment of
TCA cycle intermediates downstream of citrate is dri-
ven by increased carbon flux from glutamine (Fig. 1).
This observation has consistently been shown in sev-
eral recent publications, which demonstrate through
isotope tracing experiments with labelled glutamine
that the relative distribution of m + 5 labelled a-KG
and m + 4 labelled succinate substantially increases
upon LPS stimulation [34,35,63,99]. The increased
anaplerosis of succinate is accompanied by an increase
in the glutamine transporter Sic3a2 gene expression
and also increased glutamine uptake [34,86]. A propor-
tion of this larger succinate pool in macrophages in
response to LPS is derived from the gamma aminobu-
tyric acid (GABA) shunt, which bypasses the TCA
cycle by using glutamine for conversion to glutamate,
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GABA, succinic semialdehyde and eventually succinate
[34]. The irreversible inhibitor of the key GABA shunt
enzyme, GABA transaminase, vigabatrin significantly
reduces the amount of labelled succinate from glu-
tamine and thus LPS-induced stabilization of HIF-1a
and secretion of IL-1B by macrophages [34]. Further-
more, the stimulatory effect of LPS/IFN-y to increase
carbon entry into the TCA cycle from glutamine is
also NO-dependent, because Nos2~/~ macrophages
show decreased fractional labelling from glutamine for
succinate and citrate [86]. Thus, glutamine is an impor-
tant substrate for the anaplerosis of succinate in M1-
polarized macrophages and thereby exerts potent
effects on the immune response in an inflammatory
setting.

Recently, Liu et al. demonstrated by using pharma-
cological glutaminase (GLS) inhibition or glutamine-
deficient medium and cell-permeable succinate as well
as o-KG derivates that the a-KG/succinate ratio could
be also an important determinant of the inflammatory
response of LPS/IFN-y-stimulated macrophages [38]
(Fig. 1). Addition of dimethyl o-KG dampens M1
polarization by interfering with nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-kB) sig-
nalling through suppression of IKKp activation and
eventually NF-xB translocation. This effect seems to
be controlled via PHD-dependent proline hydroxyla-
tion on IKKp because this enzyme is positively regu-
lated by o-KG but antagonized by succinate.
However, the authors do not show how the a-KG/suc-
cinate ratio is specifically modulated by glutamine-de-
pleted medium or GLS inhibition, which is one of
their main proposed mechanisms. There is controversy
concerning the use of derivates as it has been shown
for example that different itaconate form scan exert
effects that are attributed to their modification and
not to the metabolite itself. Additionally, the fact that
adding diethyl succinate does not antagonize dimethyl
o-KG-induced impairment of the IKKB-NF-xB path-
way, warrants a more critical interpretation of the
results of this study [100]. Despite these limitations,
this report adds a new perspective of how the meta-
bolic rewiring during M1 polarization could shape the
inflammatory outcome. It remains also open, if the o-
KG/succinate ratio changes between the different
stages of the metabolic remodelling in LPS/IFN-vy-
stimulated macrophages, as the downregulation of
OGDC during the late stage would reduce the conver-
sion of a-KG to succinate [63]. Another interesting
observation of the study presented by Liu ef al. is that
glutamine starvation or GLS inhibition with BPTES
during the LPS priming phase prevents macrophages
to Dbecome endotoxin tolerant [38]. Endotoxin
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tolerance is a mechanism, which renders macrophages
unresponsive to repeated stimulation by LPS and thus
represents a crucial homeostatic mechanism that pro-
tects the organism from potentially harmful excessive
activation of the immune system [101]. In a toxic
shock mouse model with a low priming dose of LPS
and a second administration of a lethal dose of LPS,
injection of BPTES reduced survival of these mice,
whereas the addition of dimethyl a-KG reverted this
phenotype. The exact mechanism of how glutamine
metabolism is involved in the induction of endotoxin
tolerance, however, still needs to be explored.
Recently, DNA demethylase Tet2, which contains
binding sites for o-KG, critically required for its cat-
alytic function, has been shown to also control pro-in-
flammatory responses in macrophages [102]. In this
respect, it has been proposed that epigenetic repro-
gramming forms the basis of innate immune memory.
Accumulation of fumarate, due to glutamine replenish-
ment of the TCA cycle, induces epigenetic reprogram-
ming of monocytes by inhibiting KDMS5 histone
demethylases, which is essential for establishing B-glu-
can-induced trained immunity [103—106]. From a clini-
cal perspective, it is noteworthy that patients with
obesity or diabetes have lower serum concentrations of
glutamine and o-KG but higher concentrations of suc-
cinate in line with the known accumulation of Ml
macrophages in these metabolic disorders [107-110].

In summary, the replenishment of succinate via
increased entry of glutamine-derived carbon into the
TCA cycle is induced during the early stage of the
metabolic remodelling in M1 polarization. Further-
more, glutamine-derived o-KG seems to dampen the
inflammatory response and is crucial for the induction
of endotoxin tolerance.

Serine and glycine are important for
redox balance and epigenetic
regulation of pro-inflammatory genes
during M1 polarization

In the 80s and 90s, it has already been described that
thioglycollate-elicited, LPS-stimulated or zymosan-
challenged macrophages greatly increase their uptake
for cystine, which is the oxidized dimer form of the
amino acid cysteine, and almost release the same
amounts of cysteine and glutathione [111-113]. How-
ever, only recently due to studies, which highlight the
relevance of increased ROS levels upon M1 polariza-
tion, the regulation of redox homeostasis during
inflammatory activation sparked new interest. Glu-
tathione is the major antioxidant that protects cells
from ROS and is synthesized by the addition of
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glycine to y-glutamylcysteine, which itself consists of
glutamate and cysteine. Although the underlying
mechanisms are still incompletely understood, it is
widely accepted that the transcription factor nuclear
factor erythroid-2-related factor 2 (NRF2) is activated
in response to oxidative stress and restricts NF-xB
activation in response to LPS partly via regulation of
glutathione metabolism [114,115]. Buthionine sulfox-
imine, an inhibitor of glutamylcysteine synthetase,
which blocks glutathione production, has also been
shown to decrease serum levels of IL-1B in endotox-
aemia in rats [116]. Thus, it has been speculated that
despite substantially induced ROS levels during M1
polarization, which induce upregulation of inflamma-
tory cytokines, ROS must be held below a certain
threshold. Elevated ROS production could lead to a
dysregulated cellular redox balance and dampen the
inflammatory  response by NRF2 activation
[82,83,117]. The relevance of the serine synthesis path-
way (SSP) is still poorly defined for immunity and
inflammation. However recently, it has been attributed
to an unexpected role during M1 polarization [41].
The entry step of the SSP branches from glycolysis
and is catalysed via the enzyme phosphoglycerate
dehydrogenase (PHGDH) to produce phosphopyru-
vate, phosphoserine and eventually serine (Fig. 1).
Rodriguez et al. [41] demonstrated that environmental
but also endogenously synthesized serine via the SSP is
required for optimal LPS induction of I//h mRNA
expression. The conversion of serine to glycine via ser-
ine hydroxymethyltransferase 1/2 is coupled with the
generation of 5,10-methylenetetrahydrofolate from
tetrahydrofolate. 5,10-methylenetetrahydrofolate can
be used as a one-carbon donor in multiple reactions
including nucleotide synthesis. In their study, the need
for one-carbon donor units as the mechanism underly-
ing the reduced /L/h mRNA expression was ruled out
because formate, which can provide one-carbon units,
did not rescue the phenotype. Interestingly, the pro-
duction of glycine from serine seems to be required for
glutathione production, because exogenously added
glutathione restored /L/b mRNA expression in the
absence of serine. The authors further demonstrated
the relevance of the SSP for the inflammatory response
to LPS by showing that injections of a PHGDH inhi-
bitor in a toxic shock model reduced mortality and IL-
1B levels in the circulation, a finding, which has
recently been confirmed by another study [40]. An
essential question for future research is why the
decrease in IL-1P is dependent on extracellular serine
in vitro, but dependent on de novo serine synthesis
in vivo. The study also does not explain why mono-
cytes require PHGDH-dependent serine synthesis
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in vivo, even though serine and glycine are present in
their environment. Thus, the precise mechanisms of
how the SSP affects IL-1 are not fully understood.
Another in parallel published study supports the
hypothesis that the SSP is important for fuelling de
novo ATP synthesis to drive S-adenosyl methionine
(SAM) generation in inflammatory macrophages [40]
(Fig. 1). Isotope tracing experiments with uniformly
labelled glucose or serine demonstrate that upon LPS
activation macrophages increase their carbon flux
through the SSP and one-carbon metabolism. This
induces a high SAM/S-adenosyl homocysteine ratio,
which promotes LPS-stimulated production of IL-1j
by supporting H3K36 trimethylation to act as a
‘methyl sink’ that promotes transcription elongation
and splicing required for the optimal expression of
diverse inflammatory genes [118]. Another recently
published report finds that chemical inhibition of
PHGDH increases levels of IL-1B, which contradicts
the results of the abovementioned studies [39]. Again,
it is important to note that the metabolic reprogram-
ming of M1 polarization can be separated in several
stages and conflicting results between these studies
might be explained by differences in timing as Rodri-
guez et al. [41] and Yu et al. [40] focused on early,
whereas Wilson er al. [39] focused on later time points
after LPS stimulation.

In conclusion, the amino acids serine, glycine and
their related metabolic pathways, SSP and one-carbon
metabolism, have recently been shown to be involved
in the inflammatory response and highlight an emerg-
ing theme in the immunometabolism field.

Alternative (M2) activation of
macrophages and metabolic
adaptation during polarization

Alternatively activated macrophages are key players in
type 2 immunity and therefore important for effective
immune responses against large extracellular parasites,
for example helminths. Furthermore, they have been
shown to be involved in a variety of other physiologi-
cal and pathological settings, including tissue home-
ostasis and repair, malignancy, hypersensitivity, allergy
and fibrosis [119]. The term ‘alternative macrophage
activation” was first introduced in 1992 by a study
demonstrating that IL-4-treated, in contrast to IFN-y
stimulated, peritoneal macrophages upregulate the
expression and activity of the mannose receptor
(CD206) [120,121].

In line with previously published data describing an
IL-4-mediated restriction of specific MHC class II anti-
gen expression and reduced pro-inflammatory cytokine
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secretion [122-125], the authors concluded that IL-4 ini-
tiates an alternative macrophage polarization state
[120,121]. Although this classification nicely correlated
with the previously established phenotypes of Th;/Th,
cells that are potent secretors of IFN-y and IL-4,
respectively [126], it was only in the early 21st century
when Mills et al. introduced the term ‘M1/M2 macro-
phage’ [127]. In 1995, IL-13 was identified as another
T-cell-derived cytokine that shares certain functional
characteristics with IL-4 [128]. Over the years, other
alternative  macrophage-activating  factors  were
described, thus leading to the definition of various M2
subcategories based on their respective inducing mole-
cules and on the differential expression of chemokine
receptors: M2a (IL-4/IL-13), M2b (combined exposure
to immune complexes and TLR or IL-1R agonists) and
M2c (IL-10) [129]. However, since macrophages display
a great heterogeneity and express overlapping markers,
it is difficult to subdivide them by this strict systemati-
zation. Especially in vivo, macrophages face a complex
range of different environmental stimuli that rather
result in a continuum of polarization states, than in a
few distinct well-defined subsets [130].

Nevertheless, some sort of classification of macro-
phage fates is still widely used by researchers. The best
studied model to induce M2-like macrophage polariza-
tion is the stimulation with IL-4 and/or IL-13, which
leads to the transcription of the well-known M2 mar-
ker genes Argl and resistin-like molecule-alpha
(Relma) [119,131]. Importantly, ARG1 was the first
enzyme described to be differentially regulated in mac

rophages stimulated with either Th;- or Thycell-
derived cytokines. These early studies have already
suggested the existence of two competitive metabolic
states in murine macrophages [22-24]. They further
concluded that this might be of significant biological
relevance, listing confirmatory studies describing the
reciprocal regulation of iNOS and ARGI1 expression
in macrophages during tumour rejection and progres-
sive tumour growth as well as in wound healing
[24,132,133]. Additionally, these studies raised the
question about the functional role of ARGI expression
in alternatively activated macrophages and introduced
two not mutually exclusive possibilities: since ARGI1
and iNOS compete for the same substrate, arginine, a
high expression and activity of ARGI could suppress
NO production; on the other hand, the conversion of
arginine by ARGI results in the build-up of ornithine,
the precursor metabolite for polyamine synthesis,
which could have a crucial impact on the macrophage
polarization state [24]. Until now, the exact role of
ARGI and its substrate in macrophage activation and
function is still not completely clarified.
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Accumulating data about ARGI expression trig-
gered by signalling pathways that are usually attribu-
ted to the induction of a more pro-inflammatory
macrophage fate further invigorate research about
functional consequences of this enzyme in macrophage
polarization. In this regard, El Kasmi et al. [27]
described that TLR signalling that is well known to
augment the bactericidal activity of myeloid cells stim-
ulates ARG1 expression in M. tuberculosis- and Toxo-
plasma gondii-infected macrophages. Importantly, the
authors could show that this increase in ARGI levels
is independent of the transcription factor STAT6 but
instead mediated by MyD88 signalling. Additionally to
this described mechanism of cell-intrinsic MyD88 sig-
nalling, another function of this pathway is the induc-
tion of the release of specific cytokines including IL-6,
IL-10 and G-CSF. These cytokines in turn activate the
transcription factor STAT3 and induce ARGI expres-
sion in an autocrine/paracrine manner [29]. In 2014, a
study demonstrated that macrophages stimulated with
tumour-conditioned media display a phenotype similar
to cells cultured under anaerobic conditions. The
authors identified that lactic acid secreted by tumour
cells skews macrophages towards Argl and Vegfa
expression via increased HIF-la stabilization [31], a
signalling pathway believed to be only involved in M1
macrophage polarization and that is generally known
to be activated via hypoxia [34]. Indeed, a previous
study using a M. tuberculosis infection disease model
has already suggested that an oxygen scare environ-
ment might increase ARG1 levels in macrophages [32].
Importantly, perturbation in oxygen homeostasis is
also considered a key feature of solid tumours and is
associated with macrophage recruitment as well as
with the induction of angiogenetic genes [134,135]. A
very recent study by Carmona-Fontaine er al. could
demonstrate that ARGl-expressing macrophages are
indeed predominantly located within hypoxic regions
of the tumour and simultaneously express VEGFA to
stimulate endothelial cells to engage in vessel forma-
tion [33]. However, in contrast to the study by Colegio
et al. [31] the authors state that limited oxygen and
high levels of lactate synergistically increase ARGI
expression by TLR signalling and the mitogen-acti-
vated protein kinase (MAPK) pathway. Their findings
nicely fit to previously published data that link
MyDS88 signalling to macrophage ARGI expression in
two different intracellular infection models [27,29].
Another recent study provides evidence for an epige-
netic regulation of ARGI1 expression in LPS/IFN-y-
stimulated or bacteria-challenged macrophages by lac-
tate [30]. The authors could show that this metabolite,
which accumulates due to an increased glycolytic
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metabolism of M1-polarized macrophages, is used for
histone lactylation, which in turn activates the tran-
scription of specific genes that are predominantly
involved in wound healing and keeping tissue home-
ostasis. Since histone lactylation happens in the late
phase of M1 polarization and mainly stimulates the
expression of homeostatic or M2-associated genes such
as ARGI, the authors suggest that lactate might func-
tion as a clock to turn off the M1 programme of
macrophages. This could also explain the presence of
ARG1/iNOS double-positive myeloid subsets in differ-
ent disease settings where the immune response might
undergo a switch from a pro-inflammatory to a rather
anti-inflammatory state [26-28]. Moreover, this study
provides evidence for an indirect effect of HIF-1a on
the induction of ARG1 expression in M1 macrophages
by increasing the production of lactate through activa-
tion of glycolytic genes [30]. Additionally, HIF-la
might trigger a positive feedback loop, which boosts
lactate production via the activation of pyruvate dehy-
drogenase kinase (PDK) that blocks PDHC and thus
enhances the conversion of pyruvate to lactate and
therefore ultimately stimulates ARGI expression in an
indirect way via histone lactylation. Taken together,
many different pathways that are considered being
pro-inflammatory can lead to the induction of ARGI
levels in macrophages. Thus, further research is needed
to clarify the function of this enzyme and its substrate
arginine in various macrophage polarization states.
Over the last decade of research, the link between
macrophage polarization and metabolism in general
has gained more and more attention. In this regard,
in 2006 Vats et al. [36] demonstrated that alternatively
activated macrophages take up more fatty acids and
prefer fatty acid oxidation (FAQO) over glycolysis in
comparison to macrophages stimulated with LPS/
IFN-y (Fig. 2). The authors further introduced perox-
isome proliferator-activated receptor-gamma (PPAR-
y) coactivator 1f (PGC-1B), as an IL-4-dependent
STAT6-mediated transcriptional coactivator that
induces the expression of genes associated with FAO
and mitochondrial biogenesis, thus linking oxidative
metabolism with the M2 polarization state. More
recently, it has been demonstrated that this alternative
programme of macrophages is not only hallmarked
by increased FAO, but also by an intact TCA cycle
and enhanced OXPHOS (Fig. 2) [35]. Furthermore,
the M2 subtype exhibits increased expression of the
lipid scavenger receptor CD36 that mediates the endo-
cytosis of triacylglycerol substrates resulting in cell-in-
trinsic lysosomal lipolysis. This in turn provides a
source of fatty acids to meet the high demand of
these nutrients for elevated levels of OXPHOS, a
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Fig. 2. Amino acids and corresponding metabolic pathways shape M2 macrophage activation. In comparison to M1 macrophages, M2-
polarized cells exhibit an intact TCA cycle and enhanced OXPHOS. Furthermore, it is suggested that they prefer glutamine and fatty acids as
energy sources in contrast to glucose. Thus, alternatively activated macrophages do not rely on glycolysis as long as they can fuel the TCA
cycle with other substrates, for example glutamine. One hallmark of M2 macrophages is the expression of ARG1. This enzyme converts
arginine to ornithine, therefore providing the substrate for subsequent polyamine synthesis. Interestingly, intracellular arginine is not only
derived from simple environmental uptake, but can also be generated from phagocytosed apoptotic cells in the lysosomes. Its downstream
metabolite putrescine leads to HuR-mediated stabilization of Mcf2 mRNA, a guanine nucleotide exchange factor that activates Rac1.
Subsequently, this results in increased actin polymerization and enhanced uptake of apoptotic bodies, a hallmark M2 macrophage function.
Additionally, arginine-derived spermidine is involved in the hypusination of elF5A, a translation factor, that leadsto the efficient expression of
proteins involved in the TCA cycle and in OXPHOS. Another important amino acid for macrophage alternative polarization is glutamine. This
nutrient can serve as the precursor metabolite for a-KG by glutaminolysis (enzymatic reactions involving GLS) that in turn regulates JMJD3-
mediated histone demethylation and thus the expression of M2-associated genes. Furthermore, o-KG can feed into the TCA cycle and
thereby support enhanced OXPHOS. However, glutamine production via GS might also be critically involved in alternative macrophage
activation. Therefore, glutamine per se could influence the phenotype of macrophages by yet unknown mechanisms. For example, this amino
acid could serve as a nitrogen source for UDP-GIcNac, which acts as a substrate for posttranslational modifications of essential M2 marker
proteins such as CD206. Another important factor in alternative activation is PPAR-y signalling. PPAR-y is not only linked to a switch to
glutamine metabolism, but also involved in upregulating OXPHOS.

galactosamine-specific lectin 2 (Mgl2) as well as an
impairment of M2-mediated functions such as mount-
ing an immune response against parasite infections

crucial metabolic pathway for M2 polarization
[36,37]. Apart from that, several studies suggested that
alternatively activated macrophages additionally dis-

play an enhanced usage of glycolysis, a key metabolic
pathway of the M1 programme [136-138]. A down-
regulation of M?2-associated markers including
RELMa, programmed cell death 1 ligand-2 (PD-L2),
ARG1 and macrophage galactose  N-acetyl-

was demonstrated in two studies by treating macro-
phages in vitro and mice with 2-deoxyglucose (2-DG),
a well-established glycolysis inhibitor [136,137]. The
authors stated that enhanced glycolysis is essential for
alternative macrophage activation, arguing that
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acetyl-CoA derived from pyruvate, the end product of
glycolysis, might either be an important substrate for
histone acetylation that supports M2 polarization or/
and for fatty acid synthesis that fuels FAO and thus
promotes the M2 activation programme [136,137].
However, a very recent study elucidated that 2-DG
exerts several off-target effects, resulting in the con-
comitant impairment of glycolysis, OXPHOS and the
JAK-STAT6 pathway by the reduction of intracellular
ATP levels that are crucial for the activation of JAK.
Thus suggesting that glycolysis is not required for the
M2 state as long as OXPHOS remains intact by other
fuels such as glutamine [139].

Much more than a plain M2 marker
gene: ARG1 converts arginine to
polyamines, which are important for
M2 polarization and effector functions

Despite some evidence of ARG1 expression under pro-
inflammatory settings [27,29-33], this enzyme that is
the key modulator of arginine metabolism in M2
macrophages is generally used as a hallmark gene of
the alternative immune response. Many studies have
tried to elucidate the impact of this substrate-enzyme
interaction in the context of various diseases [140,141].
For example, in M. tuberculosis infection the depletion
of arginine via ARG1 was suggested to compete with
and suppress iNOS activity, thus inhibiting the iNOS-
dependent macrophage effector functions against M.
tuberculosis [142]. Similarly, the reduction in arginine
availability for Th, cell responses in schistosomiasis
has been described and linked to alternatively acti-
vated macrophages [143]. Furthermore, products of
arginine, including ornithine and polyamines, might
directly impact pathogen fitness in a beneficial or detri-
mental manner [144,145].

Despite all these examples of how arginine and its
downstream  metabolites  influence = macrophage
responses and disease outcomes, the exact fate of argi-
nine in M2 macrophages for cell-intrinsic signalling
purposes still needs more investigation. In this regard,
two very recently published studies shed light on poly-
amine synthesis in the context of macrophage polariza-
tion and function. In general, polyamines are involved
in a great variety of cellular processes, including prolif-
eration, autophagy, binding DNA and modulating ion
channels [146,147]. Although polyamines may also
form independently of ARGI in macrophages [148],
the main pathway of polyamine synthesis uses arginine
as the core substrate that is further metabolized via
subsequent enzymatic reactions, including ARGI1
(Fig. 2) [149]. IL-4-stimulated macrophages have been
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demonstrated to use this pathway to generate sper-
midine for the hypusination of the eukaryotic transla-
tion initiation factor 5A (eIF5A), which in turn
promotes the efficient expression of a subset of mito-
chondrial proteins involved in the TCA cycle and
OXPHOS that are important for M2 polarization
(Fig. 2). Although most of the experiments performed
to unravel the underlying mechanism were conducted
using mouse embryonic fibroblasts, the authors tried
to recapitulate the most striking findings in murine
bone marrow-derived macrophages and in an in vivo
setting of helminth infection by treating animals with
GC7, a deoxyhypusine synthase (DHPS) inhibitor, that
blocks the hypusination of eIF5A. Furthermore, they
performed isotope tracing experiments with labelled
arginine to undoubtedly demonstrate that arginine
serves as the core substrate for putrescine and most
likely spermidine [147]. The second study about
polyamines and alternative macrophage polarization
focused on efferocytosis in the context of atherosclero-
sis. The authors could nicely build a link between
ingested apoptotic cells and arginine metabolism-dri-
ven alternative macrophage function. In particular,
macrophages were described to use arginine and/or
ornithine from lysosomal degradation of apoptotic
bodies to produce putrescine. This polyamine triggers
a positive feedforward loop resulting in enhanced effe-
rocytosis by human antigen R (HuR)-mediated stabi-
lization of Mcf2, the mRNA encoding for proto-
oncogene DBL, a guanine nucleotide exchange factor
(GEF) activating Ras-related C3 botulinum toxin sub-
strate 1 (RACI1) and thus increasing actin polymeriza-
tion and apoptotic cell internalization (Fig. 2).
Importantly, this study could identify arginine derived
from ingested cells as the primary source for putrescine
by tracing this amino acid into ornithine and putres-
cine in macrophages that took up Jurkat cells that
have been fed labelled arginine [150]. Moreover, it is
important to note that although human monocyte-
derived macrophages do not upregulate ARG1 expres-
sion upon IL-4 treatment and thus directly utilize
ornithine to engage in continual efferocytosis, ARGI
could be detected in human atherosclerotic plaques,
especially in foamy macrophages [150,151]. Therefore,
further studies are needed to clarify the role of argi-
nine and ornithine in human disease settings. In line
with the importance of ornithine for alternative macro-
phage-mediated immune responses, it was recently
demonstrated that ornithine plays a crucial role in M.
tuberculosis-infected macrophages. In contrast to
macrophages isolated from various other tissues,
Kupffer cells are best equipped for killing these bacte-
ria [152]. Importantly, the authors could link the liver-
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derived macrophage phenotype to an enhanced intra-
cellular ornithine pool that neutralizes bacteria-derived
ammonium, thus inducing AMP-activated protein
kinase (AMPK) signalling and mediating increased
autophagy, a mechanism involved in bacterial clear-
ance [152,153]. Concluding, although arginine has long
been known to be a key amino acid associated with
alternative macrophage polarization, the underlying
mechanisms of how this nutrient shapes myeloid cell
fate are still not fully resolved and thus remain inter-
esting topics to be addressed in future research.

Glutamine is an essential metabolic
regulator of M2 polarization

Investigations concerning the role of metabolic path-
ways apart from arginine in M2 macrophage polariza-
tion began in 2006 with a study establishing the
importance of oxidative metabolism for alternative acti-
vation [36]. However, it was only in 2015, when
researchers conducted parallel unbiased analysis of the
transcriptome and metabolome of M1 and M2 macro-
phages. Integrating these metabolic and transcriptional
data did not only validate the notion of an intact TCA
cycle in alternatively activated macrophages, but also
determined two pathways that had not been discussed
in the context of macrophage polarization before: glu-
tamine metabolism and the uridine diphosphate N-
acetylglucosamine (UDP-GIcNac) pathway (Fig. 2).
Using labelled glucose and glutamine tracing experi-
ments, the authors could validate that a third of all car-
bons in intermediates of the TCA cycle are derived
from glutamine. Furthermore, depleting the environ-
ment from this amino acid inhibits macrophage activa-
tion towards an M2 state in an mTOR-independent
way. Concomitantly to the downregulation of M2-
specific marker genes, TCA cycle-associated transcripts
were significantly reduced in glutamine-starved IL-4-
treated macrophages, thus providing a link between
macrophage polarization and glutamine metabolism
(Fig. 2). Concerning the UDP-GIcNac pathway, tracing
experiments revealed that both glucose and glutamine
are a major source for UDP-GlIcNac [35]. As most M2
hallmark proteins including CD206 and RELMa are
known to be highly glycosylated [130], the authors sug-
gested that UDP-GIcNac metabolism may directly
impact the alternative macrophage fate by providing
the substrate for proper protein folding and trafficking
of its signature molecules [35]. Further evidence for the
importance of glutamine metabolism regarding alterna-
tive activation was provided by a study demonstrating
that glutaminolysis derived o-KG induces metabolic
and epigenetic reprogramming in macrophages towards
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the M2 polarization state. In line with the data from
Jha et al. [35], Liu et al. [38] show that glutamine depri-
vation leads to a decrease in M2 marker gene expres-
sion, ARGI activity as well as OXPHOS (Fig. 2).
Similar impairments in alternative activation could be
obtained by inhibiting glutaminolysis via BPTES.
Importantly, these changes were independent from a
blockage in IL-4-mediated STAT6 signalling, thus sug-
gesting alternative underlying mechanisms [38]. Histone
H3 lysine-27 (H3K27) demethylation by Jumonji
domain-containing 3 (JMJD3), a pathway induced
downstream of STAT6, has previously been shown to
support IL-4-induced macrophage priming by promot-
ing the expression of M2-specific target genes [154]. Liu
et al. provided evidence that o-KG serves as a regulator
for IMJD3-mediated histone demethylation by demon-
strating that H3K27 methylation marks in glutamine-
deprived macrophages could be removed via adding
dimethyl-0-KG, a cell-permeable analogue of o-KG
(Fig. 2) [38]. In line with the crucial role of this metabo-
lite in M2 polarization, compared to healthy controls
patients with obesity display reduced serum glutamine
and o-KG levels, suggesting that their macrophages
might have deficits in disease-resolving alternative acti-
vation [155]. Moreover, this study provides a possible
mechanism for why glutamine supplementation might
be beneficial for the recovery after surgery [156]. In par-
allel, another report claims that the reverse reaction,
glutamine production by glutamine synthetase (GS), is
also essential for the M2 programme in vitro and
in vivo. Pharmacological inhibition of GS results in a
shift from glutamine to glucose utilization for the gen-
eration of glutamate and TCA cycle intermediates as
well as in an increase of intracellular succinate, a hall-
mark metabolite of M1 macrophage polarization
(Fig. 2). Correspondingly, the authors could detect
enhanced expression of genes involved in a pro-inflam-
matory response and stabilization of HIF-1a. Genetic
deletion of GS in macrophages in a lung carcinoma
model leads to less metastases formation because of the
more pro-inflammatory phenotype of these myeloid
cells [157]. Together, this suggests that the impact of
glutamine on the M2 macrophage programme might
not be solely due to its conversion to a-KG and subse-
quent demethylation of H3K27, but could be directly
mediated by glutamine itself by a yet unknown mecha-
nism (Fig. 2). It is also important to note that PPAR-y
signalling is critically involved in glutamine metabo-
lism. Previous studies indicated that PPAR-y expression
is induced by IL-4 and plays a role in metabolism, par-
ticularly in FAO and mitochondrial biogenesis [36,158].
Nelson et al. [159] provided new insights into PPAR-y
signalling by connecting it to glutamine metabolism
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and suggesting a feedforward loop regulating alterna-
tive macrophage activation with PPAR-y as the nexus.
Importantly, it could also be shown that unstimulated
macrophages that lack PPAR-y exhibit a pro-inflamma-
tory phenotype and reduced OXPHOS (Fig. 2). Similar
findings were presented by a study from Palmieri ez al.,
where the inhibition of GS in macrophages results in
the accumulation of succinate and an increased stability
of HIF-la [157]. Moreover, Liu et al. [38] established
that the ratio of o-KG to succinate determines the fate
of macrophage polarization. Altogether, this suggests
that glutamine metabolism is a key regulator of macro-
phage polarization and might enable macrophages to
switch their phenotype according to the environmental
stimuli they face.

Concluding remarks and future
perspectives

The M1/M2 model of macrophage polarization has
been introduced nearly 30 years ago and is based in
part on the expression of the two arginine-metaboliz-
ing enzymes iNOS and ARGI. Since its introduction,
this model has not lost its relevance and studies from
the last decade even reinforce the notion that these
two polarization markers are intrinsically linked to the
function of macrophages and dictate their activation
state. A lot of progress has recently been made by elu-
cidating the global changes in macrophage metabolism
in response to M1 and M2 stimuli, most notably LPS/
IFN-y and IL-4/IL-13. In this respect, the metabolic
pathways utilizing other amino acids have emerged as
important immunomodulating routes. Additionally to
arginine, glutamine due to its ability to replenish TCA
cycle metabolites and serine that feeds into the one-
carbon metabolism have been shown to be fundamen-
tally involved in macrophage biology. One of the most
crucial features of macrophage polarization is the
time-resolved metabolic rewiring. This has to be taken
into consideration for meaningful interpretation of
results and planning of conclusive experiments. How-
ever, the most important task for future research is to
bring the field of metabolically regulated macrophage
polarization to a systemic level. More and more stud-
ies now aim to characterize distinct tissue niches in
respect to metabolite levels and how these might
explain the diverse functions of tissue-resident macro-
phages versus invading monocytes in the context of
inflammation [160-162]. Therefore, we are only at the
beginning to learn about how immunometabolic rela-
tionships between cells translate into responses that
affect specific organs and eventually the whole organ-
ism. Systemic immunometabolism will also lead to a

Amino acid metabolism in macrophage polarization

better understanding of how macrophages interact
with nonimmune cells and how these relationships are
involved in diseases including systemic autoimmune
disorders, cancers, metabolic syndrome and infections.
Such a crosstalk has been proposed by a very recent
report, which suggests that, upon infection, structural
nonimmune cells in various organs increasingly inter-
act with immune cells like monocytes, macrophages
and B cells [163]. We anticipate that future studies,
which connect macrophage activation with systemic
immunometabolism, will uncover unexpected conse-
quences of macrophage function in health and disease
and hopefully will serve as the basis for innovative
therapies to treat a great variety of diseases.

In this regard, it will be crucial to keep the discrepan-
cies in macrophage biology between mouse and human
in mind. Particularly, in the context of the applicability
of the iNOS/ARGT dichotomy, conflicting results have
been reported, for example that in vitro differentiated
human macrophages lack the expression of iNOS and
ARGI, when treated with stimuli that dramatically
induce these enzymes in murine macrophages. However,
in diseased tissues from tuberculosis patients and in
atherosclerotic plaque robust expression levels of both
iNOS and ARGI have been detected [151,164]. There-
fore, more investigationsare eagerly awaited as these
might provide important pieces to solve the ‘polariza-
tion puzzle’ between species.
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