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Abstract

With the alteration in metabolism in the cells, variety of immune subsets get activated. The fuel provided for these changes comes

from nutrients like glucose, amino acids, and fatty acids, which are normally associated in a big way with the immune cell fate and

function. The newer hypothesis that is being proposed, point that the control of nutrient utilisation via competitive uptake and use

is essential for regulating immune responses. The idea of this review is to discuss various immune microenvironments in which

limitation of nutrients occurs, and how important availability of nutrients is in the control of immune responses.
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Introduction

In the immune cells very fast and marked changes occur fol-
lowing an immune response with simultaneous changes in cellular
metabolism. The demands of nutrients are large as far as nutri-
ents are concerned that include glucose, glutamine and fatty acids,
that get metabolized for ATP formation for energy expenditure.
Also these nutrients are used in the meantime for the synthesis of
cellular components, that include protein, nucleic acids and lipids
(Figure 1). Variety of metabolic configurations that is supported
by a lot of nutrients have been revealed for immune subsets, that
facilitate the specialized immune functions of individual cells [1].
For getting an insight regarding how separate immune cells get af-
fected by immune microenvironments, where there are limited nu-
trients, one has to understand the various nutrient demands and
metabolic configurations of different immune cells, which is de-
scribed briefly here [1-3]. Further the conditions where nutrients
might become a limiting factor within different types of immune
microenvironment, that includes the tumour microenvironment
and sites of infection is discussed. Ultimately the results of nutri-
ent deprivation on nutrient signaling pathways and its impact on

immune function is detailed.

Methods

Thus we searched the pubmed engine with the MeSH terms

”», «

“Immunometabolism”; “tumors”; in infections-“all viruses”, “bac-
teria”, in particular immune cells like T Cells (all kinds), BCells,

Natural Killer Cells, Myeloid cells and nutrients utilized.

Figure 1: Courtesy ref -50.Metabolism configured to support en-
ergy homoeostasis and biosynthesis. Cellular metabolism can be
configured to efficiently generate energy in the form of ATP. Glu-
cose is metabolised by aerobic glycolysis (red) and via glycolysis
coupled to the tricarboxylic acid (TCA) cycle (purple) to drive oxi-
dative phosphorylation (OXPHOS) (blue) and the generation of en-
ergy in the form of ATP. Additional fuels, including fatty acids and
the amino acid glutamine, can be used to support OXPHOS. Various
other amino acids can also feed into both glycolysis and the TCA
cycle. In addition to fuelling energy production, glucose and amino
acids can be metabolised and used to support biosynthetic pro-
cesses (green). Intermediates of glycolysis and the TCA cycle can be
diverted into metabolic pathways to generate biosynthetic precur-
sors important for the synthesis of lipids, nucleotides and proteins.

Fatty acids can also be directly used for biosynthesis.
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Results
We found a total of 16840 articles of which we selected 50 ar-

ticles for this review. No meta-analysis was done.

Metabolic configurations and nutrient demands

For the fate and functions of immune cells cellular metabolism
remains the critical factor. Disrupting metabolic signaling path-
ways can cause loss of normal immune function or changes in the
immune cell differentiation. Since immune cells have a variety of
functions, it is not surprising that their nutrient and energy de-
mands are high. Once Tcells differentiate into memory, regula-
tory and effector Tcell subsets, the nutrient they utilize and the
metabolic configurations they use, adjust to match their particular
metabolic demands. E.g. is the various metabolic needs of naive
and effector T cells subsets (Figure 2) [4]. The metabolic needs of
naive T cells are low in view of low metabolic rate and minimal
biosynthetic needs when comparing them with activated T cells
subsets, that is in view of relative inactivity. Thus naive T cells are
consuming small fuel contents like glucose, glutamine and fatty ac-
ids, that they metabolize via oxidative phosphorylation (OXPHOS),
mainly for obtaining energy (Figure 1 and 2). Rates of metabolism
markedly increase in Tcells following immune activation because
of proliferative, expansion and the introduction of a variety of ef-
fector functions like generation of large quantities of cytokines,
which needs remarkable quantities of energy and cellular biosyn-
thesis. This=>an increased demand for nutrients, like glucose and
glutamine, along with amino acids like serine and arginine, for fu-
eling both bioenergetic along with biosynthetic pathways (Figure
1 and 2) [4-8]. Effector T cells have > rates of glucose and gluta-
mine uptake, that then get metabolized by aerobic glycolysis in the
cytoplasm and the tricarboxylic acid (TCA) cycle in the mitochon-
dria [9]. Further Effector T cells also have greater uptake of other
amino acids that includes leucine, serine and tryptophan besides
other amino acids sometimes [6,7]. This metabolic configuration
supports the combined cellular requirements of effector T cells for
energy and biosynthesis (Figure 1). In contrast, memory T cells re-
turn to a quiescent state and have decreased synthetic demands,
and thus go back to using oxidative metabolism for>efficiency en-
ergy generation. Also memory T cells produce intracellular fuel re-
serves in the form of glycogen and triacylglycerides that gives them
metabolic security and plasticity that is necessary to support both
longevity along with rapid recall responses which are central to
their functions [4,5]. The control over Effector T cells is carried out
by Regulatory T cells, which don’t have high biosynthetic demands
and so mainly employ OXPHOS, that is fueled by external fatty ac-
ids that get imported as well as metabolized through a pathway
known as fatty acid oxidation to develop energy, (Figure 1) [10].
However when Regulatory T cells do enter cellular division, they
move over to glycolytic metabolism, for supporting biosynthetic
needs for growth and proliferation [11]. If this cellular metabo-
lism in T cells is disturbed, it causes impaired T cell function and
changes the differentiation of T cells towards effector, memory or
regulatory subsets [3].

198

Figure 2: Courtesy ref no-50.Illustrating the different metabolic
configurations of immune cells. a T cells: Naive T cells (TN) have
low metabolic rates fueled by glucose and glutamine. Effector T cell
(TE) subsets tend to have elevated levels of both aerobic glycoly-
sis (for metabolising glucose to lactate (Lac)) and OXPHOS (as fu-
eled by glucose (Glc) and glutamine (GIn)). Memory T cells (TM)
maintain intracellular fuel stores in the form of glycogen (Glg) and
triacylglycerides (TG) fueled by glucose and fatty acid (FA) uptake,
and primarily use OXPHOS rather than glycolysis. TM have meta-
bolic plasticity as they can engage multiple opposing metabolic
pathways including gluconeogenesis/glycolysis, glycogenesis/
glycogenolysis and FA synthesis/FA oxidation. TG stores are gen-
erated using imported glycerol (Gl). This metabolic configuration
supports two key features of TM cells; long term survival by pro-
viding dependable fuel sources within the cell (TG and Glg) and
rapid metabolic responses to re-stimulation because the metabolic
machinery is already present and in use. Regulatory T cells (Tkeg)
import FA for use in biosynthesis and to generate energy through
FA oxidation. b Other immune cells: Natural killer (NK) cells pri-
marily use glucose as a fuel, which supports aerobic glycolysis and
drives OXPHOS through the citrate-malate shuttle (CMS) but not
the TCA cycle. In M1 macrophages (M1M¢) the TCA cycle is broken,
and glucose is metabolised to lactate and citrate (Cit) (used to make
immunoregulatory molecules such as itaconate) while glutamine
is metabolised to succinate (Suc) (used to generate mitochondrial
ROS). By contrast, M2 macrophages (M2M¢) maintain an intact
TCA and favour oxidative metabolism that is fuelled by the uptake
of fatty acids, glutamine and glucose. Neutrophils primarily use gly-
colysis fuelled by glucose uptake and internal glycogen stores, and
have very low OXPHOS.

B lymphocytes/B cells, constitute important cells which pro-
duce antibodies. They further upregulate glucose uptake and meta-
bolic genes once B C ell antigen receptor gets activated for fuelling
energy generation and biosynthesis: in particular, de novo lipogen-
esis is needed during the differentiation of plasma cells, that are
the ones who generate huge quantities of high affinity antibody
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[12]. Glutamine can also be utilized by B cells, and are especially
essential for B Cell survival during hypoxic situations [13]. The
other lymphocytes like activated natural killer (NK) cells get fu-
elled by glucose but not by glutamine (figure 2). In this case glu-
cose simultaneously supports high rates of aerobic glycolysis and
mitochondrial respiration, with the latter getting obtained through
the engagement of citrate-malate shuttle, instead of the TCA cycle,
for driving OXPHOS [14]. Right now it is not known why NK cells
utilize this Metabolic configuration but it appears that this is es-
sential for supporting epigenetic control since the citrate-malate
shuttle also produces acetyl-CoA, that is the substrate for histone

acetylation.

Myeloid cells also can adapt separate metabolic phenotypes
and thus have varying needs for nutrients. Inflammatory M1 Mac-
rophages use glycolytic metabolism and mostly shut down OX-
PHOS; the TCA cycle is not occurring in these cells, and the TCA
cycle enzymes are reappointed into 2 linear metabolic pathways,
which produce essential immune regulatory molecules, i.e. this
Metabolic configuration is necessary for the proinflammatory
function of these cells [15]. While M2 macrophages, have a longer
life as compared to M1 Macrophages, and are required for wound
healing and tissue repair, they maintain an intact TCA Cycle and
prefer oxidative metabolism fuelling OXPHOS with glutamine and
fatty acids [2]. If metabolism of macrophages is interfered with,
then the differentiation of M1 vis a vis M2 Macrophages gets
changed so that with the inhibition of glycolysis stimulates the dif-
ferentiation of M2 macrophages over M1 macrophages [3]. Finally
the amino acid arginine is necessary for both M1 and M2 Macro-
phages as a subs rate for the enzymes inducible nitric oxide syn-

thase (iNOS) and arginase respectively.

Granulocytes like neutrophils have little amounts of OXPHOS
and are dependent basically on glycolysis [3]. What is funny is that
inflammatory neutrophils possess large glycogen stores which are
intracellular fuel depots, which can be utilized to maintain this
glycolytic metabolism when glucose is absent [16]. This may offer
neutrophils, an advantage in inflammatory microenvironments at
a place having limited extracellular glucose levels. Dendritic cells
(DC’s)have their own glycogen stores, which are necessary for fuel-
ling their immediate glycolytic response after LPS stimulation [17].
Glycolytic prevention can both inhibit and increase DC functions,
on the basis of its timing during activation is of interest. If glycoly-
sis is inhibited at the time of initial activation, impaired DC func-
tion occurs, and on glycolysis inhibition 8h following the earlier
activation, a time when most likely DC’s have arrived at the drain-
ing lymph node, increases DC’s pro-inflammatory function gets in-
creased along with induction of T cell responses [17,18].

In toto it has been found that immune cell subsets have vari-
able demands for nutrients, that is specific for the subset, so they
will get differentially affected by nutrient restrictive microenvi-
ronments like tumors or sites of infection. This favours the theory
that nutrient availability could play an essential role in shaping im-

mune response.
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Immune microenvironments and availability of nutrients

It has been known for a long time that tumours are highly glyco-
lytic and that they have a marked appetite for glucose, that is used
to support unrestrained growth of the tumor and proliferation. The
increased glucose utilization by tumor cells rapidly utilizes the glu-
cose that is brought by the blood that=>low extracellular glucose
within solid tumors [19]. Some tumors also depend on glutamine
to support their energy and biosynthetic demands [20], and there
is some evidence that points that glutamine levels become limit-
ing in some tumor microenvironments [21]. These features make
the tumor microenvironments a metabolically restrictive setting
for infiltrating immune cells, which, as published has an effect on
the cancer immunotherapies effectiveness as int he case of human
melanoma, tumor cells that possess high glycolytic rates have been
found to be resistant to adoptive T cell therapy showing poor T cell
infiltration and cytotoxicity [22].

Question arises whether same mechanisms that are seen in the
tumor microenvironment affect immune cells at other immuno-
logical sites? There is proof that competition for nutrients is also
applicable at sites of pathogenic infections. Multiple viruses repro-
gramme the cells they infect for increasing glycolysis [23,24]. while
some have been documented to enhance glutamine metabolism in
cells that they infect [25]. Enhanced glycolysis and/or glutaminoly-
sis are of advantage for the virus, as they give biosynthetic mate-
rial for construction of new virus particles and complete the viral
life cycle. In the Same fashion intracellular bacteria like mycobac-
terium tuberculosis also reprogramme the host cell for enhanced
glucose metabolism and glycolysis [26]. Higher fuel usage by these
infected cells is going to cause reduced concentration of extracel-
lular glucose and glutamine in the local microenvironment. Further
many extracellular bacteria like Staphylococcus aureus, use glu-
cose as their main fuel source, and lots of bacteria can accumulate
at a given site when infection occurs [27]. Decreased glucose levels
have been documented in patients suffering from meningitis [28].
Hence it is possible that glucose levels will become reduced at such
infection sites, and the greater utilization of glucose and glutamine
by bacteria or virally infected cells will influence responding im-
mune cells via reduced nutrient availability in the local Immune

microenvironment.

Further besides the competitive utilization of glucose and gluta-
mine, levels of other nutrients can get manipulated within Immune
microenvironments. Tumors can exhaust amino acids content like
arginine and tryptophan from the tumor microenvironments by
expressing catabolic enzymes or by recruiting cells which express
these enzymes. Arginine can get used by the enzymes iNOS, that
is often expressed in tumor cells [29], along with by arginase, ex-
pressed by tumor associated fibroblasts and macrophages (TAM’s)
[30]. For T and NK cells responses Arginine is necessary and de-
pletion of Arginine in the tumor microenvironment, inhibits anti-
tumor T Cells responses [8,31]. Further, tryptophan gets depleted
by the enzyme indoleamine 2, 3 -dioxygenase ((IDO), that is often
seen in high amounts in tumor cells or tumor associated cells like
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iatrogenic DC’s [30,32]. IDO mediated T cell and NK Cell inhibition
is because of a combination of tryptophan depletion and the syn-
thesis of the metabolite kynurenine, that impacts the function of T
and NK Cell, atleast partially, via acting on the aryl hydrocarbon re-
ceptor (AhR) [33]. Initially IDO was thought to be an innate mecha-
nism of the host defense against infection [34]. Effects of IDO ac-
tivity on the local distribution of tryptophan and kynurenine was
implicated in the growth inhibition of particular bacteria, parasites
and viruses [35]. Activity of IDO at these infection sites will thus
have implications for immune cells that include T cell and NK Cells.
In the same way for tumours, pathogens too utilize ways to deprive
immune cells of arginine as part of their immune evasion methods.
E.g. Helicobacter pylori bacteria express arginase to exhaust the
local microenvironment of arginine and in doing so prevent iNOS
-expressing macrophages from producing anti-microbial nitric ox-
ide (NO) [36]. Even in severe malaria low levels of systemic argi-
nine and NO production is seen [37].

Hence multiple ways are there which can cause glucose exhaus-
tion along with different amino acids in pathological Immune mi-
croenvironments, which can cause changes in the immune func-
tion and responses to tumours or infection.

What is now known is that tumours and pathogens compete
with immune cells for nutrients as a way for dodging immune sys-
tem strategically, but also there can be competition for nutrients
between various immune cells, that might be a normal physiologi-
cal mechanism to regulate immune responses. Immune situations
exist, where immune responses with increased metabolism and
nutrient demands compete with each other to use the fuels avail-
able, like in inflammatory lymph nodes, in which, a rapid rise in
the number of activated immune cells, or within the germinal cen-
tre in which there is a concentration of metabolically active B cells
and follicular T helper Cells. Best e.g. of competition of nutrients
between immune cells might have a role in modulating immune
responses is obtained by observing DC-TCell interactions. Antigen
presenting DC‘s might become starved of nutrients, like glucose, in
view of competitive nutrient uptake by neighboring cells, especial-
ly in activating CD8 T Cells [25]. Glucose deprivation of DC might
occur in increased DC proinflammatory outputs, that includes the
expression of interleukin 12 and costimulatory molecules that=>
increased CD8 T cell responses [25].

Now it is well accepted that T Lymphocytes increase nutrient
uptake following Antigen stimulation via upregulation of the ex-
pression of nutrient transporters. This is a crucial step for the pro-
duction of effector Tcells; T cells that don’t have particular glucose
or amino acid transporters, do not differentiate into effector Tcells.
At the time of activation, CD8 T cells cluster around Antigen pre-
senting DC ‘s within the lymph nodes [38]. These clustering T cells
can exhaust the tumors from the microenvironments surrounding
the DC’s (figure 3). For corroboration of this cocultures of cluster-
ing CD8 T cells can inactivate the nutrient sensitive mammalian
target of Rapamycin Complex 1 (mTORC1) signaling pathways in
the interacting DC’s [25] (figure 3). Actually Antigen presenting DC
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‘s might be present at the centre of cell clusters made up of vari-
ous types of activated immune cells with increased nutrient uptake
rates, besides CD8 Tcells, including NK Cells, CD4 T Cells and Pcd
[39]. Hence one wants to hypothesize that starvation of DC’s, that
lead to enhancement of DC output, is a physiological mechanism
for the regulation of DC -induced T Cell responses, a setting where
nutrients are working as an immunological signal (figure 3). A con-

cept that appears fascinating but requires to be proved.

Figure 3: Courtesy ref no-50.Competition for nutrients between
immune cells. Antigen-presenting dendritic cells (DC) can be found
at the centre of cell clusters consisting of numerous different types
of activated immune cells, including CD8 T cells, CD4 T cells, NK
cells and plasmacytoid dendritic cells (pDC), with elevated nutri-
ent uptake rates that will compete for nutrients (blue dots). De-
pending on the number of clustering cells surrounding an antigen-
presenting DC, nutrients may be available (left panel) or depleted
(right panel) in the immediate surrounding microenvironment due
to competitive uptake. Nutrient starvation will have consequences
for the DC including the inactivation of mTORC1 signalling, which
has been linked to increased proinflammatory DC functions.

Nutrient competiton between T cells is another proposal re-
garding the method for T cell selection, which recognize the anti-
gen with great affinity [40]. As compared with those with low af-
finity TCR, high affinity TCR -antigen interactions induce a greater
robust and sustained metabolic response, with enhanced expres-
sion of glucose transporters and glycolytic genes [41]. Hence it has
been pointed that high affinity T cell clones might out compete the
low affinity counterparts for nutrients causing nutrient starvation
along with apoptosis of these low affinity T cell clones [40]. Hence
one can speculate other conditions where neighbouring immune
cells might compete for nutrients in the same ways. E.g., during
B cell germinal centre responses, a single follicular helper T cell
gets surrounded by a massive number of activating B cells with
increased nutrient demands. But the inability to examine nutrient
excess at the single cell level is a technical barrier, which right now
isa limiting factor regarding any more evaluation of nutrients as
important immunological signals.
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How changed nutrient availability affects -signaling and
immune outputs

Nutrient restrictive microenvironments will impinge on meta-
bolic pathways on immune cells directly, and besides that will also
effect nutrient -sensitive signaling pathways that are necessary for
immune regulation. Multiple signaling pathways which are closely
related to the control of immune responses can get affected by
glucose and glutamine. AMPK represents an indirect glucose sen-
sor which becomes activated once ATP or glycolytic intermediate
fructose -1, 6 bisphosphate, level gets reduced in view of decrease
in glucose levels [42]. In effector Tcells, AMPK, can get activated
within an hour of getting | placed in low amounts of glucose [43].
Glutamine is also essential for ATP synthesis on effector T cells and
AMPK can get activated by glucose restriction in these cells [43].
AMPK regulates mTORC negatively, which is an essential regula-
tor of metabolism with multiple effects by which they regulate
immune cell functions [43]. (Figure 4). mTORC 1 shapes T cell
differentiation, control NK cell differentiation, along with effector

Figure 4: Courtesy ref no.50.Competition for nutrients and the im-
pact on signal transduction. Decreased levels of various nutrients
within immune microenvironments could occur due to competi-
tive uptake by surrounding cells. Alternatively, the expression of
enzymes that consume nutrients, such as arginase, inducible nitric
oxide synthase (iNOS) and Indoleamine-pyrrole 2,3-dioxygenase
(IDO), can lead to reduced levels of arginine (Arg) and tryptophan
(Trp). Limiting levels of nutrients will affect various signalling
pathways. Mammalian target of rapamycin complex 1 (mTORC1)
signalling is sensitive to levels of arginine, leucine (Leu) and glu-
tamine (GIn). Glucose deprivation will also activate AMP-activat-
ed protein kinase (AMPK) due to reduced levels of ATP or fruc-
tose-1,6-bisphosphate (FBP) leading to the inhibition of mTORC1
activity. The metabolite phosphoenolpyruvate (PEP), generated
when glucose is metabolised by glycolysis, can affect the duration
of NFAT signalling. Gln and glucose are required for the produc-
tion of uridine diphosphate N-acetylglucosamine (GlcNAc) that is
important in sustaining the expression of the transcription fac-
tor cMyc. Decreased levels of amino acids in general will lead to
the activation of general control nonderepressible 2 (GCN2). The
product of IDO-mediated Trp metabolism, kynurenine (Kyn), can
promote signalling through the aryl hydrocarbon receptor (AhR).

NFAT nuclear factor of activated T cells.
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function and control the function of Antigen presenting DC ‘s (fig-
ure 5). Thus changes in AMPK/mTORC1 signaling in view of glu-
cose restriction causes inhibition of inflammatory T celland NK cell
responses while promoting Treg differentiation (Figure 5).

Figure 5: Courtesy ref no 50.Immunological consequences of
changes in nutrient signalling. Activation of AMP-activated protein
kinase (AMPK) or inhibition of mammalian Target of Rapamycin
Complex 1 (mTORC1) signalling promotes the differentiation of
regulatory T (TReg) cells over effector T cell subsets (TE), inhibits
natural killer (NK) cell functions, and increases the proinflamma-
tory outputs of dendritic cells (DC). Loss of cMyc expression in-
hibits the functions of TE subsets and NK cells. Activation of gen-
eral control nonderepressible 2 (GCN2) signalling promotes Treg
differentiation, inhibits Th17 differentiation, inhibits CD8 T cell
function, and enhances the function of DC. Kynurenine (Kyn)-me-
diated aryl hydrocarbon receptor (AhR) signalling promotes the

differentiation of T
eg

Fructose -1, 6 biphosphonate does not represent the only glyco-
lytic intermediate which has an effect on immune signaling path-
ways. Phosphoenolpyruvate (PEP), that is another glucose metabo-
lite, affects Ca?* signaling and lessnuclear NFAT, ending in defective
T cell activation [19].

Besides fuelling glycolysis and OXPHOS, glucose and glutamine
also get utilized for generating uridine diphosphate N acetylglu-
cosamine (UDP-GIcNAc), the substrate for O- GIcNAcylation, that is
dependent on the supply of both glucose and glutamine in Tcells,
pointing that OGT. and O- GlcNAcylation, are essential nutrient
sensing mechanisms in these cells [9]. OGT has been documented
to be necessary for normal T cell development, activation and clon-
al expansion [9]. Mechanically, a lot of signaling molecules which
are necessary for T cell function are found in to be O- GlcNAcylated,
that include-Myc, NFAT, and nuclear factor -KB [9,44]. This protein
modification has not been investigated deeply in other immune cell
subsets.

Besides glutamine, other amino acids regulate various signaling
pathways, which are important for immune function. E.g. the activ-
ity of mTORC1 is very sensitive to the level of a number of amino
acids that are leucine, arginine and glutamine [45]. Further, the

transcription factor c-Myc is also controlled by amino acids avail-
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ability. With very short half life of c-Myc protein in lymphocytes
and its sustained expression in cells can only be attained in cells
which have high rate of amino acid uptake and protein synthesis
[6,9,14,46]. For the activation and differentiation of T cell subsets
cMyc is critical, besides that of other lymphocytes, that include
Bcells and NK cells (figure 5) [14,46,47]. Further the serine/threo-
nine protein kinase General control nondepressible (GCN2) is a di-
rect sensor of low cellular amino acids, and is activated via binding
to unchanged transfer RNA (tRNA) (Figure 4) [48]. Action of GCN 2
is related to the function of several immune cells. GCN2 activation
in DC’s causes increased antigen presentation to CD8 cells. On the
other hand GCN2 activity in gut antigen presenting cells prevents
increased Th17 responses, with mice who are deficient in GCN2
develop greater Th17 responses and colitis that is of greater sever-
ity in an induced colitis model [48]. Tcell responses get repressed
by IDO, atleast partially, by depletion of tryptophan amounts,
which results in activation of GCN2 within the T cells (figure 4). In
CD8 cells GCN2 causes arrest of proliferation and anergy, and on
the other hand activation of GCN2 in CD4 T Cells can result in the
production of regulatory T Cels (figure 5) [49].

Conclusions and future directions regarding in vivo metabolic
analysis

With the help of in vitro and ex vivo metabolic analysis, we
have received greater insight on the metabolic phenotype that is
adopted by immune cells. Though a lot of information has been
passed on by these publications, the metabolic phenotype that has
been revealed might not get recapitulated in vivo. It is known that
the metabolic phenotype of immune cells rely on the availability of
proper fuels like glucose and glutamine, that are definitely avail-
able in low quantities in vivo as compared to culture conditions
that is utilized in laboratory. The result of limited fuels availabil-
ity , in vivo within discrete microenvironments will be restriction
of metabolc pathways which control the fate of immune cells and
their function. Still we lack insight regarding when and where nu-
trients are available in vivo is markedly hindered by the nonavail-
ability of research tools for measuring nutrient distribution at the
single cell level. Hence working out how nutrient supply affects the
metabolism, signaling and hence immune cell function in different
and complex Immune microenvironments is still a big challenge in
the field of immunometabolism.
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