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The innate immune response to allotransplants: mechanisms
and therapeutic potentials
Jordi Ochando 1,2, Farideh Ordikhani1, Peter Boros1 and Stefan Jordan1

Surgical trauma and ischemia reperfusion injury (IRI) are unavoidable aspects of any solid organ transplant procedure. They trigger
a multifactorial antigen-independent inflammatory process that profoundly affects both the early and long-term outcomes of the
transplanted organ. The injury associated with donor organ procurement, storage, and engraftment triggers innate immune
activation that inevitably results in cell death, which may occur in many different forms. Dying cells in donor grafts release damage-
associated molecular patterns (DAMPs), which alert recipient innate cells, including macrophages and dendritic cells (DCs), through
the activation of the complement cascade and toll-like receptors (TLRs). The long-term effect of inflammation on innate immune
cells is associated with changes in cellular metabolism that skew the cells towards aerobic glycolysis, resulting in innate immune
cell activation and inflammatory cytokine production. The different roles of proinflammatory cytokines in innate immune activation
have been described, and these cytokines also stimulate optimal T-cell expansion during allograft rejection. Therefore, early innate
immune events after organ transplantation determine the fate of the adaptive immune response. In this review, we summarize the
contributions of innate immunity to allograft rejection and discuss recent studies and emerging concepts in the targeted delivery of
therapeutics to modulate the innate immune system to enhance allograft survival.
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INTRODUCTION
Activation of the innate immune system is induced early during
donor organ procurement and engraftment, and these events are
associated with tissue damage and the death of donor cells in
transplanted organs. Cell death is a highly regulated process that
contributes to multiple aspects of innate immune activation,
including graft inflammation, tissue damage, and the elimination
of damaged cells in the graft, as well as the repair of damaged
tissue following transplantation. The best-studied form of cell
death is apoptosis, a process of programmed cell death that is
tightly controlled and requires the activation of caspases. Recently,
however, it has been shown that various other forms of cell death
also exist, and they are collectively called regulated necrotic cell
death, which includes necroptosis, ferroptosis, and pyroptosis.
Depending on the conditions in which donor cells are induced to
die, cell death pathways can be activated by different mechanisms
or when the classic process of apoptosis is not possible (i.e.,
caspase inhibition).1 In essence, apoptosis results in the engulf-
ment of dying cells by macrophages, leading to the rapid
clearance of the dying cells without activation of the immune
system. Thus, apoptosis is generally considered noninflammatory
or even protolerogenic. However, apoptotic cells can also be
inflammatory if they are not phagocytosed in a timely manner.2 In
contrast to apoptosis, ferroptosis is a highly inflammatory process
that contributes to organ damage during ischemic injury. In this
process, cell death coincides with cell swelling and plasma
membrane rupture. Pyroptosis is a type of inflammatory cell
death in which dying cells release potent inflammatory contents
before death. Therefore, the underlying mechanisms that control

cell death during ischemia reperfusion in a donor organ are critical
components of the innate immune response to the transplanted
allograft (Figs. 1, 2).
In transplanted organs, the vascular tissue damage associated

with transplant surgery promotes the recruitment of recipient
inflammatory monocytes that infiltrate the allograft in a
chemokine-dependent manner.3 Graft-infiltrating monocytes
detect the presence of multiple stimuli that result from
ischemia-reperfusion injury (IRI), including dying cells. This
detection results in strong inflammatory responses induced by
molecules derived from dead allogeneic donor cells, which are
recognized by the innate immune system as pathogen-associated
molecular patterns (PAMPs). This ancient mechanism of immuno-
logical defense is also triggered by self-derived damage-asso-
ciated molecular patterns (DAMPs) following sterile inflammatory
stimuli during the surgical anastomosis involved in the organ
transplant procedure. Both PAMPs and DAMPs are recognized
through pattern recognition receptors (PRRs) on the cell surface
and in the cytoplasm of myeloid cells, and this recognition affects
both the early and long-term function of the allograft.4–6 Here, we
review the signaling pathways mediated by complement recep-
tors and toll-like-receptors (TLRs), which represent two of the main
types of PRRs that are triggered by danger molecules released
from dead cells in the context of organ transplantation.7,8

Danger signals released from dying cells during ischemia and
reperfusion, such as high-mobility group box 1 (HMGB1) and ATP,
induce metabolic changes in innate immune cells when released
into the extracellular compartment.9,10 It has become evident that
cellular metabolism is intimately linked with immune function,
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and the concept of immunometabolic research is gaining interest
among transplant immunologists.11–13 In fact, activated immune
cells need to redirect their metabolic flux because their
bioenergetic and biosynthetic demands are very distinct from
those of resting cells. Since metabolic changes are a prerequisite
for differentiation and therefore cellular immune functions such as
cytokine production, this offers the opportunity for manipulation
for the prevention and treatment of inflammatory diseases as well
as for the prevention of transplant rejection.14 Notably, because
this intervention approach is based on the distinct metabolic
requirements of the cells, it allows selective targeting of the
differentiation and function of certain cells. In this review, we
summarize how metabolic interventions in cells of the innate
immune system can effectively tailor immune responses towards
allograft protection, and this metabolic-focused approach shows
great promise for improving the standard of care for transplant
patients.

Cell death
Because of tissue injury during organ transplantation, a significant
number of cells in the donor organs are committed to cell death.
In the case of kidney transplants, most kidneys transplanted now
experience certain forms of damage even before resuming their
functions in the recipient due to ischemia reperfusion injury (IRI).
Recent studies have shown that renal tubular epithelial cells can

die by ferroptosis, a type of cell death with poorly defined
mechanisms.15,16 Consequently, the donor organ parenchyma
releases DAMPs following cell death. Donor DAMPs are sensed by
host monocytes and macrophages, leading to the activation of
these cells, which causes graft injury.17,18 However, solid organ
transplantation is one of the few situations in which cell death can
be anticipated, allowing therapeutic targeting of cell death
pathways. As mentioned above, ferroptosis has been implicated
in compromised graft function and graft rejection.19,20 In models
of islet transplantation, some mediators of islet oxidative stress,
such as glutathione peroxidase-4 (GPX4), have been identified as
inhibitors of ferroptosis. Thus, mechanisms affecting GPX4
function may impact islet function and viability. In an in vitro
study, human islet viability and function were found to be
compromised in the presence of erastin or RSL3, which are both
ferroptosis-inducing agents (FIA). Furthermore, these effects were
counteracted with pretreatment with ferroptosis inhibitors, such
as ferrostatin-1 (Fer-1) or desferrioxamine (DFO). The pretreatment
of islets with inhibitors did not have a deleterious effect on
engraftment in an immunodeficient mouse transplant model.21 As
human islet transplantation has been held back by the donor cell
death associated with the islet preparation procedure, ferroptosis
inhibition could be a useful option to improve graft viability and
function.
Another strategy to improve long-term allograft survival is to

suppress innate immunity events, referred to as the “time-
restricted therapeutic window”, and this strategy includes treat-
ment of the donor organ during harvest and the recipient during
allograft reperfusion.22 In this respect, ex vivo lung perfusion
(EVLP) has been proposed to prevent the detrimental effects of
the DAMP release associated with IRI. Preclinical studies in lung
transplantation have demonstrated that normothermic EVLP
improves lung function after transplantation.23,24 The combination

Fig. 1 Pathways linking transplantation-associated tissue damage to
graft inflammation. Transplantation-associated ischemia reperfusion
injury (IRI) causes inflammatory cell death (e.g., ferroptosis) in host
and donor cells, leading to the release of damage-associated
molecular patterns (DAMPs). DAMPs bind to Toll-like receptors
(TLRs) or activate the complement cascade by creating products
that bind to complement receptors (CR), resulting in the activation
of inflammatory functions in macrophages. In addition, bacteria that
translocate into the tissue during surgery and release pathogen-
associated molecular patterns (PAMPs) or alloantibodies, activating
the complement system, can also activate macrophages. Inhibitors
of this multistep process are described in red. Ex vivo lung perfusion
(EVLP) attenuates the inflammatory response to IRI. Ferrostatin-1
(Fer-1) and desferrioxamine (DFO) inhibit ferroptosis. Dexmedeto-
midine increases cell survival. Xenon gas inhibits the release of
DAMPs. Monoclonal antibodies (Abs) specific for PAMPs or DAMPs
prevent binding to TLRs. Soluble complement receptor 1 (sCR1) or
siRNA decrease the expression of complement factors or receptors,
and eculizumab interferes with the complement cascade. Eritoran is
a TLR4 antagonist

Fig. 2 Targeting immunometabolism in macrophages to prevent
graft rejection. Monocytes from the circulation enter a transplant
and acquire either proinflammatory functions (M1) that contribute
to graft rejection or immunoregulatory functions (M2) that promote
graft tolerance. M2 macrophages generate energy mainly through
oxidative phosphorylation (OxPhos) and glutamine metabolism,
while M1 macrophages increase metabolic flux through the pentose
phosphate pathway (PPP) and glycolysis. HIF-1α and Akt increase
glycolysis by upregulating the expression of glycolytic enzymes and
the glucose transporter GLUT1, respectively. The cholesterol path-
way intermediate mevalonate, which can be blocked using statins, is
involved in the epigenetic fixation of the proinflammatory
phenotype. Itaconate is an anti-inflammatory metabolite whose
expression is upregulated upon macrophage activation
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of an adenosine A2A agonist and EVLP was shown to attenuate
the acute inflammatory response to IRI and improve pulmonary
function.24 An additional therapeutic option is gene delivery
during organ preservation.25 Machuca et al. noted that the
administration of adenoviral interleukin-10 gene therapy (AdhIL-
10) during EVLP reduced IRI and improved posttransplantation
lung function over EVLP alone.26 IL-10 is an anti-inflammatory
cytokine that downregulates the activity of the innate immune
system, specifically suppressing the ability of myeloid cells to
present antigens to T cells.27 Ex vivo IL-10 gene therapy in injured
human donor lungs induces a significant shift from a proin-
flammatory to an anti-inflammatory cytokine profile, which is
associated with improved lung function.28 In addition, the
administration of α1-anti-trypsin (A1AT) during EVLP to porcine
lung donors also attenuates IRI and improves graft function after
transplantation.29,30 Mechanistically, A1AT has antiapoptotic and
anti-inflammatory properties and can attenuate the activation of
macrophages and neutrophils in addition to inducing tolerogenic
dendritic cells.29 These data suggest that the induction of different
forms of cell death leads to compromised graft function, which
can be attenuated in the presence of inhibitors.

The complement cascade
The complement cascade is an important contributor to innate
immunity and is composed of a tightly regulated network of
proteins that play a critical role in inflammation and host
defense.31 Complement activation results in the clearance of
immune complexes, injured cells, and invading pathogens.32 More
than 50 genes encoding proteins of complement components,
including membrane receptors and regulators, have been
identified.33 The complement proteins are primarily produced in
the liver,34 although macrophages and epithelial cells in the
gastrointestinal and urinary tracts also synthesize significant
amounts of complement proteins.35

There are three different pathways that activate the comple-
ment system, the classical, alternative, and lectin pathways, and
the pathways involve proteins that mostly exist as inactive
zymogens.31 Upon activation, complement proteins interact in a
highly targeted and strictly regulated enzymatic cascade that
generates proteolytic fragments, which mediate numerous
biological functions.36 The classical pathway can be activated by
antigen-antibody immune complexes, apoptotic or necrotic cells,
or by acute phase proteins, including serum amyloid P protein and
C-reactive protein.32,37 After binding IgM or IgG antibodies to a
cognate antigen, the Fc portion of an antibody interacts with C1q,
leading to the sequential activation of C1r and C1s. Activated C1s
cleaves C4 into C4a and C4b and C2 into C2a and C2b. Then, C4b
binds to C2a, forming the C4bC2a complex. C4bC2a is an
enzymatic complex that cleaves the abundant plasma protein
C3 into the anaphylatoxin C3a and C3b.32 In the alternative
pathway, serum C3 can spontaneously hydrolyze to generate C3
(H2O), which binds to the surface of foreign cells and factor B.37

Once factor B binds to C3(H2O), it can be cleaved by the
constitutively active serum protease factor D, generating the C3
convertase complex C3(H2O)Bb, which cleaves native C3 mole-
cules into C3a and C3b.38 The binding of carbohydrates or
acetylated residues present on specific glycocalyx patterns
expressed by apoptotic and necrotic cells to pattern-recognition
molecules, such as mannose-binding lectin (MBL), collectin 11 (CL-
K1), or ficolins, may trigger the lectin pathway.37,39

All three of these pathways merge on the proteolytic activation
of C3 (cleavage of C3 by C3 convertases) to produce C3a and
C3b.40 Once C3b binds to C3 convertase, the C5 convertase
(C4bC2aC3b), which can cleave C5 to C5a and C5b, forms. The
anaphylatoxins C3a and C5a can bind to their receptors, which are
expressed on a large number of cell subsets, including neutrophils,
eosinophils, mast cells, monocytes/macrophages, dendritic cells,
endothelial cells, astrocytes, and microglia.41 The anaphylatoxins

C3a and C5a can enhance inflammation, leukocyte recruitment,
cytokine and chemokine release, and oxygen radical production
and increase blood vessel permeability.42 In contrast, C3b
molecules can opsonize immune complexes and enhance
phagocytosis,43 while the sequential binding of C5b to C6, C7,
C8, and 10–16 C9 molecules leads to the formation of a
macromolecular structure called the terminal membrane attack
complex C5b-9 (MAC).44 This complex can form holes in the cell
membrane, resulting in the leakage of intracellular contents and
cell destruction.43

Mounting evidence from basic and clinical research supports
the role of the complement cascade in several complications
during allograft transplantation. The activation of the complement
cascade and the innate immune system can occur shortly after
cardiac arrest or brain death in deceased organ donors.45 In
addition, the complement system can be activated by donor-
specific alloantibodies46 or IRI.42,47 Complement cascade activa-
tion amplifies the expression of the C3a and C5a proteins, which
recruit and activate neutrophils and monocytes.45,48 When
neutrophils and monocytes are recruited from the peripheral
circulation into an allograft, they become activated and release
proinflammatory cytokines, chemokines, and reactive oxygen
species, causing cell apoptosis and necrosis.49 The formation of
the membrane attack complex C5b-9, which causes non-receptor-
mediated cell activation and cytotoxicity, represents another
element of complement cascade activation during IRI following
organ transplantation.6

Accumulating experimental and clinical evidence has demon-
strated that the inhibition of complement activation can be a
promising target for therapeutic intervention in organ transplan-
tation.50 To date, numerous therapeutic agents, such as mono-
clonal antibodies, small molecules, and small interfering RNA
(siRNA) agents, have been developed to block complement
cascade activation. The administration of soluble complement
receptor-1 antagonist (sCR1), which inactivates the C3 and C5
convertases, results in reduced neutrophil migration into grafts
and reduced posttransplantation reperfusion edema in a swine
lung allotransplantation model.51 The clinical trial testing sCR1, TP-
10, showed 90% complement inhibition in IRI for 24 h after lung
transplantation.52 Gueler et al. showed that treating recipient mice
with a C5aR antagonist before transplantation remarkably
enhances graft survival and reduces monocyte/macrophage
infiltration.53 In a recent phase I/II clinical study, the effect of C1
esterase inhibitor (C1INH) on the prevention of delayed graft
function in kidney transplant recipients was studied. Significantly
fewer dialysis sessions were observed at 2-4 weeks post-
transplantation, and better renal function was observed at 1 year
in C1INH-treated patients.54 The other suggested approach to
attenuate IRI in organ transplantation is silencing the C5a receptor
(C5aR) gene using siRNA. To this end, a study showed that mice
that received C5aR siRNA two days before the induction of
ischemia have reduced expression of the proinflammatory
cytokine TNF-α and chemokines MIP-2 and KC, resulting in
reductions in neutrophil influx and cell necrosis in the kidneys.55

One of the first FDA-approved therapeutics to block complement
cascade activation was eculizumab. Eculizumab is a humanized
monoclonal antibody that binds to C5 and inhibits its cleavage to
C5a, thereby preventing the formation of the MAC (C5b-9).56 A
few clinical case reports have shown promising results for
eculizumab in patients with atypical hemolytic uremic syndrome
undergoing kidney transplantation.57,58 Another suggested strat-
egy to inhibit complement cascade activation is silencing C3 using
siRNA. C3 is the central component of complement cascade
activation where all three pathways converge.40 The systemic
administration of a C3-specific siRNA in a mouse kidney model of
IRI diminished renal C3 synthesis, resulting in less renal injury and
mouse mortality.55
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Toll-like receptors (TLRs)
TLRs, which have central roles in the initiation of allograft
inflammation and development of acute and chronic allograft
rejection, represent another component of innate immunity.59

TLRs are germline-encoded pattern-recognition receptors (PRRs)
expressed primarily on antigen-presenting cells.60 TLRs are also
expressed on endothelial and stromal cells, including the
epithelial cells lining the respiratory, intestinal and urogenital
tracts.4 PRRs can recognize microbe-specific molecular structures,
known as pathogen-associated molecular patterns (PAMPs), and
damage-associated molecular patterns (DAMPs), which are
released by damaged/dying cells in the body.61 Upon recognition
of any PAMP or DAMP, PRRs activate downstream signaling
pathways that not only trigger innate immune responses by
producing proinflammatory cytokines/chemokines but can also
upregulate costimulatory molecule expression and amplify the
antigen-processing and antigen presentation capacities of innate
immune cells, leading to the initiation of antigen-specific adaptive
immune responses.62–65

Organ transplantation surgery can cause low-grade penetration
of recipient bacteria, donor commensal bacteria in the case of
lung or intestinal transplantation, or translocation of intestinal
bacteria because of surgical stress.66 In addition, IRI can also
induce the expression of endogenous PRRs.66 As a result, the
ligation of donor and recipient TLRs by both microbial molecular
patterns and stress/damage-associated endogenous ligands after
allograft transplantation is a risk factor. The inevitable period of
ischemia reperfusion during allograft transplantation causes a
number of local and systemic cellular and biochemical changes,
leading to the upregulation or induction of the expression of the
endogenous ligands of TLRs, including heparin sulfate, fibrinogen,
hyaluronan, high-mobility group box chromosomal protein 1
(HMGB1), and heat shock protein (HSP), especially HSP60 and
HSP70, in injured and necrotic cells.64,67 Consequently, TLR
signaling pathways are upregulated by Toll/IL-1 resistance (TIR)
domain-containing adapter molecules, such as myeloid differ-
entiation factor 88 (MyD88), TIRAP/Mal, toll/interferon response
factor (TRIF), and TRAM.68 While TLR1, TLR2, TLR5, TLR6, TLR7,
TLR8, and TLR9 initiate MyD88-dependent signaling pathways,
TLR3 is TRIF-dependent, and TLR4 can signal through both MyD88
and TRIF pathways.69 MyD88 activates transcription factors, such
as nuclear factor kappa B (NF-κB), activator protein 1 (AP-1), and
mitogen-activated protein kinases (MAPK), leading to the produc-
tion of proinflammatory chemokines and cytokines.69 In addition,
this signaling allows antigen-presenting cells to mature, migrate
to draining lymph nodes and activate naive T cells.70 The TRIF
signaling pathway stimulates cytokine production through inter-
feron regulatory factor 3 (IRF3), NF-κB and AP-1, leading to
proinflammatory responses.71 TLRs can also cause direct apoptosis
via the Fas-associated death domain protein (FADD) and caspase 8
pathways.67

Considering the pathological role of TLRs in allograft rejection,
inhibitors that target TLR signaling could open novel avenues to
improve long-term transplantation outcomes. Mounting evidence
in the literature demonstrates that the generation of DAMPs
during IRI activates TLR4 and TLR2, and this activation results in
the production of proinflammatory cytokines and chemokines,
facilitating leukocyte migration and infiltration.72,73 Several studies
have reported significantly lower levels of proinflammatory
mediators and cellular infiltration associated with preserved graft
function in TLR4-knockout and TLR2-knockout mice compared to
wild-type mice.73–75 In an elegant study, Kaczorowski et al.
demonstrated that TLR4 signaling is dominant in both the
systemic and intragraft inflammatory responses that occur after
cold ischemia reperfusion in the setting of organ transplanta-
tion.76 The authors performed syngeneic heart transplants in
TLR4-deficient mice and observed lower levels of serum TNF-α, IL-
6, monocyte chemoattractant protein 1 (MCP1), IL-1β, and

troponin I as well as intragraft TNF-α, IL-1β, IL-6, ICAM-1, and
inducible nitric oxide synthase (iNOS) mRNA levels in the knockout
to knockout group compared to the wild-type to wild-type
group.76 Clinical studies have also demonstrated the roles of TLR2
and TLR4 signaling in acute allograft rejection. Palmer et al.
suggested that the activation of innate immunity through TLR4 in
a donor kidney contributes to the development of acute rejection
after renal transplantation.77 Deng et al. reported higher expres-
sion of TLR2 and TLR4 on circulating monocytes from conditioned
liver transplant recipients with acute rejection than on those from
patients with normal liver function.60 Testro et al. noted higher
expression of TLR4 in patients who experienced rejection after
liver transplantation than in patients who did not experience
rejection.78 Similar results have been reported in patients with
acute and chronic renal transplant rejection.79,80 Therefore,
inhibitors or antagonists that target TLR or downstream signaling
components may attenuate IRI and enhance allograft survival.
Blocking antibodies against TLR signaling pathway molecules have
shown promising results in animal models. For instance, the
administration of an anti-HMGB1 neutralizing antibody to wild-
type mice attenuated kidney IRI, as evidenced by reduced
apoptosis in tubular epithelial cells, less infiltration of neutrophils
and macrophages, and lower levels of IL-6, TNF-α, and MCP1.81 Li
et al. noted similar effects following the blockade of extracellular
HMGB1 in a mouse model of IRI.82 The authors observed reduced
ischemia reperfusion-induced renal dysfunction and suppressed
inflammation and tubular apoptosis upon administration of a
rabbit anti-mouse HMGB1 antibody before renal ischemia.82

Furthermore, neutralizing HMGB1 reduced the number of
inflammatory CD11b+Ly6Chigh myeloid cells in the allograft and
the spleen in a cardiac transplantation model.83 Another
suggested strategy to diminish the cytoplasmic translocation of
HMGB1 and subsequently reduce IRI is using a noble gas (xenon
or argon) to treat either the donor organ or the recipient.84 In vitro
experiments demonstrated that xenon treatment could attenuate
HMGB-1 translocation and NF-κB activation in human lung
epithelial and proximal tubular cells.85,86 Zhao et al. demonstrated
that donor exposure to xenon before graft retrieval or recipient
exposure after engraftment decreased caspase-3 expression,
localized HMGB1 within the nucleus and prevented TLR-4/NF-κB
activation in tubular cells in a syngeneic rat model of kidney
transplantation.72

Eritoran is a TLR4 antagonist that has been tested in allograft
transplantation. Eritoran is a synthetic structural analog of the lipid
A portion of lipopolysaccharide (LPS) that blocks LPS from binding
at the cell surface to the MD2-TLR-4 receptor and terminates MD2/
TLR4-mediated signaling.87,88 Eritoran treatment induced less
monocyte infiltration, lower levels of TNF-α, IL-1β, IL-6, and
MCP1, and prolonged survival in a rat transplantation model.89 It is
possible that eritoran blocks the HMGB1-TLR4 interaction and
attenuates the TLR4-dependent release of HMGB1, as suggested in
a mouse model of liver IRI.90 Dexmedetomidine has also been
demonstrated to have cytoprotective and anti-inflammatory
effects in a renal IRI mouse model.91 Mechanistically, dexmede-
tomidine activates pro-cell survival pAKT signals via α2 adreno-
ceptors, resulting in reduced cell death and HMGB1 release and
subsequently inhibiting TLR4 signaling.91

Innate immunometabolism
We have recently identified macrophages as key players in the
regulation of transplant tolerance.92 Depending on environmental
factors, macrophages can be polarized to different functional
states: M1 macrophages secrete proinflammatory cytokines and
produce antimicrobial substances, while M2 macrophages pro-
duce IL-4 and IL-13 and are involved in tissue repair and immune
regulation.93 M1 and M2 macrophages are distinct in their
metabolic processes: proinflammatory M1 macrophages have to
redirect their metabolic flux towards glycolysis and the pentose
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phosphate pathway and simultaneously suppress oxidative
phosphorylation,93–97 while M2 macrophages use oxidative
phosphorylation and glutamine metabolism for ATP genera-
tion.98,99 Furthermore, M1 and M2 macrophages also differ in
their arginine metabolism. While M1 macrophages express the
enzyme inducible nitric oxide synthase (iNOS), which metabolizes
arginine into nitric oxide (NO) and citrulline for antimicrobial
functions, M2 macrophages express the enzyme arginase-1, which
metabolizes arginine into ornithine and urea, providing building
blocks for cellular proliferation and tissue repair.100 While certain
metabolic molecules are produced as a result of macrophage
polarization, specific metabolites also regulate macrophage
differentiation. For example, itaconate is one of the most highly
induced metabolites in macrophages upon activation with
lipopolysaccharide, and this molecule regulates succinate levels,
mitochondrial respiration and inflammatory cytokine produc-
tion.101,102 In a model of IRI, itaconate prevented proinflammatory
activation, demonstrating that the manipulation of cellular
metabolism is a promising strategy to modify the immune
response.102

Changes in metabolic pathways during macrophage polariza-
tion depend on factors that integrate environmental signals, such
as Akt, mTOR, and AMPK.103 For example, signaling through Akt
increases the cell surface expression of the glucose transporter
GLUT1 as well as the phosphorylation of hexokinase; these events
markedly increase glycolytic flux in macrophages.104,105 Repro-
gramming cellular metabolism also depends on transcriptional
regulators that control the expression of key enzymes that
orchestrate switches among different metabolic pathways. For
example, monocytes that are deficient in nuclear receptor Nur77
(Nr4a1) are arrested in the S phase of the cell cycle and undergo
apoptosis in the bone marrow, leading to low numbers of Ly6Clo

monocytes in the circulation.106 In addition, Nur77-deficient
macrophages fail to switch to their mitochondrial metabolism
upon stimulation and therefore accumulate higher levels of
succinate and produce more nitric oxide and proinflammatory
cytokines in a succinate dehydrogenase (SDH)-dependent man-
ner, leading to the exacerbation of chronic inflammatory
diseases.107

Another important transcriptional regulator in the control of
metabolic adaptation during macrophage activation is hypoxia-
induced factor (HIF)-1α. HIF-1α is one of the master regulators of
glycolysis, which is often activated upon stimulation with LPS.108

The deletion of the HIF-1α gene in macrophages inhibits the
metabolic switch to glycolysis, thus resulting in reduced
antimicrobial function. Interestingly, HIF-1α-mediated increases
in aerobic glycolysis and the accumulation of intermediates of
the tricarboxylic acid (TCA) cycle, such as fumarate and
glutamate, control chromatin remodeling including histone
methylation (histone 3 lysine 4 trimethylation, H3K4me3) and
acetylation (histone 3 lysine 27 acetylation, H3K27ac). This
process results in the epigenetic reprogramming of innate
immune cells, and upon restimulation, these cells exhibit
enhanced production of proinflammatory cytokines, a process
that has recently been called “trained immunity”.109–112 Of note,
trained immunity is a term used to differentiate enhanced
innate responses from the classic “memory recall” of adaptive
immune cells. Importantly, macrophages that have acquired
trained immunity in the context of transplantation play an
important role in promoting allograft rejection.113 Thus, inter-
fering with the metabolic processes that form the basis of long-
lasting epigenetic reprogramming, i.e., preventing trained
immunity in macrophages, is a promising therapeutic strategy
for the prevention of allograft rejection.
Apart from glycolysis, other metabolic pathways have been

identified to be crucial for trained immunity in macrophages and
represent targets for intervention. A recent study showed that
mevalonate, a metabolite of the cholesterol synthesis pathway,

promotes trained immunity in macrophages.114 Accordingly,
myeloid cells from patients with hyper-IgD syndrome (HIDS)
who accumulate mevalonate as a result of a mevalonate kinase
deficiency display a trained immunity phenotype in their
macrophages. Statins prevent mevalonate production and are
used clinically to inhibit the cholesterol synthesis pathway.
Interestingly, statins can also effectively prevent trained immunity.
These data provide proof that targeting metabolic pathways can
have long-lasting effects on macrophage functions to promote
tolerance.

CONCLUDING REMARKS
One of the major goals in organ transplantation is the establish-
ment of donor-specific tolerance. The induction of transplant
tolerance is a challenging task as donor organs are subjected to
tissue injury related to ischemia reperfusion processes. In addition
to the IRI damage of the allograft, the recipient innate immune
system initiates highly inflammatory processes as a result of the
vascular injury associated with transplant surgery. As a result,
proinflammatory monocytes that infiltrate the allograft sense
danger molecules through complement receptors and TLRs,
reprogram their metabolic pathways and become inflammatory
macrophages. They upregulate costimulatory molecule expres-
sion, secrete proinflammatory cytokines and consequently acti-
vate innate and adaptive immunity, leading to organ rejection.
Therefore, protocols that modulate cell death pathways in donor
organs or interfere with the PRRs of host innate immune cells and
regulate the immunometabolism of these cells represent promis-
ing therapeutic approaches that may be used synergistically with
current immunosuppressive agents for the induction of immune
tolerance.
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