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Abstract
Organ transplantation is a life-saving procedure, however predicting graft
survival is still challenging. Understanding immune-cell pathobiology is critical
to the development of effective therapies to prevent rejection. Over the recent
years it has become progressively evident that the complex nature of immune cell
behavioral dynamics is strongly dependent on cellular metabolism, which in
turn, relies on competition for nutrients, oxygen and metabolites with other
immune cells and microbiota. Furthermore, the influence of the inflammatory
state can lead to substantial changes in conditions within the tissue micro-
environment. Considering the context of immunity, alterations in metabolic
pathways (glycolysis, the tricarboxylic acid cycle, the pentose phosphate
pathway, the fatty acid oxidation and synthesis, and the amino acid metabolic
pathways) will influence the production of different sets of cytokines and affect
transplantation outcome. It is now known that naïve, resting and effector cells
acquire different metabolic profiles and studies have shown that specifically
targeting some of these metabolic routes can prevent differentiation of effector T
cells in favor of Tregs. Ultimately, to develop effective therapies that will prevent
graft loss and understanding how cell metabolism impacts the fate and function
of immune cells is now a critical point of discussion. The distinct metabolic
features and requirements observed in effector and suppressive cell subsets offer
promising opportunities for selective regulation of the immune responses in
transplantation and will be discussed in this review.
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Core tip: In this review we summarize the most recent findings on metabolic pathways
involved in the determination of immune cell fate and highlight the relevance of
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understanding how metabolic reprogramming is involved in the activation of dendritic
cells and T cells, as well as development of strategies that target metabolic
reprogramming to counteract effector cell activation in order to prevent graft failure.
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INTRODUCTION
Organ transplantation is a life-saving procedure, however predicting graft survival is
still  challenging.  Sustaining  transplantation  tolerance  is  a  key  to  overcome
inflammatory challenges which lead to episodes of rejection or fibrosis and loss of
graft function. Therefore, the goal of immunotherapies is to shape immune responses
towards regulation to achieve long-term graft survival and eliminate the chronic use
of immunosuppressants, which inflict severe side-effects.

Understanding immune-cell  pathobiology is  critical  to  develop new effective
therapies that will prevent graft rejection. In allograft transplantation, the balance of
immune responses towards alloantigen will depend on the coexistence of several
mechanisms such as control in the frequency and function of alloreactive T cells via
mechanisms  of  suppression  such  as  expression  of  inhibitory  molecules  [e.g.,
programmed death (PD)-1], and induction of T regulatory cells (Tregs)[1]. Recently, it
has also come to light that metabolic reprogramming impacts the fate and function of
immune cells and might be a key determinant of transplantation outcome. Unlike
other cells  in the body, immune cells  are capable of responding to their external
environment  and  modulate  their  cellular  behavior  accordingly,  for  instance,
availability of energetic substrates can influence cellular metabolism and in turn
strongly affect immune cell fate towards acquisition of effector functions, quiescence,
proliferation,  etc[2].  This  cellular  metabolic  reprogramming  can  be  triggered  in
response to energy requirements for synthesis or decomposition of cell components,
production of soluble factors such as cytokines, differentiation and cell survival, and it
will condition the effector or regulatory properties of the immune cells[3].

Undoubtedly, this new field of studies in immunometabolism will enable novel
therapeutic  approaches  which  increase  chances  of  a  successful  transplantation
outcome.  The  following  sections  will  give  some  insight  into  general  metabolic
pathways and more specific metabolic signatures inherent to effector and suppressive
cell  subsets  as  well  as  some early  work regarding immunometabolism in  trans-
plantation.

MAIN METABOLIC PATHWAYS INVOLVED IN IMMUNE
CELL FATE
A very fine equilibrium of internal metabolites,  such as reducing/oxidizing sub-
strates, reactive oxygen species (ROS), as well as availability of growth factors and
nutrients, weigh in to determine which metabolic pathway will be followed[2,3]. The
concept  of  energy  metabolism  and  nutrient  sensing  suggests  that,  after  food
breakdown, adenosine triphosphate (ATP) can be directly metabolized from nutrients
or  stored  as  alternative  energy  sources,  such  as  proteins,  glycogen  or  lipids[4].
Specifically considering immune cell function, changes in metabolic pathways have
been associated to determination in proliferation, acquisition of effector function,
specific cytokine signature and return to homeostasis.  To simplify, in general six
metabolic pathways are generally considered (Figure 1): (1) The glycolytic metabolic
pathway; (2) The pentose phosphate pathway (PPP); (3) The tricarboxylic acid cycle
(TCA);  (4)  Fatty  acid  oxidation  (FAO);  or  (5)  Synthesis;  and(6)  The  amino  acid
metabolic pathway summarized from O´Neill et al[5].

The glycolytic  pathway,  also named glycolysis,  initiates  with the transport  of
glucose  from extracellular  space  by  specialized  transporters  (such  as  Glut1),  to
ultimately generate pyruvate and other products after a series of enzymatic reactions.
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Figure 1

Figure 1  Six main metabolic pathways relevant for immune cell function. (1) Glycolysis is a process that occurs in the cytoplasm and involves conversion of
glucose into pyruvate, (3) Which can either enter the tricarboxylic acid (TCA) cycle or be transformed into lactate and secreted. (2) The pentose phosphate pathway, is
parallel to glycolysis and generates ribose for nucleotides, amino acids and nicotinamide adenine dinucleotide phosphate (NADPH), which is important for the
synthesis of fatty acids and production of lipid ligands. (4) Fatty acid oxidation is a mitochondrial dependent aerobic process which consists on breaking down fatty
acids into Acetyl-CoA units, generating NADH and FADH2, and driving ATP production from the E. (5) Fatty acid synthesis is a complex cytoplasmic process that is
regulated by Acetyl-CoA, NADPH and fatty acid synthases to generate fatty acids. (6) Amino acid metabolism is very diverse, also important for cell growth and protein
biosynthesis, as a consequence of the large number of different amino acids, which can feed different the carbon skeletons into pyruvate, acetyl CoA, and the citric
acid cycle, which enter the TCA cycle. TCA: Tricarboxylic acid; PPP: Pentose phosphate pathway; OXPHOS: Oxidative phosphorylation.

After  entering  the  cell,  glucose  is  phosphorylated  by  ATP  to  form  glucose-6-
phosphate  (G6P)  in  a  reaction  catalyzed  by  hexokinase.  A  series  of  enzymatic
reactions  degrade  G6P  to  fructose-6-phosphate  following  by  fructose-1,6-
bisphosphate and finally to glyceraldehyde-3-phosphate, which, in turn, is converted
to pyruvate in the cytosol[6]. In the mitochondria, pyruvate is imported and converted
to Acetyl-CoA, then integrating the TCA cycle, which leads to production of NADH
and FADH2, cofactors for oxidoreductase enzymes in the electron transport chain
(ETC), important in the generation of ATP. Alternatively, in the cytosol, the lactate
dehydrogenase enzyme can convert  pyruvate into lactate,  reoxidizing NADH to
NAD+ which is  necessary for  glycolysis  to continue[6].  In the absence of  oxygen,
glycolysis  comes  into  action,  catabolizing  glucose  into  pyruvate,  which  is
preferentially converted to lactate instead of Acetyl-CoA to enter the TCA cycle. Shift
to glycolysis, even when oxygen is not a limitation is seen in some cases in a process
known as aerobic glycolysis (fermentation) or Warburg effect, a process described by
Otto  Heinrich Warburg in  which tumor cells  tend to  rely  on glycolysis  for  ATP
production rather than oxygen-dependent phosphorylation[7,8].

The PPP functions in parallel to glycolysis and is an important source for reducing
molecules (e.g., NADPH, required in anabolic reactions and critical to maintain redox
balance under stress situations) and synthesis of pentoses (5-carbon sugars, important
to maintain carbon homeostasis). The PPP reactions branches out into an oxidative
and  non-oxidative  phase;  the  first  oxidative  phase  converts  G6P  into  NADPH,
ribulose 5-phosphate and carbon dioxide, the second phase (non-oxidative) generates
ribose 5-phosphate for  the synthesis  of  nucleic  acids and other sugar phosphate
precursors used to build amino acids[9].

Mitochondrial FAO is a catabolic pathway that generates necessary products for
the cell to produce energy, such as Acetyl-CoA, NADH+ and FADH2. The FAO is
composed by two steps: the “activation” and the oxidation. The first step occurs in the
cytosol and it is the formation of a fatty acid acyl-CoA with the consumption of ATP.
The second step is called β-oxidation and generates quantities of Acetyl-CoA, NADH
and FADH2. These products then enter the TCA cycle and the ETC, where they can be
used for the generation of ATP[5]. On the other hand cells need lipids to produce cell
membranes and other structures necessary for cell growth and proliferation so the
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fatty acid synthesis (FAS) pathway converts intermediate products from glycolysis
and TCA in acetyl-coA that is used to generate lipids[10]. In the mitochondria, citrate is
synthesized from Acetyl-CoA and oxaloacetate,  which is  exported to the cytosol
where it is cleaved to yield acetyl-CoA and oxaloacetate, then cytosolic Acetyl-CoA, is
converted to Malonil-CoA and, by the effect of the fatty acid synthase, to Palmitate.
Palmitate or palmitic acid is the most common saturated fatty acid in the human
organism, and important for the composition of membrane phospholipids, substrate
for the acylation of proteins, cholesterol synthesis and adipose triacylglycerols[6,11].

CROSSTALK BETWEEN CELL METABOLISM AND IMMUNE
RESPONSES
The interplay between metabolic dysfunction and immune mechanisms involved in
inflammation are being exposed by a growing number of studies and this knowledge
is reshaping the understanding of what appeared to be independently functional
systems of immunity and metabolism[12].

Dendritic  cells  (DCs)  are  a  heterogeneous  cell  population  key  to  immune
homeostasis as they control activation and polarization of effector T cell responses
and Treg differentiation. During DC maturation, the metabolic profile of precursors
and  differentiating  DCs  is  eschewed,  shifting  from  glycolysis  to  oxidative
phosphorylation (OXPHOS), process that involves ROS, as well as an increase in
expression  of  mitochondrial  respiratory  enzymes,  ATP content  and antioxidant
capacity[13].  In activated DCs, glycolytic intermediates can also enter into the PPP,
which support  biosynthesis  of  nucleotides  for  increased protein  output  and the
generation of NADPH, and the TCA cycle and support lipid membrane production
and macromolecule biosynthesis[13,14]. Tolerogenic DCs (tolDCs), present a more active
catabolic  pathway,  fatty  acid  metabolism,  OXPHOS  with  increased  respiratory
capacity and highest mitochondrial oxidative activity as well as glycolytic capacity in
comparison to mature DCs[14].

It  is  known that naive T cells  have lower metabolic requirements,  hence favor
glycolysis and TCA cycle[15]. Once activated T cells undergo metabolic reprogramming
which is believed necessary for cells to sustain the biosynthesis of lipids, proteins and
nucleic acids required for cell proliferation and effector molecules, therefore, a change
from OXPHOS in naïve or memory cells to increased glycolysis is observed in effector
T  cells[16]  (Figure  2).  Thus,  increase  in  glycolysis,  PPP,  glutamine  metabolism,
combined  with  synthesis  of  cellular  components  characterizes  early  cell
activation[7,15,17].  In general,  in  vitro  studies have indicated that  glycolysis  is  very
important for effector cell development, evidenced also by data showing that GLUT1
deficiency impairs CD4+ effector function and proliferation while Tregs are enriched
and functionally unaffected[18,19]. In a similar manner, glutamate metabolism is also
involved in the differentiation of Th1 and Th17 effector T cells but does not seem to be
critical for Tregs[18,20]. Effector T cells undergoing enhanced proliferation, including
some  subtypes  of  T  helper  cells,  and  CD8+  T  cells,  increase  glycolysis  and
glutaminolysis  as  a  mechanism to meet the increased metabolic  demands of  cell
growth as well as optimize the production of proinflammatory cytokines, such as IL-2
and IFN-γ[21].  In  Tregs  glycolysis  modulates  the  expression  of  FOXP3,  as  it  was
demonstrated that 2-DG (2-deoxy-d-glucose)-glycolysis inhibition in human T cells
lead to decreased IL-2–IL-2R–STAT5 signaling, consequently limiting the generation
of functionally suppressive Treg cells[22]. Furthermore, activation of the glycolytic-
lipogenic metabolism seems to be involved in the Th17/Treg balance, for example,
Acetyl-CoA  carboxylase  1  (ACC1)-mediated  de  novo  FAS  affects  Th17  cell
differentiation but not Treg cells[23-25]. Potentially, drugs such as soraphen A (ACC-
specific inhibitor) could be tested in preclinical animal models to verify improvement
of graft survival.

In  regards  to  lipids,  they  are  essential  components  for  the  structure  of  cell
membrane, which must be duplicated in preparation for each cell division, as well as
important energy sources metabolized through beta-oxidation, not surprisingly, lipids
are easily accessible to immune cells in adipose tissue which abundantly surrounds
lymph nodes[26].

Lastly, fatty acid metabolism is involved in both CD4 and CD8 cell function. For
instance, a study demonstrated that the suppression of FAS by inhibition of ACC1
restrained  the  generation  of  pro-inflammatory  Th17  cells,  whilst  favoring  the
differentiation of FoxP3+ Tregs[23] while in case of memory CD8 T cells, activation
favors neo-synthesis of fatty acids to support FAO[27].

In summary, differentiation, activation and effector function of immune cells seem
to be directly or  indirectly oriented by shifts  in metabolic  pathway.  Thus,  when
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Figure 2

Figure 2  Main metabolic pathways in T cells – Naïve T cells are characterized by lower energy requirement, low glucose uptake and mainly use oxidative
phosphorylation for energy generation. Once T cells are activated there is a switch in metabolic state which is accompanied by changes via the PI3K/Akt/mTOR
axis and Myc. Increase in glycolysis and oxidative phosphorylation (OXPHOS) are characteristic in activated effector T cells, increase in glutamine uptake and fatty
acid synthesis is also observed. In contrast, Tregs have metabolic features comparative to naïve T cells, producing energy by lipid oxidation and OXPHOS in
mitochondria for the generation of adenosine triphosphate[7,42,43]. ATP: Adenosine triphosphate; AMPK: Adenosine monophosphate activated protein kinase;
OXPHOS: Oxidative phosphorylation; FAO: Fatty acid oxidation.

considering metabolic parameters that affect immune cell fate, a variety factors will
influence  the  tissue  microenvironment  such  as:  nutrient  competition,  oxygen
consumption and metabolite production from tissue, immune cells and microbiota as
well as the inflammatory state of the host[28,29].

TARGETING METABOLIC PATHWAYS IN
TRANSPLANTATION
Solid organ transplantation is most-often the last resource for patients who suffer
from  end-stage  organ  disease,  however,  long-term  acceptance  and  survival  of
transplanted tissues and organs is currently limited mainly due to immune-mediated
mechanisms[30].  A  great  deal  of  effort  has  been  dedicated  to  understanding  the
mechanisms underlying rejection by effector and emerging evidence does suggest a
prominent role for nutritional and metabolic substrates on immune responses.

In transplantation,  during which the tissue obligatorily goes through surgical
trauma, lack of oxygenation or damage from reperfusion, the injury causes oxidative
stress (OS) and release of Damage-associated molecular patterns and danger signals
from necrotic  cell  death,  which  act  as  endogenous  activators  of  innate  immune
mechanisms that promote inflammatory tissue damage and metabolic alterations in
immune cells[31]. This signaling cascade will provoke the initial infiltration of cells into
the allograft,  followed by migration to lymph nodes, where T cells and DCs will
initiate and allow propagation of allo-specific immune responses[28,29,32]. In the process
of following antigenic activation, cells require a major shift in energy requirement as
they change from a quiescent state to active-cytokine producing and proliferating
immune cells, thus, this metabolic reprogramming includes balance between energy
production and consumption based on availability of nutritional derived components,

WJT https://www.wjgnet.com June 28, 2019 Volume 9 Issue 2

Domínguez-Amorocho O et al. Immunometabolism and graft

31



mitochondrial or anaerobic respiration[16].
Regarding DC regulation,  pharmacological  intervention  such as  activation  of

AMPK signaling by peroxisome proliferator-activated receptor gamma coactivator
(PGC) and Resveratrol to enhance PGC-1α activity has been demonstrated to generate
tolDCs[33-35] , that have crucial role in inducing tolerance to the graft. DCs treated with
Resveratrol showed reduced capacity to stimulate allogenic T cells and to induce
CD4+ T cell migration[35]. Also, metabolic products like ATP may be recognized as a
danger signal, whilst upon ATP degradation leads to decrease in pro-inflammatory
signalling, regulating activation of antigen presenting cells or Treg cells[36,37].

Studies have shown that T cell activation and effector responses require metabolic
reprogramming  which  relies  glycolysis  and  glutaminolysis  pathways[38-40],  now
researchers are investing whether intervening in this specific pathways can ameliorate
graft  survival.  In  a  model  of  hematopoietic  cell  transplantation,  Nguyen  and
colleagues demonstrated that alloantigen T cells demand on glycolysis for activation
and GVHD (graft versus host disease) induction. In a pre-clinical murine GVHD
model, blockage of glycolysis by use of rapamycin which inhibits mTORC1 or mTOR
knockout mice, as well as use of 3-(3-pyridinyl)-1-(4-pyridinyl)-2-propen-1-one (3-
PO),  a  specific  inhibitor  of  pathway6-phosphofructo-2-kinase/fructose-2,6-
biphosphatase 3, which also limits glycolysis, increased survival of mice[41].

Using murine models of skin and heart allograft transplantations, another study
showed  the  effects  of  glycolysis  and  glutamine  metabolism  inhibition.  Using  a
combination of 2-DG, 6-diazo-5-oxo-L-norleucine (glutamine metabolism inhibitor)
and the anti-type II diabetes drug metformin, the group demonstrated an inhibition of
allo-specific CD4+ and CD8+ T cell responses, preventing or delaying rejection in
fully mismatched skin and heart allograft transplantation models[40].

In summary, these very fresh data seem to indicate that it is possible to hamper
alloantigen-induced activation of effector responses by targeting some metabolic
pathways.

CONCLUSION
Immunometabolism is a very new field to be explored, studies which have specifically
targeted metabolic pathways in transplant models are only beginning to emerge.
However, based on findings that it is possible to change metabolic reprogramming of
DCs and T cells it may be possible to promote transplantation tolerance and avoid
rejection. Most studies so far have focused in inhibition of glycolysis and the effects in
T cells; this seems to improve graft survival in murine models, however long-term
effects of this type of therapies and in the full components of the immune system have
yet to be understood in order to declare metabolic intervention safe. It is important to
continue research and find distinct metabolic signatures in different phases of DC and
alloreactive  T  cell  activation  to  specifically  target  immune  alloreactive  effector
responses without deleterious side-effects.
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