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Abstract: Ischemia and reperfusion injury (IRI) is a complex pathophysiological phenomenon,
inevitable in kidney transplantation and one of the most important mechanisms for non- or delayed
function immediately after transplantation. Long term, it is associated with acute rejection and
chronic graft dysfunction due to interstitial fibrosis and tubular atrophy. Recently, more insight has
been gained in the underlying molecular pathways and signalling cascades involved, which opens the
door to new therapeutic opportunities aiming to reduce IRI and improve graft survival. This review
systemically discusses the specific molecular pathways involved in the pathophysiology of IRI and
highlights new therapeutic strategies targeting these pathways.
Keywords: ischemia reperfusion injury; kidney transplantation; delayed graft function;
innate immune system; adaptive immune system; apoptosis; necrosis; hypoxic inducible factor;
endothelial dysfunction

1. Introduction
To date, 10% of the worldwide population suffers from chronic kidney disease (CKD).
The prevalence of the disease will most likely grow over the next decade due to the increase in
the elderly population and the growing incidence of diabetes and hypertension. In 2015, CKD was
ranked 12th in the global list of causes of death [1]. The population of patients needing renal replacement
therapy (RRT) worldwide was estimated to be approximately 4.902 million (95% CI 4.438–5.431 million)
in a conservative model and 9.701 million (95% CI 8.544–11.021 million) in a high estimate model,
illustrating the magnitude of the disease burden of end stage renal disease (ESRD) [2].
For patients with ESRD, transplantation is still the optimal treatment. Long-term survival with
kidney transplantation is dramatically better than dialysis and transplantation provides a sustainably
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higher quality of life. Unfortunately, there is a worldwide shortage of suitable donor organs for (kidney)
transplantation. The number of renal transplantations performed worldwide in 2018 was 75.664 [3].
Due to the persistent shortage of donor kidneys, many transplant centres have established large living
donor programmes and transplant teams are also now accepting increasing numbers of older and
higher risk organs, retrieved from deceased donors. The use of these extended criteria donors (ECD)
has affected outcomes after transplantation due to an often-suboptimal quality of the donor organ [4,5].
As we will face more complex donors in the future with a reduced viability such as unstable donation
after brain death (DBD) donors, donation after circulatory death (DCD) donors, and ECD, the challenge
in transplantation is to be able to use these donor sources, however, without compromising successful
immediate function and long-term graft survival after transplantation. It is therefore imperative that
the condition of every graft-to-be is optimised prior to or at the time of transplantation and that
additional injury is minimized in order to achieve the best possible post-transplant function and avoid
primary non function (PNF), delayed graft function (DGF), and rejection with chronic graft failure.
Ischemia and reperfusion injury (IRI) is inevitable in (kidney) transplantation and one of the
most important mechanisms for non- or delayed function immediately after transplantation [6–8].
It is accompanied by a proinflammatory response and is associated with acute rejection due to an
increased immunogenicity favouring T-cell mediated rejection as well as anti-body mediated rejection
(ABMR) [9,10]. In addition, it may result in progressive interstitial fibrosis and is associated with
chronic graft dysfunction due to interstitial fibrosis and tubular atrophy (IFTA) [11]. In the past decade
more insight has been gained in the complex molecular pathophysiology of IRI. This may open a door
to new therapeutic targets aiming to reduce IRI. The aim of this review is to systematically highlight
these molecular mechanisms and to discuss potential therapeutic strategies specifically targeting these
molecular pathways.
2. Ischemia and Reperfusion Injury
IRI consists of a complex pathophysiology involving activation of cell death programs, endothelial
dysfunction, transcriptional reprogramming and activation of the innate and adaptive immune
system [8]. Numerous pathways and signalling cascades are implicated (Figure 1) and it is while
worthy to dissect the distinct effects of ischemia and reperfusion (I/R).
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Figure 1. Schematic overview of the pathophysiological consequences of ischemia and reperfusion.
I/R:
ischemia/reperfusion;
ATP: of
adenosine
triphosphate; EndMT:
endothelial
to mesenchymal
transition;
Figure
1. Schematic overview
the pathophysiological
consequences
of ischemia
and reperfusion.
ROS:
reactive oxygen species;
mPTP:
mitochondrial
permeability
transition
pore. to mesenchymal
I/R: ischemia/reperfusion;
ATP:
adenosine
triphosphate;
EndMT:
endothelial
transition; ROS: reactive oxygen species; mPTP: mitochondrial permeability transition pore.

2.1. Ischemia

2.1. Ischemia
Due to a decrease in oxygen supply, cells will switch from an aerobic to an anaerobic metabolism,
whichDue
results
in a decrease in adenosine triphosphate (ATP) production and intracellular acidosis
to a decrease in oxygen supply, cells will switch from an aerobic to an anaerobic
due
to
the
formation
of lactate.
causes destabilisation
lysosomal membranes
with leakage
metabolism, which results
in This
a decrease
in adenosine of
triphosphate
(ATP) production
and
of
lysosomal enzymes,
breakdown
of the cytoskeleton
inhibition
of membrane-bound
Na+ /K+
intracellular
acidosis due
to the formation
of lactate.and
This
causes destabilisation
of lysosomal
ATPase
activity
[12–14].
This
last processenzymes,
gives risebreakdown
to an intracellular
accumulation
of inhibition
Na+ ions and
membranes
with
leakage
of lysosomal
of the cytoskeleton
and
of
2+ excretion, there is an intracellular
water
with
as
a
consequence
cellular
oedema.
Due
to
declined
Ca
+
+
membrane-bound Na /K ATPase activity [12–14]. This last process gives rise to an intracellular
2+ accumulation, which causes activation of Ca2+ dependant proteases like calpains. Due to
Ca
accumulation
of Na+ ions and water with as a consequence cellular oedema. Due to declined Ca2+
the
acidosis,
these
stay inactive
during the ischemic
may damage
cell after
excretion, there is calpains
an intracellular
Ca2+ accumulation,
which period
causes but
activation
of Ca2+ the
dependant
normalisation
the pHDue
during
reperfusion.
The calpains
remaining
ATP
is broken
down
hypoxanthine,
proteases like of
calpains.
to the
acidosis, these
stay
inactive
during
the to
ischemic
period
which
will
accumulate
in
the
cell,
since
further
metabolism
into
xanthine
requires
oxygen
[15].
In the
but may damage the cell after normalisation of the pH during reperfusion. The remaining ATP
is
2+ overload is responsible for generation of reactive oxygen species (ROS) [8].
mitochondria,
the
Ca
broken down to hypoxanthine, which will accumulate in the cell, since further metabolism into
This
will lead
to opening
the mitochondrial
permeability
transition
(mPTP) after
reperfusion.
xanthine
requires
oxygenof[15].
In the mitochondria,
the Ca2+
overloadpores
is responsible
for generation
During
the
ischemic
period,
only
small
amounts
of
ROS
are
produced
compared
to
the
entire
I/R due
of reactive oxygen species (ROS) [8]. This will lead to opening of the mitochondrial permeability
to
the reduction
cytochromes,
nitric oxide
synthases,
xanthineperiod,
oxidase
andsmall
reduced
nicotinamide
transition
pores of
(mPTP)
after reperfusion.
During
the ischemic
only
amounts
of ROS
adenine
dinucleotide
phosphate
(NADPH)
oxidase
activation of
[16–19].
are produced
compared
to the entire
I/R due
to the reduction
cytochromes, nitric oxide synthases,
xanthine oxidase and reduced nicotinamide adenine dinucleotide phosphate (NADPH) oxidase
2.2.
Reperfusion
activation
[16–19].

During reperfusion, oxygen levels increase, and the pH normalises which is harmful for the
2.2. Reperfusion
previously
ischemic cells. The intracellular Ca2+ level further increases, which activates the calpains
causing
injuryreperfusion,
to the cell structure
cellincrease,
death [8].and
Restoration
of normoxemia
leads
to the production
During
oxygenand
levels
the pH normalises
which
is harmful
for the
of
large amounts
of ROS,
together
with a reduction
in the antioxidant
capacity
[20]. This
burst of
previously
ischemic
cells. The
intracellular
Ca2+ level further
increases, which
activates
the calpains
causing injury to the cell structure and cell death [8]. Restoration of normoxemia leads to the

J. Clin. Med. 2020, 9, 253

4 of 33

ROS production was thought to be due to a generalised dysregulation of the electron transport chain
with electrons leaking out at non-specific sites [21]. Recently, however, Chouchani et al. [22] showed
that this superoxide production is generated by reverse action of complex I of the electron transport
chain driven by a pool of succinate, a metabolite of the citric acid cycle, accumulated during ischemia.
This massive amount of mitochondrially produced ROS is responsible for the activation of various
injurious pathways through carbonylation of proteins or lipid peroxidation. This may contribute
to injury of the cell membranes, the cytoskeleton and DNA and may lead to a disruption of ATP
generation and induction of mPTP [20]. Additionally, the combination of ROS, dysfunctioning of
the mitochondrial machinery and increase in mitochondrial Ca2+ load causes opening of the mPTP
and release of substances like cytochrome C, succinate and mitochondrial DNA (mtDNA), which are
able to induce cell death through apoptosis and necrosis and may act as danger/damage associated
molecular patterns (DAMPs) entailing activation of the innate and subsequently the adaptive immune
system [23–26].
Recent insights in the pathophysiological mitochondrial mechanisms and general understanding
of the pivotal role of the mitochondria in IRI has led to various strategies targeting mitochondria
with the aim to reduce IRI including limiting oxidative stress and mitochondrial ROS generation [20].
Both lipophilic cations and mitochondrial targeted proteins have been developed to deliver antioxidants
to the mitochondria [27]. Triphenylphosphonium (TTP), a lipophilic cation, is rapidly taken up by
mitochondria where it releases covalently bonded bioactive compounds. MitoQ, with its bioactive
compound ubiqinone, is the most investigated of these molecules. In the mitochondria ubiqinone
is reduced to ubiquinol, a powerful ROS scavenger. Administration of MitoQ in renal I/R models
resulted in reduced markers of oxidative stress, reduced renal injury and improved function [28–30].
Regarding the mitochondrial targeted proteins, the Szeto-Schiller (SS) proteins are the best known.
Exact mechanism of action is poorly understood but a possible explanation of action is through
interaction with cardiolipin, an important component of the inner mitochondrial membrane. SS peptides
have shown to reduce renal IRI in rodents [31], and its lead compound SS-31 (Elamipretide, Stealth
BioTherapeutics-Alexion Pharmaceuticals) is currently being investigated in humans for its efficacy
in reducing IRI post-angioplasty for renal artery stenosis. A pilot study administration of SS-31
before and during percutaneous transluminal renal angioplasty and stenting has shown to attenuate
post-procedural hypoxia, increased renal blood flow and improved kidney function [32].
Another strategy to reduce ROS generation is reduction of succinate formation by inhibition of
succinate dehydrogenase, preventing the accumulation of succinate, a driving force of reverse action
of complex I. This has been shown to be effective in various in vivo models of IRI including the heart
but has yet been unexplored in renal IRI [22,33].
3. Pathophysiological Consequences of IRI
3.1. Cell Death: Necrosis, Apoptosis, Regulated Necrosis and Autophagy
3.1.1. Necrosis
I/R leads to the activation of cell death programs. Of these programs, necrosis is the most
uncontrolled form. It is due to swelling of the cell and subsequent rupture of the cellular
membrane [34]. This will lead to an uncontrolled release of cellular fragments into the extracellular
space. These fragments act as DAMPs and are able to activate the innate and adaptive immune system,
entailing infiltration of inflammatory cells into the tissue and release of different cytokines.
3.1.2. Apoptosis
In contrast to the uncontrolled process of necrosis, apoptosis is a highly regulated and controlled
process in which activation of the caspase signalling cascade results in a self-limiting programmed
cell death. These caspases, a family of proteases, are essential in this process. There are two types of
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caspases: initiator caspases (2,8,9,10) and effector caspases (3,6,7) [35,36]. The initiator caspases are
activated by binding to a specific activator protein complex (death-inducing signalling complex (DISC),
apoptosome) [37]. The formed complexes then activate the effector caspases through proteolytic
cleavage upon which these proteolytically degenerate various intracellular proteins. Apoptosis gives
rise to apoptotic bodies, containing these intracellular protein fragments, via the process of membrane
blebbing. The apoptotic bodies will undergo phagocytosis before they can spill their content into
the extracellular space and therefore will generate a less immune stimulating impulse compared to
necrosis. Apoptosis can be initiated through the intrinsic pathway (mitochondrial dependent pathway)
in which the initiating signal comes from within the cell (e.g., damaged DNA, hypoxia, metabolic
stress) or the extrinsic pathway (cell death receptor pathway) due to signals from out of the cell (tumor
necrosis factor-α (TNF-α), first apoptosis signal (Fas)-ligand, FasL) (Figure 2) [37].
A protein family playing an important role in the regulation of apoptosis is the B-cell lymphoma 2
(BcL-2) family [38]. Members of this family can act as protectors (BcL-2, BcL-xL) inhibiting apoptosis,
sensors (BH3 only proteins, Bad, Bim, Bid) inhibiting the protectors, or effectors (Bax, Bad) initiating
apoptosis by enhancing the permeability of the mitochondrial membrane [39]. In case of intrinsic
signalling, intracellular signals of cell stress will lead to an increase in the BH3 only proteins resulting
in inhibition of the protectors and activation of the effectors. These effectors increase the permeability
of the mitochondrial membrane resulting in leakage of pro-apoptotic proteins upon which a caspase
activator complex, the apoptosome, is formed in the intracellular space [40–43]. The apoptosome
cleaves procaspase-9 to its active form of caspase-9, which in turn is able to activate the effector
caspase-3. In case of the extrinsic signalling, binding of TNF-α (TNF path) or the FasL, expressed
on cytotoxic T lymphocytes, (Fas path) to receptors of the TNF receptor (TNFR) family will lead to
the formation of a complex called the death-inducing signalling complex (DISC) [44–46]. The DISC,
amongst others, consisting of a death effector domain and three procaspase-8 or -10 molecules, cleaves
and activates the procaspases [47]. Activation of the initiator caspase-8 by both paths directly activates
other members of the caspase signalling cascade such as the effector caspase-3 but also can lead to an
increase in BH3-only proteins (Bim, Bid) and trigger the intrinsic pathway (Figure 2) [48].
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Figure 2. Extrinsic and intrinsic apoptotic pathway. The intrinsic pathway is mediated by intracellular
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Three procaspase-8 or -10 molecules can then interact with the complex by their own death effector
domains. The complex formed is the death-inducing signalling complex (DISC) which cleaves and
activates procaspase-8 and 10. Activation of the initiator caspase-8 by both paths directly activates
other members of the caspase signalling cascade such as the effector caspase-3 but also can lead to an
increase in BH3-only proteins (Bim, Bid) and trigger the intrinsic pathway).

3.1.3. Regulated Necrosis
Recently, new pathways of a more regulated form of necrosis have been described. These processes
show features of apoptosis as well as necrosis. One of the best-known pathways of regulated necrosis
is via TNFR-1 and is called necroptosis [46]. In the absence of active caspase-8, phosphorylation
of receptor-interacting protein kinase 1 (RIPK1) and RIPK3 in complex IIb leads to formation of a

J. Clin. Med. 2020, 9, 253

7 of 33

complex called the necrosome. The necrosome recruits Mixed Kinase Domain-Like protein (MLKL),
which is then phosphorylated by RIPK3 [46]. MLKL activates the necrosis phenotype by entering
the bilipid membranes of organelles and the cellular membrane. This causes formation of pores in
these membranes and leads to release of cellular contents, functioning as DAMPs, into the extracellular
space [49]. As in necrosis the DAMPs are able to activate both the innate and adaptive immune system
promoting proinflammatory responses that activate rejection pathways [50,51]. A recent study in a
kidney transplant mouse model showed that RIPK3-deficient kidneys had better function and longer
rejection-free survival [52]. Therefore RIPK3-inhibiting drugs might be of interest in the reduction of IRI
in organ transplantation. Next to TNFR-1, other death receptors and toll like receptors (TLR) have also
shown to be able to induce necroptosis [46]. Other forms of regulated necrosis include mitochondrial
permeability transition (MPT)-associated death (involving opening of mPTP leading to necrosis instead
of apoptosis), ferroptosis (involving iron and gluthation metabolism), parthanatos (also known as
PARP-1 (Poly(ADP-ribose) polymerase-1) dependent cell death, involving the accumulation of PAR
(poly(ADP-ribose)) and the nuclear translocation of apoptosis-inducing factor (AIF) from mitochondria)
and pyroptosis (involving caspase-1 and -11 in mice and caspase-4 and -5 in humans) [53]. The role of
pyroptosis in IRI in the kidney, however, is unclear.
3.1.4. Autophagy
Cells can preserve their metabolic function and escape cellular death. This is due to autophagy
of damaged cell parts. There are several pathways of autophagy, namely, macro-autophagy,
micro-autophagy and chaperone-mediated autophagy—the last two are beyond the scope of this review.
Macro-autophagy (hereafter called autophagy) involves formation of autophagosomes containing
damaged cell parts or unused proteins. These double membrane autophagosomes travel through the
cytoplasm to fuse with lysosomes (autolysosome) leading to degradation of the damaged cell parts.
This process is continuously active at low basal levels, preserving cellular homeostasis, but stimulated
upon stress through various signals like nutrient deprivation, ROS formation, hypoxia, free amino
acids, etc. [54–56]. Cellular building blocks obtained from recycling of damaged cell parts by autophagy
may serve as anti-stress responses and energy source promoting cell survival.
The first step in autophagy, the initiation, is regulated by two kinases: mammalian target of
rapamycin complex 1 (mTOR, mTORC1) and adenosine monophosphate-activated protein kinase
(AMPK) [54,57,58]. Together, they regulate the activity of the Unc-51 like autophagy activating kinase
1/2 (ULK1/2) complex [59,60]. Activation of mTOR leads to the phosphorylation of this complex
and inhibition of autophagy (for instance, through the phosphatidylinositol 3-kinase (PI3K)/Protein
kinase B (AKT) or the mitogen-activated protein kinase (MAPK)/extracellular signal–regulated kinase
(Erk) 1/2 signalling pathway). On the other hand, activation of AMPK, upon intracellular AMP
increase, activates autophagy [61]. This occurs by inhibition of the mTORC1 through dissociation
of mTORC1 from ULK1/2 (indirect) or in a direct way by phosphorylation of ULK1/2 forming the
ULK1/2-complex [62,63]. Next to the ULK1/2 complex, inducible beclin-1 complex (or class III PI3K
complex) is involved in initiation of autophagy. This complex is activated by the ULK-1/2 complex and
inhibited by Bcl-2 and Bcl-XL. The ULK1/2 and class III PI3K complexes join to form the phagopore
and eventually the autophagosme which will fuse with a lysosome [64–69]. The content of this formed
autolysosome is degenerated, and the components are released to be reused to synthesise new proteins
or to function as an energy source for the cell (Figure 3) [70].
In renal IRI, autophagy is considered a doubled-edged sword. Upon I/R, it is mostly upregulated,
but both protective and harmful effects are observed, proposing a dual role for autophagy in
renal IRI [71,72]. Decuypere et al. [71] hypothesize that autophagy can switch roles depending
on the severity of the ischemic injury. The exact mechanism behind this switch is unclear but
may depend on the survival vs death properties of beclin1 and its interaction with the Bcl-2 family
proteins [71,73]. Autophagy can be considered a protective mechanism in (oxidative) stress injured
cells through restoring cellular homeostasis. Kidneys from older donors are at increased risk of DGF.
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Figure 3. Pathways of macro-autophagy. Initiation of autophagy is regulated by mTORC1
target of rapamycin complex 1) and AMPK (AMP-activated kinase). Together, they regulate the
(mammalian target of rapamycin complex 1) and AMPK (AMP-activated kinase). Together, they
activity of
the ULK1/2
complex
consisting
ofconsisting
ULK1/2of(Unc-51
like autophagy
activating
kinase),
regulate
the activity
of the ULK1/2
complex
ULK1/2 (Unc-51
like autophagy
activating
FIP200 (FAK family kinase interacting protein of 200 kDa) and the autophagy related proteins (ATG)
ATG13 and ATG10. Activation of mTOR leads to the phosphorylation of this complex and inhibition of
autophagy (for instance, through the phosphatidylinositol 3-kinase (PI3K)/ Protein kinase B (AKT) or
the mitogen-activated protein kinase (MAPK)/ extracellular signal–regulated kinase (Erk) 1/2 signalling
pathway) whereas activation of AMPK activates autophagy. AMPK, activated upon intracellular
AMP increase, is able to activate autophagy by inhibition of the mTORC1 through dissociation of
mTORC1 from ULK1/2 allowing ULK1/2 to be activated. AMPK, is also able to initiate autophagy in a
direct way by phosphorylation of ULK1/2 forming the ULK1/2-complex.Another complex involved in
the initiation is the autophagy inducible beclin-1 complex (or class III PI3K complex) which consists
of Vps34 (phosphatidylinositol 3-kinase), beclin-1 (a BH3 only domain protein member of the Bcl-2
family), vps15 and ATG14. This complex is activated by the ULK-1 complex and inhibited by Bcl-2
and Bcl-XL. The ULK1/2 and class III PI3K complexes join to form the phagopore and eventually the
autophagosme. This process is mediated by the ATG5-ATG12-ATG16 complex and the formation of
phosphatidylethanolamine-conjugated Light Chain (LC) 3 (LC3-II) facilitating elongation of the bilipid
membrane to form a closed autophagosme. The autophagosome fuses with a lysosome and the content
of the autolysosome is degenerated and the components are released to be reused to synthesise new
proteins or to function as an energy source for the cell. PDK-1: pyruvate dehydrogenase kinase-1.
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The different cell death programs described above are induced in response to common stimuli.
Several proteins in the autophagy and apoptosis pathway are shared resulting in an intimate crosstalk
between apoptosis and autophagy. Regulation of these proteins determines cellular fate to cell
survival or cell death. Caspase-mediated degradation of several autophagy regulation proteins
limits autophagosome formation and therefore autophagy [77–79]. Apoptosis inhibitors Bcl-2 and
Bcl-XL also inhibit autophagy by binding to Beclin-1 limiting its availability to form the classIII
PI3K complex [80,81]. Inhibition of cisplatin induced autophagy enhanced caspase-3 activation and
apoptosis in renal proximal tubular cells [82,83]. On the other hand, overexpression of ATG5 and
beclin-1 prevented cisplatinum induced caspase activation and apoptosis [84]. Additionally, there is
evidence that autophagy induction regulates necroptosis. Inhibition of autophagy has shown to
prevent necroptosis and vice versa inhibition of necroptosis is able to supress autophagy [85,86].
3.1.5. Targeting Cell Death Programs
Targeting pathways of cell death programs to reduce IRI seems very attractive, since it directly
preserves cellular function. Secondly, dead cells releasing DAMPs elicit a strong immune response
not only in the organ exposed to I/R but also in other organs of the individual, so called remote organ
injury. Therefore, interfering with this process might be immunosuppressive and organ protective.
The relative contribution of each of the cell death programs to IRI and outcome in transplantation,
however, has to be elucidated.
Nydam et al. [87] showed in a syngeneic mouse transplant model that administration of the
pan-caspase inhibitor Q-VD-OPh during graft retrieval and cold preservation resulted in decreased
caspase-3 expression and activity, reduced apoptosis in renal tubular cells and improved renal function
post-transplantation. The pro-apoptotic gene p53 is activated upon hypoxia, oxidative stress and
DNA damage and is able to induce cell cycle arrest, which enables DNA-repair proteins to repair
the sustained injury. However, in case of severe DNA damage it induces apoptosis by initiating the
intracellular pathway.
Inhibition of P53 in proximal tubular cells has been shown to decrease apoptotic cell death
and provide protection against IRI [88,89]. QPI-1002 is a synthetic small interfering ribonucleic acid
(siRNA) designed to reversibly and temporarily inhibit p53. In pre-clinical models it has been shown
that QPI undergoes rapid glomerular filtration and uptake by proximal tubular epithelial cells [89].
Administration of QPI-1002 has shown to be safe in humans. Two phase I dose escalating safety
and pharmacokinetics studies in patients undergoing major cardiovascular surgery (NCT00554359,
NCT00683553) has been executed without dose-limiting toxicities or safety issues. A phase I/II study
has been executed to evaluate QPI-1002 for the prevention of DGF in recipients of kidneys from
deceased donors (NCT00802347) in which treatment with QPI-1002 resulted in lower incidence and
severity of DGF [90]. Recently, a phase 3 randomized, double-blind, placebo-controlled study in
recipients (n = 594) of (older) DBD donor kidneys (>45 years) has been completed (NCT02610296,
ReGIFT-study). Results have not been reported yet.
Various pharmacological substances like necrostatins (RIPK1 inhibitors, necroptosis), ferrostatins
(ferroptosis), sanglifehrin A (MPT-associated death) and olaparib (parthanatos) and many others have
been developed to target specific key molecules of the different programs of regulated necrosis and
are currently tested in various animal and disease models (Figure 4) [91,92]. The question remains
how safe it will be to inhibit non-apoptocic cell death pathways in patients, since these pathways also
function as a backup system when apoptosis fails or is inhibited for instance, by caspase inhibitor
expressing viruses. Of these molecules, RIPK1 inhibitors have now entered clinical trials and their
safety is being tested in healthy volunteers [93,94].
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transition (EndMT) in this process has been described [102,103]. During EndMT, ECs lose their
endothelial phenotype (such as expression of specific endothelial markers like Von Willebrand factor
(VWF)) and acquire the phenotype of multipotent mesenchymal cells (MSC). These cells show an
increased expression of α-SMA, neuronal (N)-cadherin, vimentin and fibroblast-specific protein-1
and exhibit enhanced migratory potential and increased extracellular matrix production [104–106].
In a porcine I/R model Curci et al. [102] showed that 20%–30% of the total α-SMA+ cells emerging
after IRI were also CD31+ suggesting a different origin compared to resident activated fibroblasts.
Man et al. [107] showed that in kidney transplant recipients experiencing IFTA and allograft dysfunction,
progression of EndMT plays an important role. EndMT is controlled by complex signalling pathways
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3.3. Innate and Adaptive Immune Response
IRI is accompanied by sterile inflammation in which the innate as well as the adaptive immune
system are involved.
3.3.1. Innate Immune Response
The innate, or non-specific, immune system is evolutionary the oldest part of the immune system.
It acts on infection or injury with a fast, short-lasting and non-specific response in which different cells
and systems are involved.
Toll-Like Receptor Signalling
In the innate immune response, the toll-like receptors (TLRs) play an important role [110].
TLRs are transmembrane proteins and members of the interleukin-1 receptor (IL-IR) superfamily.
They function as pattern recognition receptors (PRR) and are present on the cellular membrane and in
the cytosol of cells like leukocytes, endothelial cells and tubular cells [111]. The human TLR family
contains 10 members, TLR1–TLR10 [112]—of which, TLR2 and TLR4 have shown to be upregulated
in tubular epithelial cells upon ischemia [113–117]. Both are attributed an equal importance in
initiating apoptosis in a genetic knock-out renal I/R mouse model [115]. TLR activation leads to the
downstream recruitment of various adapter molecules (TNF receptor-associated factor 6 (TRAF6),
Myeloid differentiation primary-response protein 88 (MyD88), toll-interleukin 1 receptor (TIR) domain
containing adaptor protein (TIRAP), TIR-domain-containing adapter-inducing interferon-β (TRIF),
TRIF-related adaptor molecule (TRAM)) activating different kinases (IL-1 receptor-associated kinase
(IRAK)-1 (IRAK-1), IRAK-4, inhibitor of nuclear factor-κB kinase (IKK), TANK-binding Kinase-1
(TBK1)), leading to activation of transcription factors (nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-κB), IFN-regulatory factor 3 (IRF3) resulting in transcription of proinflammatory
genes and the subsequent inflammatory response [8,112].
TLR2 and TLR4 have polyvalent ligand binding activity and can be activated by exogeneous
(e.g., lipopolysaccharide, LPS) and endogenous ligands comprising DAMPs released upon I/R.
These DAMPs vary depending on type of injury and tissue involved. High-mobility group box-1
(HMGB-1), an intracellular protein involved in the organisation of DNA and the regulation of gene
transcription, is one of the DAMPs linked to the pathogenesis of IRI [118–120]. From the nucleus,
HMGB-1 can be released into the cytosol or extracellular space by passive leakage from injured cells or
through active secretion by immune cells [121,122].
In IRI in the kidney, TLR4 plays an important role. Bergler et al. [123] showed that TLR4 is
highly upregulated after renal IRI, and that high TLR4 expression is strongly correlated with graft
dysfunction in an allogenic renal transplant model in rats. Furthermore, TLR4-deficient mice are
protected against renal IRI and kidneys from donors with a TLR4-loss of function allele show less
pro inflammatory cytokines in the kidney after transplantation and a higher percentage of immediate
graft function [118,124]. Activation of TLR4 in renal IRI has various consequences on the graft.
First of all it promotes the release of different proinflammatory mediators like IL-6, IL-1β and TNF-α,
accompanied by an increased expression of macrophage inflammatory protein-2 (MIP-2) and monocyte
chemo attractant protein-1 (MCP-1) involved in the recruitment of neutrophils and macrophages [124].
Second, TLR-4 activation leads to increased expression of adhesion molecules ICAM-1, vascular cell
adhesion molecule 1 (VCAM-1) and E-selectin facilitating leukocyte migration and infiltration into the
interstitial space. TLR-4 signalling seems mandatory for this increased expression. Chen et al. [125]
showed that increased expression of adhesion molecules after renal IRI was absent in TLR4 knockout
mice in vivo and the addition of HMGB-1 to isolated endothelial cells increased adhesion molecule
expression on cells from wild-type but not from TLR4 knockout mice. Thirdly, activation of TLR4 on
circulating immune cells of the innate immune system leads to activation of these cells. Neutrophils and
macrophages are involved in an early stage after reperfusion. Neutrophils are regarded as the primary
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mediators of injury and their activation leads to ROS release, secretion of different proteases and renal
tissue injury [126]. Upon activation, macrophages release proteolytic enzymes and proinflammatory
cytokines like TNF-α, IL-1β and interferon-γ (IFN-γ) [127]. In TLR-4 knockout mice subjected to
IRI, neutrophil and macrophage infiltration was reduced [124]. Finally, the TLR4-facilitated immune
response is linked to renal fibrosis. The upregulation of TLR4 upon I/R induces a strong inflammatory
response accompanied by tubular necrosis, loss of brush border, formation of casts and tubular
dilatation [124]. Such a robust inflammation is known to potentiate interstitial fibrosis [128].
Proposed endogenous ligands for TLR-4 in renal IRI include HMGB-1, extracellular matrix
(ECM) components like biglycan, heparin sulphate and soluble hyaluronan, and heat shock proteins
(Hsps) [129–134]. Upon ligand binding, activation of TLR4 leads to downstream signalling via the
MyD88-dependent and MyD88 independent pathway (Figure 6). The MyD88-dependent pathway
in which MyD88 and TIRAP or MyD88 adapter-like (Mal) recruits and activates members of the
IRAK family is considered to be the dominant pathway [124,135]. Wang et al. [136] demonstrated
that MyD88- and TRIF-deficient mice showed a significant reduction in interstitial fibrosis reflected
by α-SMA and collagen I and II accumulation Furthermore, Administration of the MyD88 specific
inhibitor TJ-M2010-2, a small molecular compound, inhibiting the homodimerisation of MyD88, in a
renal I/R model in mice has shown to prolong the survival rate, preserve renal function and attenuate
the inflammatory responses and apoptosis in the kidney. In the long term, inhibition of the TLR/MyD88
signalling pathway with TJ-M2010-2 attenuated renal fibrosis via inhibition of TGF-β-induced epithelial
to mesenchymal transition [137]. Liu et al. [138] showed that pre-treatment with the synthetic TLR4
inhibitor eritoran (Eisai co., Ltd, Tokyo, Japan) in an renal I/R rat model resulted in reduced expression
of TNF-α, IL-1β and MCP-1, attenuated monocyte infiltration in the kidney and improved renal
outcome Altogether in view of the pivotal role of TLR4 in renal IRI, inhibition of TLR4 or upstream or
downstream mediators could be an interesting target in reducing IRI and optimising graft survival.
Next to TLR4, TLR 2 is markedly upregulated upon ischemic injury in the kidney and its
upregulation is associated with the initiation of an inflammatory response [139]. Kidneys of TLR2-/mice subjected to I/R showed less tubular damage compared to TLR2+/+ mice. Reduced levels of
MIP-2, MCP-1, and IL-6 and reduced levels of infiltrating leucocytes were seen [140]. The role of
TLR2 in the development or progression of renal fibrosis, however, is less clear. Leemans et al. [139]
showed that in a mouse model of obstructive nephropathy TLR2 does not play a significant role
in renal progressive injury and fibrosis. In addition to this de Groot et al. [141] showed in human
allograft biopsies that TLR2 expression 6, 12 and 24 months after transplantation is associated with
superior graft outcome in the long run Currently, the humanized immune globuline (Ig) G4 (IgG4)
monoclonal antibody against TLR2 OPN-305 (Tomaralimab, Opsona Therapeutics Ltd, Dublin, Ireland)
has entered phase 2 trials (NCT01794663) with the aim to reduce delayed graft function in recipients of
post-mortal donor kidneys. In the first part (A) of this study a single dose of 0.5 mg/kg administered
1h before reperfusion was associated with full inhibition of TLR2 and an 80% reduction of IL-6 [142].
Subsequently, this dose has been used in part B of the study, which has been completed but results
have not been reported yet.
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Figure 6. Toll-like receptor 4 signalling. Activation of toll-like receptor 4 (TLR4) by danger
associated molecular patterns (DAMPs), like high mobility group box-1 (HMGB-1), heat shock
proteins (hsp) and extracellular matrix (ECM) components, leads to downstream signalling via the
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showed that renal function was preserved with MASP-2 deficiency After complex-ligand interaction,
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LP proceeds with cleavage of C4 and C2, mediated by MASP-2, leading to the synthesis of the
classical pathway C3 convertase. Recently, a C4 independent bypass in the LP pathway was also
demonstrated [122]. This could explain why C4-deficient mice are not protected against renal I/R and
cellular mediated rejection [148,149]. One of the PRRs assigned an important role in the LP is collectin-11
(CL-11), a soluble C-type lectin containing a carbohydrate recognition domain and MASP binding
domain [150]. In renal tissue, tubular cells are the main source of CL-11 and expression increases
after IRI [151]. CL-11 has been appointed an important role in complement activation in the kidney.
It has been shown that CL-11 engages l-fucose at sites of ischemic stress and inflammation initiating
the LP [147]. In a renal I/R model, CL-11-deficient mice showed no post-ischemic and complement
mediated injury supporting the importance of CL-11 in triggering renal complement activation.
All activating routes converge and lead to the formation of the C3 convertase (C4b2b, C3bBbP).
C3 convertase cleaves and activates additional C3, creating C3a and C3b. C3b together with C4b2b
forms the C5 convertase, which will cleave C5 into C5a and C5b. C5b together with C6–9 will then
form the Membrane Attack Complex (MAC, C5b-9). The formed complement effectors will lead to
opsonisation (C3b), chemotaxis of neutrophils and macrophages (C3a, C5a) [143]. The formed MAC
inserted into the cellular membrane is associated with a proinflammatory response via noncanonical
NF-KB signalling (Figure 7) [152,153].
Next to inducing inflammation and cell death, the complement system is able to modulate
antigen presentation and T cell priming via C3a and C5a and is therefore playing a role in donor
antigen sensitisation and rejection [154]. Antigen-presenting cells (APC) express C3 and C5 along
with complement receptors C3aR and C5aR1. Upon complement activation in the extracellular space,
C3a and C5a increase the presentation of alloantigens and expression of co-stimulatory molecules
on the APC enhancing APC priming of T cells [143]. Furthermore, C3a and C5a promote T-cell
differentiation of CD4+ and CD8+ T-cells. CD8+ cells mediate vascular and cellular T-cell mediated
rejection. Upon activation, CD4+ T-cells can stimulate further CD8+ T-cell differentiation, they can
proliferate and differentiate to memory and effector CD4+ cells which can activate macrophages, recruit
leukocytes and stimulate inflammation and finally CD4+ cells stimulate B-cell differentiation and in
the end antibody production [143]. The B-cells response can also be enhanced in a direct manner via
C3b and C3d on the APC and the complement receptor 2 (CR2) on the B-cell. Activation of the B-cell
by binding to the donor alloantigen induces class switching of the donor specific antibody from IgM to
IgG. Subsequently, ABMR occurs when IgG donor specific antibodies (DSA) recognizes antigens in the
kidney graft and engage with C1q, C1r and C1s to activate the classical pathway [143]. Under normal
physiological circumstances, formation of the complement effectors is controlled by proteins (soluble
or surface bound) that mediate break down of the C3 and C5 convertases. After I/R this balance shifts
to uncontrolled complement activation predisposing the graft to complement mediated injury and
rejection [155].
Many interventions on the level of C3, C5, and regulatory proteins in I/R injury and especially
kidney transplantation have been evaluated in pre- and clinical studies [156]. Eculizumab (Soliris®,
Alexion Pharmaceuticals, New Haven, CT, USA) is to date the best studied complement inhibitor
in kidney transplantation. Therapeutic inhibition of C5 with the use of eculizumab, an anti-human
C5 micro antibody, showed potential in the prevention and/or treatment in AMBR [157–159] and
has been investigated as such in several phase 2/3 clinical trials (NCT01567085, NCT01106027,
NCT01399593). All studies report a safety profile of the drug that is consistent with that reported
for eculizumab’s approved indications like atypical haemolytic uremic syndrome. Results of these
trials suggest a potential role of eculizumab in the prevention and treatment of ABMR in patients
with DSA [160,161]. Next to ABMR, eculizumab has been investigated for the prevention of DGF
(NCT01919346, NCT02145182). Again, the safety profile was good but pre-treatment with eculizumab
had no effect on the incidence of DGF. Groups in these studies, however, were rather small [162].
Another anti-C5 antibody Tesidolumab (LFG-316, MorphoSys, Novartis) has currently entered phase 1
studies (NCT02878616).
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In addition to targeting terminal complement pathways, therapeutics targeting complement
initiation (C1) and amplification (C3, convertases) have been developed. C1 esterase inhibitors (C1-INH)
should not be considered complement-specific inhibitors, since these broad protease inhibitors and
their functions extend beyond the classical pathway and even beyond the complement system [163].
The C1INH Cinryze®(Shire US Inc., Lexington, MA, USA) is recently being evaluated for treatment
of ABMR (NCT02547220). The study was terminated May 2019 following a pre-scheduled interim
analysis, it was determined that the study met the pre-specified criteria for futility. Cinryze®is
still listed to be tested as a pre-treatment to reduce IRI and DGF (NCT02435732). Another C1INH,
Berinert®(CSL Behring, King of Prussia, PA, USA), has been evaluated in a phase 1/2, double-blind,
placebo-controlled study assessing its safety and efficacy for prevention of delayed graft function
in recipients of deceased donor kidneys [164]. Although the primary outcome measure (DGF) was
not met, treatment with Berinert®was associated with significantly fewer dialysis sessions 2 to
4 weeks post-transplantation. In addition, a better renal function was seen at 1 year compared with
the placebo treated group. No significant adverse events were noted in this study [164]. Finally,
Mirococept (APT070) a membrane-localising C3 convertase inhibitor is currently being evaluated in
a double-blind randomised controlled investigation its efficacy for preventing IRI deceased donor
kidneys (EMPIRIKAL-trial, ISRCTN49958194) [165].
Translation to the Adaptive Immune System
The link between the innate and adaptive immune response is made by dendritic cells (DCs,
Figure 8). DCs are APCs and play an essential role in the pathogenesis of IRI. Immature DCs can
be activated by DAMPs via TLRs and the complement system. After maturation, they are able to
activate the adaptive immune system in a direct manner by antigen presentation to B- and T-cells or
indirectly via cytokine signalling [8,166]. This process can already start in the donor in which in case of
a DBD donor, DCs are activated by oxidative stress or C5a and present donor antigens to T-cells of the
recipient [167]. Furthermore, it is thought that DCs (subtype CDC11c+ and F4/80+) play an important
role in the early pathophysiology of IRI by secretion of TNF-α, Chemokine (C-C motif) ligand 5
(CCL5), IL-6 and MCP-1within the first 24h after IRI [168]. Further, at a later stage, DCs contribute
to allograft dysfunction. Batal et al. [169] looked at kidney transplant biopsies performed > 15 days
after transplantation and found that a high DC density was independently associated with poor
graft survival. Additionally, they found that high DC density was correlated with an increased T-cell
proliferation and poor patient outcome in patients with high total inflammation scores of biopsies,
including inflammation in areas of tubular atrophy. In these patients, DC density could predict allograft
loss. When looking at the origin of the DCs they showed that initially donor DC predominated but
found that in late biopsies the majority of DCs were of recipient origin. These data suggest a potential
rationale to target DCs influx in the kidney to improve long-term allograft survival.
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T-Cells
Activation of T-cells occurs through binding of the T-cell receptor (TCR) on the surface of the
T-cell, to the major histocompatibility complex (MHC, in case of humans the human leucocyte antigen
(HLA) system) on the APC. This can be in a direct way when the TCR binds to unprocessed allogenic
MHC on the APC of the donor or in an indirect manner when MHC proteins of the donor have been
taken up by APC of the recipient, processed and presented by the MHC of the recipient [170]. In case
of IRI, CD4+ T helper (Th) cells as well as CD8+ cytotoxic T-cells are found in the kidney and are
important mediators of IRI [171–174]. T-cell-deficient mice showed attenuated renal IRI and adoptive
T-cell transfer experiments in athymic mice resulted in acute kidney injury (AKI) [175–177].
The TCR on CD4+ T-cells can only bind to MHC class 2 molecules (HLA DP, DQ, DR).
Upon activation, these CD4+ T-cells become cytokine producing effector cells harming the graft
through cytokine mediated inflammation [170]. The effector CD4+ Th cells can differentiate into three
major subtypes Type 1 (Th1), Type 2 (Th2) and Th17 cells depending on the cytokines they produce
and the transcription factors they express. This differentiation process, referred to as polarisation,
starts with induction in lymphoid tissue. Cytokines produced by APCs (DCs and macrophages),
NK cells, basophils and mast cells act on T-cells stimulated by the antigen and co-stimulators.
This induces transcription of cytokine genes characteristic for the particular subset. Upon continued
activation, genetic modifications occur, keeping the characteristic cytokine genes in a transcriptionally
active state (commitment). The cytokines produced by the subset promote development of this subset
and inhibit differentiation toward other subsets (amplification) [170]. The main effector cytokine of Th1
cells is IFN-γ and the key Th1 transcription factors are signal transducer and activator of transcription
(STAT) 4 (STAT-4) and the T-box transcription factor T-bet. Main effector cells are macrophages, B-cells,
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CD8+ T-cells and CD4+ T-cells (amplification). IFN-γ secreted by Th1 cells will activate macrophages
leading to secretion of inflammatory cytokines (TNF, IL-1 and IL-2), an increased production of toxic
substances like ROS, NO and lysosomal enzymes and finally stimulation of expression of costimulatory
molecules enhancing the efficiency of the macrophage as APC [170]. The main effector cytokines
of Th2 are IL-4, IL-5 and IL-13 and key transcription factors are GATA binding protein 3 (GATA-3)
and STAT-6. IL-4 act on B-cells to stimulate production of IgE antibodies which can lead to mast cell
degranulation upon binding of IgE with mast cells. IL-5 activates eosinophils, inducing defence against
helminthic infections. IL-4 and IL-13 are involved in alternative macrophage activation promoting
development of M2 macrophages which have anti-inflammatory effects and may promote tissue
repair and fibrosis [170]. Signature cytokines of Th17 are IL-17 and IL-22. Differentiation into this
subtype is mediated by IL-6 and TGF-β leading to activation of transcription factors STAT-3 and
retinoic acid-related orphan receptor γt (RORγt) respectively. IL-17 act on leukocytes and tissue
cells and stimulates production of several chemokines and cytokines (TNF-α, IL-1β, IL-6) that recruit
neutrophils and to a lesser extend monocytes to generate an inflammatory response. IL-22 produced in
epithelial cells is primarily involved in maintaining the barrier function of epithelia [170]. Th17 T-cell
most likely play a significant role in IRI-induced inflammation. STAT-3 KO mice are protected from
renal IRI via downregulation of Th17 activity [178]. The differentiated T-cells can convert from
one subtype to another by changes in activation circumstances [179]. It is suggested that Th1/Th2
ratio plays an important role in the pathogenesis of IRI [180,181]. Yokota et al. [181] demonstrated
that STAT-6-deficient mice with a defective Th2 phenotype have enhanced renal I/R injury whereas
STAT-4-deficient mice have mild improved function In addition, Loverre et al. [182] showed that
kidney transplant recipients experiencing DGF predominantly expressed Th1 phenotype within the
graft In literature both Th1 and Th17 cells are associated with T-cell mediated rejection [183–188].
The TCR on CD8+ T-cells can only bind to MHC class 1 molecules (HLA A, B, C) presented on
APCs. Upon activation in lymphoid tissue, they differentiate into cytotoxic T-cells (CTLs) or memory
cells. This differentiation is facilitated by CD4+ Th1 cells by secreting cytokines that act directly on the
CD8+ cells [170]. The main cytokines involved are IL-2 (proliferation, differentiation CTL/memory
cell), IL-12/IFN (differentiation CTL), IL-15 (memory cell survival), IL-21 (memory cell induction).
The CTLs are able to kill cells which present the allogenic class 1 MHC of the donor in the graft.
This through binding on the target cell and release of granule content into the immune synapse.
These granules contain perforin and granzymes. Perforin induces the uptake of granzymes into the
target cell. These granzymes are capable of activating caspases and inducing apoptosis. The killing of
the target cell can also be Fas/Fas-L mediated in which the CTL expose the Fas ligand on the membrane
which will bind to the Fas receptor on the target cell inducing apoptosis. Only CTLs that are activated
in the direct way (by donor MHC on donor APC) are able to kill graft cells [170]. Like CD4+ Th cells,
CTL secrete inflammatory cytokines, (predominantly IFN-γ) that attribute to inflammation and injury
of the graft. The role of CD8+ cells in early phase of renal IRI is unclear, in a mouse model CD4+
deficient mouse was protected from IRI but CD8+ deficient mouse was not [176].
Ko et al. [189] showed that already 6 h after renal IRI, transcriptional activity occurs in T-cells
and that these gene expression changes persist up to 4 weeks after the event. Genes involved in
immune cell trafficking and cellular movement were most upregulated in the early phase (6 h, 3 days).
On day 10 this was shifted to genes related to cellular development products involved in immune
responses and on day 28 to genes involved in cellular and humoral immune response involved in
antigen presentation. In addition, they found that the CC motif chemokine receptor 5 (CCR5) was one
of the most upregulated genes at all time points, which was confirmed at a protein level. Subsequently,
the addition of CCR5 antibody attenuated IRI and led to decreased T-cell activation [189].
B-Cells
Next to alloreactive CD4+ and CD8+ T-cells, antibodies (immune globulins, Ig) against the graft
contribute to rejection. Most of these Igs are produced by Th dependant alloreactive B-cells. The naive
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B-cell recognizes allogenic MHC-molecules, processes these MHC-molecules and presents them to
Th cells that were activated previously by the same alloantigen presented by APCs. The produced
Igs (IgM/IgG) are then able to induce complement activation, and activation of neutrophils, NK cells
and macrophages. The T-cells are responsible for T-cell mediated rejection and B-cells together with
complement activation for ABMR [170].
Regulatory T-Cells
The T-cells which most likely play a protective role in renal IRI are regulatory T-cells (Tregs),
a subset of CD4+ T-cells whose function is to supress the innate as well as the adaptive immune
response and maintain self-tolerance. Tregs can be discriminated from other T-cells by expression of
FoxP3 amongst other proteins like CD25. FoxP3 is probably the most important transcription factor for
Treg differentiation. The mechanism of action of Tregs is production of immune suppressive cytokines
IL-10 and TGF-β, reduction of APC is to stimulate T-cells (possibly by binding to B7 proteins on the
APC) and finally consumption of IL-2, an important growth factor for other T-cells [170]. TGF-β inhibits
various immune cells amongst which: proliferation and effector functions of T-cells, macrophages,
neutrophils and endothelial cells. It regulates differentiation of FoxP3+ Tregs and promotes polarisation
towards Th17 cells. Furthermore, TGF-β promotes tissue repair by the ability to stimulate collagen
synthesis and matrix modifying enzyme by macrophages and fibroblasts. IL-10 inhibits the production
of IL-12 by activated macrophages and DCs, therefore inhibiting these cells and their IFN-γ production.
It also inhibits T-cell activation by inhibiting the expression of co-stimulators and MHC-II molecules
on DCs and macrophages [170].
Tregs play a potentially promising role in the reduction of IRI and graft tolerance [190–193].
Currently, several clinical trials are running evaluating the safety and effeciacy of FoxP3 cellular therapy
in kidney transplantation (NCT02091232, NCT03284242, NCT01446484) [194,195]. However, all that
glitters is not gold, since recent studies have shown that human FoxP3+ T-cells show great variations
in gene expression phenotype and function [196–199]. Furthermore, recently a subset of FoxP3+ Tregs
mimicking Th cells was discovered that secreted pro-inflammatory cytokines [200]. Also, the effect of
different immune suppressive agents on the Treg phenotype needs to be elucidated, since these drugs
might influence Treg phenotype [200,201]. Altogether, more insight in function and biology is needed
before this therapy finds its way to clinical settings.
3.4. Transcriptional Reprogramming
Finally, cells can protect themselves from hypoxia and ischemia and maintain homeostasis via
an evolutionary conserved mechanism with the use of oxygen sensors and activation of specific
transcription factors. These so called hypoxic inducible factors (HIFs) regulate various genes involved
in the metabolic cell cycle, angiogenesis, erythropoiesis, energy conservation and cell survival and are
therefore able to induce a protective cell response to hypoxia [202].
HIFs are heterodimeric transcription factors consisting of an α and β subunit. There are two types
of α subunits, HIF-1α and HIF-2α, which have common, but also subunit-specific target genes. In the
kidney, HIF-1α is predominantly localized in tubular and glomerular cells, whereas HIF- 2α can be found
in glomerular cells, peritubular endothelial cells and fibroblasts [203–205]. In aerobic circumstances,
HIFs are inactive. Oxygen-sensing prolylhydroxylase (PHD) hydroxylates the amino acid proline
on the HIF-1α/HIF-2α subunit. This induces a conformational change enabling von Hippel–Lindau
tumour suppressor protein (pVHL) to bind with the α-subunit, leading to degradation of the HIF-α
subunit. Ischemia/hypoxia will lead to inhibition of the oxygen-dependent PHD, which enables nuclear
translocation of the α subunit, binding of the α and β subunit and formation of HIF. In the nucleus HIF
binds with the hypoxia response promotor element (HRE) leading to the transcription of various genes
like glycolysis enzymes Glut-1 and aldolase (enabling ATP production under hypoxic circumstances),
NF-κB, TLRs, adenosine receptors, vascular endothelial growth factor (VGEF), CD73 and erythropoietin.
Activation of HIF can also occur in normoxemic circumstances, for instance, by ROS, LPS, various

degradation of the HIF-α subunit. Ischemia/hypoxia will lead to inhibition of the
oxygen-dependent PHD, which enables nuclear translocation of the α subunit, binding of the α and
β subunit and formation of HIF. In the nucleus HIF binds with the hypoxia response promotor
element (HRE) leading to the transcription of various genes like glycolysis enzymes Glut-1 and
aldolase
J.
Clin. Med. (enabling
2020, 9, 253 ATP production under hypoxic circumstances), NF-κB, TLRs, adenosine
21 of 33
receptors, vascular endothelial growth factor (VGEF), CD73 and erythropoietin. Activation of HIF
can also occur in normoxemic circumstances, for instance, by ROS, LPS, various cytokines and
cytokines
TCR-CD28Transcriptional
stimulation. Transcriptional
reprogramming
is a consequence
of I/R that
TCR-CD28and
stimulation.
reprogramming
is a consequence
of I/R that should
be
should
be
considered
a
protective
mechanism
(Figure
9)
[206].
considered a protective mechanism (Figure 9) [206].

Figure 9. Intracellular stabilisation and activation of hypoxic inducible factor. Under normoxemic
Figure 9. Intracellular
stabilisation
and activation
hypoxic
inducible
factor.
Underhydroxylated
normoxemic
conditions,
proline on the
hypoxic inducible
factorof
(HIF)
α (HIFα)
subunit
is rapidly
conditions,
proline
on
the
hypoxic
inducible
factor
(HIF)
α
(HIFα)
subunit
is
rapidly
hydroxylated
by oxygen-sensing prolyl hydroxylase (PHD). This induces a conformational change enabling von
by oxygen-sensing
prolyl
hydroxylase
(PHD).
This
a conformational
changetoenabling
von
Hippel–Lindau
tumour
suppressor
protein
(pVHL)
toinduces
bind with
the α-subunit, leading
degradation
Hippel–Lindau
tumour
suppressor
protein
(pVHL)
to
bind
with
the
α-subunit,
leading
to
of the HIF-α subunit. Ischemia (or other signals like lipopolysaccharide (LPS), various cytokines, etc.)
degradation
of the HIF-α
subunit.
Ischemia (orPHD,
otherenabling
signals like
lipopolysaccharide
various
will
lead to inhibition
of the
oxygen-dependent
nuclear
translocation of (LPS),
the α subunit,
cytokines,
will
lead
to inhibition
of the oxygen-dependent
PHD, enabling
nuclear
binding
of etc.)
the α
and
β subunit
and formation
of HIF. In the nucleus,
HIF binds
withtranslocation
the hypoxia
of the α subunit,
binding
of (HRE)
the α and
β subunit
formationofofvarious
HIF. In genes.
the nucleus,
binds
response
promotor
element
leading
to the and
transcription
VGEF:HIF
vascular
with
the
hypoxia
response
promotor
element
(HRE)
leading
to
the
transcription
of
various
genes.
endothelial growth factor.
VGEF: vascular endothelial growth factor.

Conde et al. [207] showed in various models and human post-transplantation biopsies that
HIF-1α is induced in a biphasic manner namely during the hypoxic as well as the reperfusion phase.
They pointed out the PI3K/Akt mTOR pathway to be responsible for this HIF-1α accumulation during
the normoxemic reperfusion phase. In their study, this second increase (e.g., during reperfusion)
seemed crucial for tubular cell survival and recovery. During the hypoxic phase, an increase in HIF-1
resulted predominantly in the upregulation of PHD3 and VGEF mRNA, which remained elevated
during oxygenation. EPO mRNA was upregulated upon reperfusion. EPO and VGEF have been
suggested to be involved in proximal tubular regeneration [208–210]. Their human post-transplantation
biopsies revealed HIF-1α expression in proximal tubular cells without ischemic damage or features
of regeneration suggesting a protective role for HIF-1α during I/R [207]. Oda et al. [211] had similar
findings in patients receiving a DBD/DCD donor kidney. Their analysis of 46 post-transplant biopsies,
gained 1h after reperfusion, showed that expression levels of PI3K, Akt, mTOR and HIF-1α were
significantly higher in patients without DGF compared to patients experiencing DGF (76% of the
patients). The expression levels of HIF-1α and donor type (DCD) were independently associated
with DGF HIF-2α expression in renal endothelial cells is suggested in several studies to be protective
against renal IRI via protection and preservation of the vasculature endothelium by upregulation
of angiogenic factors like VGEF and their receptors Tie2 and VGEFreceptor-2 (FLK-1) [212–215].
Increased production of HIF in myeloid and lymphoid cells influences the innate and adaptive immune
response. T-cell activation and proliferation is reduced under hypoxic conditions [216]. A study of
Zhang et al. [217] revealed a hypoxia/HIF-2α/adenosine2A receptor axis to be responsible in reduction
of NK T-cells activation and renal IRI upon I/R. HIF-1α induces a shift from Th1 to Th2 cells (decrease
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Th1/Th2 ratio) accompanied by a decrease in excretion of inflammatory cytokines. Furthermore,
HIF-1α promotes transcription of FoxP3 and therefore generation activation of Tregs.
Various PHD inhibitors have been developed and tested in animal I/R models. In a rat model,
Wang et al. [218] showed that use of the PHD-1 inhibitor acetate prior to the ischemic event was
able to stabilize HIF in a dose-dependent manner and was associated with improved renal outcome.
In addition, in an allogenic renal transplant model in rats, the use of the PHD inhibitor FD-4497
pre-donation was associated with increased HIF expression and improved graft outcome and reduced
mortality of recipients [219]. Hence, activation and/or upregulation of HIF could be an interesting
approach to reduce renal IRI and improve renal transplant outcome. Several PHD inhibitors are
currently being tested in clinical trials in order to treat anaemia in patients with chronic kidney disease
but have not been tested in the field of transplantation yet.
4. Summary
The past decade’s research in kidney transplant recipients has focussed on post-transplant patient
management, with a predominant emphasis on immunosuppression. However, the biggest ‘hit’ to the
donor organ is encountered during the process of donation and reperfusion at time of transplantation,
i.e., ischemia and reperfusion injury. An important initiating step in IRI is the uncontrolled ROS
formation during reperfusion and dysfunction of the mitochondrial machinery leading to the opening
of mPTP and the release of DAMPs in the intra- and extracellular space. From here, several injury
cascades are activated, including activation of cell death programs like apoptosis and (regulated)
necrosis, endothelial dysfunction implicating increased vasoconstriction upon reperfusion, loss of
specific phenotype of endothelial cells and transmigration of leucocytes into the interstitial space.
Activation of the innate and subsequently the adaptive immune system will take place through binding
of DAMPs to the toll-like receptors and activation of the complement system, leading to further injury
of the graft, increased immunogenicity favouring T-cell and antibody mediated rejection and the
initiation of fibrosis associated with chronic graft dysfunction. Currently, several novel agents targeting
various pathways are tested and, although most are still in the preclinical phase, some have already
entered clinical trials. Intervention early in this cascade of events (e.g., on a mitochondrial level),
seems very attractive, since mitochondrial dysfunction plays a pivotal role in the initiation of IRI.
Due to the complexity of the pathophysiological mechanisms, however, it may be predicted that a
multiple treatment strategy using a combination of agents given at various time points during the
donation, preservation and transplantation process will most likely be the best strategy to reduce IRI.
Author Contributions:
G.J.N.-M.:
participated in conceptualisation, investigation, visualisation,
and writing—original draft preparation.
S.E.P.:
participated in conceptualisation, investigation,
and writing—original draft preparation. S.P.B.: writing—original draft preparation. J.S.F.S.: writing—original draft
preparation. R.A.P.: writing—original draft preparation. M.M.R.F.S.: writing—original draft preparation. R.J.P.:
participated in conceptualisation, investigation, and writing—original draft preparation. H.G.D.L.: participated
in conceptualisation, investigation, and writing—original draft preparation. All authors have read and agreed to
the published version of the manuscript.
Funding: S.E.P. received funding from the Norwegian Research Council (274352).
Conflicts of Interest: The authors declare no conflict of interest. Parts of this review are adapted from
chapter 2 of the PhD thesis: Perioperative renal protective strategies in kidney transplantation, Gertrude J.
Nieuwenhuijs-Moeke, 2019.

References
1.

2.

World Health Organisation. Disease Burden and Mortality Estimates; WTO: Geneva, Switzerland,
2015. Available online: https://www.who.int/healthinfo/global_burden_disease/estimates/en/index1.html
(accessed on 15 January 2020).
Liyanage, T.; Ninomiya, T.; Jha, V.; Neal, B.; Patrice, H.M.; Okpechi, I.; Zhao, M.H.; Lv, J.; Garg, A.X.;
Knight, J.; et al. Worldwide access to treatment for end-stage kidney disease: A systematic review.
Lancet 2015, 385, 1975–1982. [CrossRef]

J. Clin. Med. 2020, 9, 253

3.
4.

5.
6.
7.
8.
9.
10.
11.

12.

13.

14.
15.
16.
17.
18.
19.

20.
21.

22.

23.
24.

23 of 33

Global Observatory on Donation and Transplantation. 2019. Available online: http://www.transplantobservatory.org (accessed on 15 January 2020).
Cooper, J.T.; Chin, L.T.; Krieger, N.R.; Fernandez, L.A.; Foley, D.P.; Becker, Y.T.; Odorico, J.S.; Knechtle, S.J.;
Kalayoglu, M.; Sollinger, H.W.; et al. Donation after cardiac death: The university of Wisconsin experience
with renal transplantation. Am. J. Transplant. 2004, 4, 1490–1494. [CrossRef] [PubMed]
Koffman, G.; Gambaro, G. Renal transplantation from non-heart-beating donors: A review of the European
experience. J. Nephrol. 2003, 16, 334–341. [PubMed]
Ponticelli, C. Ischemia-reperfusion injury: A major protagonist in kidney transplantation. Nephrol. Dial.
Transplant. 2014, 29, 1134–1140. [CrossRef] [PubMed]
Cooper, J.E.; Wiseman, A.C. Acute kidney injury in kidney transplantation. Curr. Opin. Nephrol. Hypertens.
2013, 22, 698–703. [CrossRef]
Salvadori, M.; Rosso, G.; Bertoni, E. Update on ischemia-reperfusion injury in kidney transplantation:
Pathogenesis and treatment. World J. Transplant. 2015, 5, 52–67. [CrossRef]
Erpicum, P.; Detry, O.; Weekers, L.; Bonvoisin, C.; Lechanteur, C.; Briquet, A. Mesenchymal stromal cell
therapy in conditions of renal ischemia/reperfusion. Nephrol. Dial. Transplant. 2014, 29, 1487–1493. [CrossRef]
Denecke, C.; Tullius, S.G. Innate and adaptive immune responses subsequent to ischemia-reperfusion injury
in the kidney. Prog. Urol. 2014, 24, S13–S19. [CrossRef]
Yarlagadda, S.G.; Coca, S.G.; Formica, R.N.; Poggio, E.D.; Parikh, C.R. Association between delayed graft
function and allograft and patient survival: A systematic review and meta-analysis. Nephrol. Dial. Transplant.
2009, 24, 1039–1047. [CrossRef]
Sugiyama, S.; Hanaki, Y.; Ogawa, T.; Hieda, N.; Taki, K.; Ozawa, T. The effects of SUN 1165, a novel sodium
channel blocker, on ischemia-induced mitochondrial dysfunction and leakage of lysosomal enzymes in
canine hearts. Biochem. Biophys. Res. Commun. 1988, 157, 433–439. [CrossRef]
Kako, K.; Kato, M.; Matsuoka, T.; Mustapha, A. Depression of membrane-bound Na+-K+-ATPase activity
induced by free radicals and by ischemia of kidney. Am. J. Physiol. 1988, 254, C330–C337. [CrossRef]
[PubMed]
Kato, M.; Kako, K.J. Effects of N-(2-mercaptopropionyl) glycine on ischemic-reperfused dog kidney in vivo
and membrane preparation in vitro. Mol. Cell Biochem. 1987, 78, 151–159. [CrossRef]
Edelstein, C.L.; Ling, H.; Schrier, R.W. The nature of cell injury. Kidney Int. 1997, 51, 1341–1351. [CrossRef]
[PubMed]
Becker, L.B. New concepts in reactive oxygen species and cardiovascular reperfusion physiology. Cardiovasc.
Res. 2004, 61, 461–470. [CrossRef] [PubMed]
Alkaitis, M.S.; Crabtree, M.J. Recoupling the cardiac nitric oxide synthases: Tetrahydrobiopterin synthesis
and recycling. Curr. Heart Fail. Rep. 2012, 9, 200–210. [CrossRef] [PubMed]
Li, C.; Jackson, R.M. Reactive species mechanisms of cellular hypoxia-reoxygenation injury. Am. J. Physiol.
Cell Physiol. 2002, 282, C227–C241. [CrossRef]
Simone, S.; Rascio, F.; Castellano, G.; Divella, C.; Chieti, A.; Ditonno, P.; Battaglia, M.; Crovace, A.; Staffieri, F.;
Oortwijn, B.; et al. Complement-dependent NADPH oxidase enzyme activation in renal ischemia/reperfusion
injury. Free Radic. Biol. Med. 2014, 74, 263–273. [CrossRef]
Martin, J.L.; Gruszczyk, A.V.; Beach, T.E.; Murphy, M.P.; Saeb-Parsy, K. Mitochondrial mechanisms and
therapeutics in ischaemia reperfusion injury. Pediatr. Nephrol. 2019, 34, 1167–1174. [CrossRef]
Chouchani, E.T.; Pell, V.R.; James, A.M.; Work, L.M.; Saeb-Parsy, K.; Frezza, C.; Krieg, T.; Murphy, M.P.
A unifying mechanism for mitochondrial superoxide production during ischemia-reperfusion injury.
Cell Metab. 2016, 23, 254–263. [CrossRef]
Chouchani, E.T.; Pell, V.R.; Gaude, E.; Aksentijevic, D.; Sundier, S.Y.; Robb, E.L.; Logan, A.; Nadtochiy, S.M.;
Ord, E.N.J.; Smith, A.C.; et al. Ischaemic accumulation of succinate controls reperfusion injury through
mitochondrial ROS. Nature 2014, 515, 431–435. [CrossRef]
Mills, E.L.; Kelly, B.; O’Neill, L.A. Mitochondria are the powerhouses of immunity. Nat. Immunol. 2017,
18, 488–498. [CrossRef] [PubMed]
Zhang, Q.; Raoof, M.; Chen, Y.; Sumi, Y.; Sursal, T.; Junger, W.; Brohi, K.; Itagaki, K.; Hauser, C.J. Circulating
mitochondrial DAMPs cause inflammatory responses to injury. Nature 2010, 464, 104–107. [CrossRef]
[PubMed]

J. Clin. Med. 2020, 9, 253

25.

26.
27.
28.

29.

30.

31.
32.

33.

34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.

24 of 33

Krysko, D.V.; Agostinis, P.; Krysko, O.; Garg, A.D.; Bachert, C.; Lambrecht, B.N.; Vandenabeele, P.
Emerging role of damage-associated molecular patterns derived from mitochondria in inflammation.
Trends Immunol. 2011, 32, 157–164. [CrossRef]
Kang, J.W.; Kim, S.J.; Cho, H.I.; Lee, S.M. DAMPs activating innate immune responses in sepsis. Ageing Res.
Rev. 2014, 24, 54–65. [CrossRef] [PubMed]
Smith, R.A.; Hartley, R.C.; Cocheme, H.M.; Murphy, M.P. Mitochondrial pharmacology. Trends Pharmacol.
Sci. 2012, 33, 341–352. [CrossRef] [PubMed]
Dare, A.J.; Logan, A.; Prime, T.A.; Rogatti, S.; Goddard, M.; Bolton, E.M.; Bradley, J.A.; Pettigrew, G.J.;
Murphy, M.P.; Saeb-Parsy, K. The mitochondria-targeted antioxidant MitoQ decreases ischemia-reperfusion
injury in a murine syngeneic heart transplant model. J. Heart Lung Transplant. 2015, 34, 1471–1480. [CrossRef]
Liu, X.; Murphy, M.P.; Xing, W.; Wu, H.; Zhang, R.; Sun, H. Mitochondria-targeted antioxidant MitoQ
reduced renal damage caused by ischemia-reperfusion injury in rodent kidneys: Longitudinal observations
of T2-weighted imaging and dynamic contrast-enhanced MRI. Magn. Reson. Med. 2018, 79, 1559–1567.
[CrossRef]
Dare, A.J.; Bolton, E.A.; Pettigrew, G.J.; Bradley, J.A.; Saeb-Parsy, K.; Murphy, M.P. Protection against renal
ischemia-reperfusion injury in vivo by the mitochondria targeted antioxidant MitoQ. Redox Biol. 2015,
5, 163–168. [CrossRef]
Szeto, H.H.; Liu, S.; Soong, Y.; Alam, N.; Prusky, G.T.; Seshan, S.V. Protection of mitochondria prevents
high-fat diet-induced glomerulopathy and proximal tubular injury. Kidney Int. 2016, 90, 997–1011. [CrossRef]
Saad, A.; Herrmann, S.M.S.; Eirin, A.; Ferguson, C.M.; Glockner, J.F.; Bjarnason, H. Phase 2a clinical trial of
mitochondrial protection (Elamipretide) during stent revascularization in patients with atherosclerotic renal
artery stenosis. Circ. Cardiovasc. Interv. 2017, 10. [CrossRef]
Valls-Lacalle, L.; Barba, I.; Miro-Casas, E.; Alburquerque-Bejar, J.J.; Ruiz-Meana, M.; Fuertes-Agudo, M.;
Fuertes-Agudo, M.; Rodríguez-Sinovas, A.; García-Dorado, D. Succinate dehydrogenase inhibition with
malonate during reperfusion reduces infarct size by preventing mitochondrial permeability transition.
Cardiovasc. Res. 2016, 109, 374–384. [CrossRef] [PubMed]
Hotchkiss, R.S.; Strasser, A.; McDunn, J.E.; Swanson, P.E. Cell death. N. Eng. J. Med. 2009, 361, 1570–1583.
[CrossRef] [PubMed]
Cohen, J.J. Programmed cell death in the immune system. Adv. Immunol. 1991, 50, 55–85. [PubMed]
Rai, N.K.; Tripathi, K.; Sharma, D.; Shukla, V.K. Apoptosis: A basic physiologic process in wound healing.
Int. J. Low Extrem. Wounds 2005, 4, 138–144. [CrossRef]
Elmore, S. Apoptosis: A review of programmed cell death. Toxicol. Pathol. 2007, 35, 495–516. [CrossRef]
[PubMed]
Cory, S.; Adams, J.M. The Bcl2 family: Regulators of the cellular life-or-death switch. Nat. Rev. Cancer 2002,
2, 647–656. [CrossRef]
Reed, J.C.; Zha, H.; Aime-Sempe, C.; Takayama, S.; Wang, H.G. Structure-function analysis of Bcl-2 family
proteins. Regulators of programmed cell death. Adv. Exp. Med. Biol. 1996, 406, 99–112.
Saelens, X.; Festjens, N.; Vande Walle, L.; van Gurp, M.; van Loo, G.; Vandenabeele, P. Toxic proteins released
from mitochondria in cell death. Oncogene 2004, 23, 2861–2874. [CrossRef]
Chinnaiyan, A.M. The apoptosome: Heart and soul of the cell death machine. Neoplasia 1999, 1, 5–15.
[CrossRef]
Hill, M.M.; Adrain, C.; Duriez, P.J.; Creagh, E.M.; Martin, S.J. Analysis of the composition, assembly kinetics
and activity of native Apaf-1 apoptosomes. EMBO. J. 2004, 23, 2134–2145. [CrossRef]
Dejean, L.M.; Martinez-Caballero, S.; Kinnally, K.W. Is MAC the knife that cuts cytochrome c from
mitochondria during apoptosis? Cell Death Differ. 2006, 13, 1387–1395. [CrossRef]
Locksley, R.M.; Killeen, N.; Lenardo, M.J. The TNF and TNF receptor superfamilies: Integrating mammalian
biology. Cell 2001, 104, 487–501. [CrossRef]
Ashkenazi, A.; Dixit, V.M. Death receptors: Signaling and modulation. Science 1998, 281, 1305–1308.
[CrossRef] [PubMed]
Pasparakis, M.; Vandenabeele, P. Necroptosis and its role in inflammation. Nature 2015, 517, 311–320.
[CrossRef] [PubMed]

J. Clin. Med. 2020, 9, 253

47.

48.
49.

50.
51.
52.

53.
54.
55.
56.
57.
58.
59.
60.
61.

62.
63.
64.
65.
66.
67.

68.
69.
70.

25 of 33

Kischkel, F.C.; Hellbardt, S.; Behrmann, I.; Germer, M.; Pawlita, M.; Krammer, P.H.; Peter, M.E. Cytotoxicity
dependent APO-1 (Fas/CD95)-associated proteins form a death-inducing signaling complex (DISC) with the
receptor. EMBO J. 1995, 14, 5579–5588. [CrossRef] [PubMed]
Igney, F.H.; Krammer, P.H. Death and anti-death: Tumour resistance to apoptosis. Nat. Rev. Cancer 2002,
2, 277–288. [CrossRef] [PubMed]
Murphy, J.M.; Czabotar, P.E.; Hildebrand, J.M.; Lucet, I.S.; Zhang, J.G.; Alvarez-Diaz, S.; Lewis, R.; Lalaoui, N.;
Metcalf, D.; Webb, A.I. The pseudokinase MLKL mediates necroptosis via a molecular switch mechanism.
Immunity 2013, 39, 443–453. [CrossRef] [PubMed]
Linkermann, A.; Hackl, M.J.; Kunzendorf, U.; Walczak, H.; Krautwald, S.; Jevnikar, A.M. Necroptosis in
immunity and ischemia-reperfusion injury. Am. J. Transplant. 2013, 13, 2797–2804. [CrossRef]
Mannon, R.B. Necroptosis in solid organ transplantation: A missing link to immune activation? Am. J.
Transplant. 2013, 13, 2785–2786. [CrossRef]
Lau, A.; Wang, S.; Jiang, J.; Haig, A.; Pavlosky, A.; Linkermann, A.; Zhang, Z.X.; Jevnikar, A.M.
RIPK3-mediated necroptosis promotes donor kidney inflammatory injury and reduces allograft survival.
Am. J. Transplant. 2013, 13, 2805–2818. [CrossRef]
Kers, J.; Leemans, J.C.; Linkermann, A. An Overview of Pathways of Regulated Necrosis in Acute Kidney
Injury. Semin. Nephrol. 2016, 36, 139–152. [CrossRef] [PubMed]
Kroemer, G.; Marino, G.; Levine, B. Autophagy and the integrated stress response. Mol. Cell 2010, 40, 280–293.
[CrossRef] [PubMed]
Kundu, M.; Thompson, C.B. Autophagy: Basic principles and relevance to disease. Annu. Rev. Pathol. 2008,
3, 427–455. [CrossRef] [PubMed]
Rubinsztein, D.C.; Codogno, P.; Levine, B. Autophagy modulation as a potential therapeutic target for
diverse diseases. Nat. Rev. Drug Discov. 2012, 11, 709–730. [CrossRef]
Mizushima, N.; Komatsu, M. Autophagy: Renovation of cells and tissues. Cell 2011, 147, 728–741. [CrossRef]
Russell, R.C.; Yuan, H.X.; Guan, K.L. Autophagy regulation by nutrient signaling. Cell Res. 2014, 24, 42–45.
[CrossRef]
Lamb, C.A.; Yoshimori, T.; Tooze, S.A. The autophagosome: Origins unknown, biogenesis complex. Nat. Rev.
Mol. Cell Biol. 2013, 14, 759–774. [CrossRef] [PubMed]
Mizushima, N. The role of the Atg1/ULK1 complex in autophagy regulation. Curr. Opin. Cell Biol. 2010,
22, 132–139. [CrossRef] [PubMed]
Chan, E.Y.; Longatti, A.; McKnight, N.C.; Tooze, S.A. Kinase-inactivated ULK proteins inhibit autophagy
via their conserved C-terminal domains using an Atg13-independent mechanism. Mol. Cell Biol. 2009,
29, 157–171. [CrossRef]
Kim, J.; Kundu, M.; Viollet, B.; Guan, K.L. AMPK and mTOR regulate autophagy through direct
phosphorylation of Ulk1. Nat. Cell Biol. 2011, 13, 132–141. [CrossRef] [PubMed]
Dunlop, E.A.; Tee, A.R. mTOR and autophagy: A dynamic relationship governed by nutrients and energy.
Semin. Cell Dev. Biol. 2014, 36, 121–129. [CrossRef] [PubMed]
Yang, Z.; Klionsky, D.J. Mammalian autophagy: Core molecular machinery and signaling regulation.
Curr. Opin. Cell Biol. 2010, 22, 124–131. [CrossRef] [PubMed]
Feng, Y.; He, D.; Yao, Z.; Klionsky, D.J. The machinery of macroautophagy. Cell Res. 2014, 24, 24–41.
[CrossRef] [PubMed]
Rubinsztein, D.C.; Shpilka, T.; Elazar, Z. Mechanisms of autophagosome biogenesis. Curr. Biol. 2012,
22, R29–R34. [CrossRef] [PubMed]
Dooley, H.C.; Razi, M.; Polson, H.E.; Girardin, S.E.; Wilson, M.I.; Tooze, S.A. WIPI2 links LC3 conjugation
with PI3P, autophagosome formation, and pathogen clearance by recruiting Atg12-5-16L1. Mol. Cell 2014,
55, 238–252. [CrossRef] [PubMed]
Dooley, H.C.; Wilson, M.I.; Tooze, S.A. WIPI2B links PtdIns3P to LC3 lipidation through binding ATG16L1.
Autophagy 2015, 11, 190–191.
Vergne, I.; Deretic, V. The role of PI3P phosphatases in the regulation of autophagy. FEBS Lett. 2010,
584, 1313–1318. [CrossRef]
Kaushal, G.P.; Shah, S.V. Autophagy in acute kidney injury. Kidney Int. 2016, 89, 779–791. [CrossRef]

J. Clin. Med. 2020, 9, 253

71.

72.
73.
74.

75.
76.
77.

78.

79.

80.
81.

82.
83.
84.

85.

86.

87.

88.

89.

26 of 33

Decuypere, J.P.; Ceulemans, L.J.; Agostinis, P.; Monbaliu, D.; Naesens, M.; Pirenne, J.; Jochmans, I. Autophagy
and the kidney: Implications for ischemia-reperfusion injury and therapy. Am. J. Kidney Dis. 2015, 66, 699–709.
[CrossRef]
Ma, S.; Wang, Y.; Chen, Y.; Cao, F. The role of the autophagy in myocardial ischemia/reperfusion injury.
Biochim. Biophys. Acta (BBA)-Mol. Basis Dis. 2012, 1852, 271–276. [CrossRef]
Sciarretta, S.; Hariharan, N.; Monden, Y.; Zablocki, D.; Sadoshima, J. Is Autophagy in Response to Ischemia
and Reperfusion Protective or Detrimental for the Heart? Pediatr. Cardiol. 2011, 32, 275–281. [CrossRef]
Slegtenhorst, B.R.; Dor, F.M.J.F.; Elkhal, A.; Rodriguez, H.; Yang, X.; Edtinger, K.; Quante, M.; Chong, A.S.;
Tullius, S.G. Mechanisms and consequences of injury and repair in older organ transplants. Transplantation
2014, 97, 1091–1099. [CrossRef] [PubMed]
Kiffin, R.; Bandyopadhyay, U.; Cuervo, A.M. Oxidative stress and autophagy. Antioxid. Redox Signal. 2006,
8, 152–162. [CrossRef] [PubMed]
Decuypere, J.P.; Pirenne, J.; Jochmans, I. Autophagy in renal ischemia-reperfusion injury: Friend or foe?
Am. J. Transplant. 2014, 14, 1464–1465. [CrossRef] [PubMed]
Pyo, J.O.; Jang, M.H.; Kwon, Y.K.; Lee, H.J.; Jun, J.I.; Woo, H.N.; Cho, D.H.; Choi, B.; Lee, H.; Kim, J.H.; et al.
Essential roles of Atg5 and FADD in autophagic cell death: Dissection of autophagic cell death into vacuole
formation and cell death. J. Biol. Chem. 2005, 280, 20722–20729. [CrossRef]
Bell, B.D.; Leverrier, S.; Weist, B.M.; Newton, R.H.; Arechiga, A.F.; Luhrs, K.A.; Morrissette, N.S.; Walsh, C.M.
FADD and caspase-8 control the outcome of autophagic signaling in proliferating T cells. Proc. Natl. Acad.
Sci. USA 2008, 105, 16677–16682. [CrossRef]
Laussmann, M.A.; Passante, E.; Düssmann, H.; Rauen, J.A.; Würstle, M.L.; Delgado, M.E.; Devocelle, M.;
Prehn, J.H.M.; Rehm, M.; et al. Proteasome inhibition can induce an autophagy-dependent apical activation
of caspase-8. Cell Death Differ. 2011, 18, 1584–1597. [CrossRef]
Pattingre, S.; Tassa, A.; Qu, X.; Garuti, R.; Liang, X.H.; Mizushima, N.; Packer, M.; Schneider, M.D.; Levine, B.
Bcl-2 antiapoptotic proteins inhibit Beclin 1-dependent autophagy. Cell 2005, 122, 927–939. [CrossRef]
Erlich, S.; Mizrachy, L.; Segev, O.; Lindenboim, L.; Zmira, O.; Adi-Harel, S.; Hirsch, J.A.; Stein, R.;
Kramarski, R.P. Differential interactions between Beclin 1 and Bcl-2 family members. Autophagy 2007,
3, 561–568. [CrossRef]
Yang, C.; Kaushal, V.; Shah, S.V.; Kaushal, G.P. Autophagy is associated with apoptosis in cisplatin injury to
renal tubular epithelial cells. Am. J. Physiol. Renal. Physiol. 2008, 294, F777–F787. [CrossRef]
Kaushal, G.P.; Kaushal, V.; Herzog, C.; Yang, C.A. Autophagy delays apoptosis in renal tubular epithelial
cells in cisplatin cytotoxicity. Autophagy 2008, 4, 710–720. [CrossRef] [PubMed]
Herzog, C.; Yang, C.; Holmes, A.; Kaushal, G.P. z-VAD-fmk prevents cisplatininduced cleavage of autophagy
proteins but impairs autophagic flux and worsens renal function. Am. J. Physiol. Renal. Physiol. 2012,
303, F1239–F1250. [CrossRef] [PubMed]
Khan, M.J.; Alam, M.R.; Waldeck-Weiermair, M.; Karsten, F.; Groschner, L.; Riederer, M.; Hallstrom, S.;
Rockenfeller, P.; Konya, V.; Heinemann, A.; et al. Inhibition of autophagy rescues palmitic acid-induced
necroptosis of endothelial cells. J. Biol. Chem. 2012, 287, 21110–21120. [CrossRef] [PubMed]
Wang, Y.Q.; Wang, L.; Zhang, M.Y.; Wang, T.; Bao, H.J.; Liu, W.L.; Dai, D.K.; Zhang, L.; Chang, P.;
Dong, W.W.; et al. Necrostatin-1 suppresses autophagy and apoptosis in mice traumatic brain injury model.
Neurochem. Res. 2012, 37, 1849–1858. [CrossRef] [PubMed]
Nydam, T.L.; Plenter, R.; Jain, S.; Lucia, S.; Jani, A. Caspase Inhibition During Cold Storage Improves
Graft Function and Histology in a Murine Kidney Transplant Model. Transplantation 2018, 102, 1487–1495.
[CrossRef] [PubMed]
Kelly, K.J.; Plotkin, Z.; Vulgamott, S.L.; Dagher, P.C. P53 mediates the apoptotic response to GTP depletion
depletion after renal ischemia-reperfusion: Protective role of a p53 inhibitor. J. Am. Soc. Nephrol. 2003,
14, 128–138. [CrossRef]
Molitoris, B.A.; Dagher, P.C.; Sandoval, R.M.; Campos, S.B.; Ashush, H.; Fridman, E.; Brafman, A.; Faerman, A.;
Atkinson, S.J.; Thompson, J.D.; et al. siRNA targeted to p53 attenuates ischemic and cisplatin-induced acute
kidney injury. J. Am. Soc. Nephrol. 2009, 20, 1754–1764. [CrossRef]

J. Clin. Med. 2020, 9, 253

90.

91.
92.
93.

94.

95.

96.
97.

98.
99.
100.

101.

102.

103.

104.

105.

106.
107.

27 of 33

Tchervenkov, J.; Squiers, E.; Stratta, R.; Odenheimer, D.; Rothenstein, D. QPI-1002 DGF Study Group QPI-1002,
a siRNA Targeting p53: Improvement in Outcomes Following Acute Kidney Injury (AKI): Cardiac Surgery
to AKI Donors. Available online: https://atcmeetingabstracts.com/abstract/qpi-1002-a-sirna-targeting-p53improvement-in-outcomes-following-acute-kidney-injury-aki-cardiac-surgery-to-aki-donors/ (accessed on
15 January 2020).
Garg, J.P.; Vucic, D. Targeting Cell Death Pathways for Therapeutic Intervention in Kidney Diseases.
Semin. Nephrol. 2016, 36, 153–161. [CrossRef]
Linkermann, A. Nonapoptotic cell death in acute kidney injury and transplantation. Kidney Int. 2016,
89, 46–57. [CrossRef]
Grievink, H.W.; Heuberger, J.A.A.C.; Huang, F.; Chaudhary, R.; Birkhoff, W.A.J.; Tonn, G.R.; Mosesova, S.;
Erickson, R.; Moerland, M.; Haddick, P.C.G.; et al. DNL104, a Centrally Penetrant RIPK1 Inhibitor, Inhibits
RIP1 Kinase Phosphorylation in a Randomized Phase I Ascending Dose Study in Healthy Volunteers.
Clin. Pharmacol. Ther. 2019, 22. [CrossRef]
Weisel, K.; Scott, N.E.; Tompson, D.J.; Votta, B.J.; Madhavan, S.; Povey, K.; Wolstenholme, A.; Simeoni, M.;
Rudo, T.; Peterson, L.R.; et al. Randomized clinical study of safety, pharmacokinetics, and pharmacodynamics
of RIPK1 inhibitor GSK2982772 in healthy volunteers. Pharmacol. Res. Perspect. 2017, 5. [CrossRef] [PubMed]
Basile, D.P.; Friedrich, J.L.; Spahic, J.; Knipe, N.; Mang, H.; Leonard, E.C.; Changizi-Ashtiyani, S.; Bacallao, R.L.;
Molitoris, B.A.; Sutton, T.A. Impaired endothelial proliferation and mesenchymal transition contribute
to vascular rarefaction following acute kidney injury. Am. J. Physiol. Renal. Physiol. 2011, 300, 721–733.
[CrossRef] [PubMed]
Faller, D.V. Endothelial cell responses to hypoxic stress. Clin. Exp. Pharmacol. Physiol. 1999, 26, 74–84.
[CrossRef] [PubMed]
Kwon, O.; Hong, S.M.; Ramesh, G. Diminished NO generation by injured endothelium and loss of macula
densa nNOS may contribute to sustained acute kidney injury after ischemia-reperfusion. Am. J. Physiol.
Renal. Physiol. 2009, 296, 25–33. [CrossRef] [PubMed]
Bonventre, J.V.; Yang, L. Cellular pathophysiology of ischemic acute kidney injury. J. Clin. Investig. 2011,
121, 4210–4221. [CrossRef] [PubMed]
Legrand, M.; Mik, E.G.; Johannes, T.; Payen, D.; Ince, C. Renal hypoxia and dysoxia after reperfusion of the
ischemic kidney. Mol. Med. 2008, 14, 502–516. [CrossRef] [PubMed]
Kwon, O.; Hong, S.M.; Sutton, T.A.; Temm, C.J. Preservation of peritubular capillary endothelial integrity
and increasing pericytes may be critical to recovery from postischemic acute kidney injury. Am. J. Physiol.
Renal. Physiol. 2008, 295, F351–F359. [CrossRef]
Basile, D.P.; Donohoe, D.; Roethe, K.; Osborn, J.L. Renal ischemic injury results in permanent damage to
peritubular capillaries and influences long-term function. Am. J. Physiol. Renal. Physiol. 2001, 281, F887–F899.
[CrossRef]
Curci, C.; Castellano, G.; Stasi, A.; Divella, C.; Loverre, A.; Gigante, M.; Simone, S.; Cariello, M.; Montinaro, V.;
Lucarelli, G.; et al. Endothelial-to-mesenchymal transition and renal fibrosis in ischaemia/reperfusion injury
are mediated by complement anaphylatoxins and Akt pathway. Nephrol. Dial. Transplant. 2014, 29, 799–808.
[CrossRef]
Wang, Z.; Han, Z.; Tao, J.; Wang, J.; Liu, X.; Zhou, W.; Xu, Z.; Zhao, C.; Wang, Z.; Tan, R.; et al. Role of
endothelial-to-mesenchymal transition induced by TGF-β1 in transplant kidney interstitial fibrosis. J. Cell
Mol. Med. 2017, 21, 2359–2369. [CrossRef]
Frid, M.G.; Kale, V.A.; Stenmark, K.R. Mature vascular endothelium can give rise to smooth muscle cells via
endothelial mesenchymal transdifferentiation: In vitro analysis. Circ. Res. 2002, 90, 1189–1196. [CrossRef]
[PubMed]
Moonen, J.R.A.; Krenning, G.; Brinker, M.G.L.; Koerts, J.A.; Van Luyn, M.J.A.; Harmsen, M.C. Endothelial
progenitor cells give rise to pro-angiogenic smooth muscle-like progeny. Cardiovasc. Res. 2010, 86, 506–515.
[CrossRef] [PubMed]
Potenta, S.; Zeisberg, E.; Kalluri, R. The role of endothelial-to-mesenchymal transition in cancer progression.
Br. J. Cancer 2008, 99, 1375–1379. [CrossRef] [PubMed]
Man, S.; Sanchez Duffhues, G.; Ten Dijke, P.; Baker, D. The therapeutic potential of targeting the
endothelial-to-mesenchymal transition. Angiogenesis 2019, 22, 3–13. [CrossRef] [PubMed]

J. Clin. Med. 2020, 9, 253

28 of 33

108. Eltzschig, H.K.; Collard, C.D. Vascular ischemia and reperfusion injury. Br. Med. Bull. 2004, 70, 71–86.
[CrossRef] [PubMed]
109. Carden, D.L.; Granger, D.N. Pathophysiology of ischemia reperfusion injury. J. Pathol. 2000, 190, 255–266.
[CrossRef]
110. O’Neill, L.A.; Bowie, A.G. The family of five: TIR-domain-containing adaptors in Toll-like receptor signalling.
Nat. Rev. Immunol. 2007, 7, 353–364. [CrossRef]
111. Delneste, Y.; Beauvillain, C.; Jeannin, P. Innate immunity: Structure and function of TLRs. Med. Sci. 2007,
23, 67–73.
112. Kawasaki, T.; Kawai, T. Toll-Like receptor signaling pathways. Front. Immunol. 2014, 5, 461. [CrossRef]
113. Assadiasl, S.; Mousavi, M.J.; Amirzargar, A. Toll-Like Receptor 4 in Renal Transplant. Exp. Clin. Transplant.
2018, 16, 245–252.
114. Zhao, H.; Watts, H.R.; Chong, M.; Huang, H.; Tralau-Stewart, C.; Maxwell, P.H.; Maze, M.; George, A.J.;
Ma, D. Xenon treatment protects against cold ischemia associated delayed graft function and prolongs graft
survival in rats. Am. J. Transplant. 2013, 13, 2006–2018. [CrossRef] [PubMed]
115. Rusai, K.; Sollinger, D.; Baumann, M.; Wagner, B.; Strobl, M.; Schmaderer, C.; Roos, M.; Kirschning, C.;
Heemann, U.; Lutz, J. Toll-like receptors 2 and 4 in renal ischemia/reperfusion injury. Pediatr. Nephrol. 2010,
25, 853–860. [CrossRef] [PubMed]
116. Wolfs, T.G.A.M.; Buurman, W.A.; van Schadewijk, A.; de Vries, B.; Daemen, M.A.R.C.; Hiemstra, P.S.;
van’t Veer, C. In vivo expression of Toll-like receptor 2 and 4 by renal epithelial cells: IFN-gamma and
TNF-alpha mediated up-regulation during inflammation. J. Immunol. 2002, 168, 1286–1293. [CrossRef]
[PubMed]
117. Zahedi, K.; Barone, S.; Wang, Y.; Murray-Stewart, T.; Roy-Chaudhury, P.; Smith, R.D.; Casero, R.A., Jr.;
Soleimani, M. Proximal tubule epithelial cell specific ablation of the spermidine/spermine N1-acetyltransferase
gene reduces the severity of renal ischemia/reperfusion injury. PLoS ONE 2014, 9, e110161. [CrossRef]
[PubMed]
118. Kruger, B.; Krick, S.; Dhillon, N.; Lerner, S.M.; Ames, S.; Bromberg, J.S.; Lin, M.; Walsh, L.; Vella, J.;
Fischereder, M.; et al. Donor Toll-like receptor 4 contributes to ischemia and reperfusion injury following
human kidney transplantation. Proc. Natl. Acad. Sci. USA 2009, 106, 3390–3395. [CrossRef] [PubMed]
119. Zhao, H.; Ning, J.; Savage, S.; Kang, H.; Lu, K.; Zheng, X.; George, A.J.; Ma, D. A novel strategy for
preserving renal grafts in an ex vivo setting: Potential for enhancing the marginal donor pool. FASEB J. 2013,
27, 4822–4833. [CrossRef]
120. Chen, C.B.; Liu, L.S.; Zhou, J.; Wang, X.P.; Han, M.; Jiao, X.Y.; He, X.S.; Yuan, X.P. Up-Regulation of HMGB1
Exacerbates Renal Ischemia-Reperfusion Injury by Stimulating Inflammatory and Immune Responses
through the TLR4 Signaling Pathway in Mice. Cell Physiol. Biochem. 2017, 41, 2447–2460. [CrossRef]
121. Harris, H.E.; Andersson, U.; Pisetsky, D.S. HMGB1: A multifunctional alarmin driving autoimmune and
inflammatory disease. Nat. Rev. Rheumatol. 2012, 8, 195–202. [CrossRef]
122. Lotze, M.T.; Tracey, K.J. High-mobility group box 1 protein (HMGB1): Nuclear weapon in the immune
arsenal. Nat. Rev. Rheumatol. 2005, 5, 331–342. [CrossRef]
123. Bergler, T.; Hoffmann, U.; Bergler, E.; Jung, B.; Banas, M.C.; Reinhold, S.W.; Krämer, B.K.; Banas, B.
Toll-like receptor 4 in experimental kidney transplantation: Early mediator of endogenous danger signals.
Nephron. Exp. Nephrol. 2012, 121, e59–e70. [CrossRef]
124. Wu, H.; Chen, G.; Wyburn, K.R.; Yin, J.; Bertolino, P.; Eris, J.M.; Alexander, S.I.; Alexander, S.I.; Sharland, A.F.;
Chadban, S.J. TLR4 activation mediates kidney ischemia/reperfusion injury. J. Clin. Invest. 2007,
117, 2847–2859. [CrossRef] [PubMed]
125. Chen, J.; John, R.; Richardson, J.A.; Shelton, J.M.; Zhou, X.J.; Wang, Y.; Wu, Q.Q.; Hartono, J.R.; Winterberg, P.D.;
Lu, C.Y. Toll-like receptor 4 regulates early endothelial activation during ischemic acute kidney injury.
Kidney Int. 2011, 79, 288–299. [CrossRef] [PubMed]
126. Jang, H.R.; Rabb, H. The innate immune response in ischemic acute kidney injury. Clin. Immunol. 2009,
130, 41–50. [CrossRef]
127. Jo, S.K.; Sung, S.A.; Cho, W.Y.; Go, K.J.; Kim, H.K. Macrophages contribute to the initiation of ischemic acute
renal failure in rats. Nephrol. Dial. Transplant. 2006, 21, 1231–1239. [CrossRef] [PubMed]
128. Liu, Y. Cellular and molecular mechanisms of renal fibrosis. Nat. Rev. Nephrol. 2011, 7, 684–696. [CrossRef]
[PubMed]

J. Clin. Med. 2020, 9, 253

29 of 33

129. Ali, S.; Malik, G.; Burns, A.; Robertson, H.; Kirby, J.A. Renal transplantation: Examination of the regulation
of chemokine binding during acute rejection. Transplantation 2005, 79, 672–679. [CrossRef]
130. Snoeijs, M.G.; Vink, H.; Voesten, N.; Christiaans, M.H.; Daemen, J.W.; Peppelenbosch, A.G.; Tordoir, J.H.;
Peutz-Kootstra, C.J.; Buurman, W.A.; Schurink, G.W.; et al. Acute ischemic injury to the renal microvasculature
in human kidney transplantation. Am. J. Physiol. Renal. Physiol. 2010, 299, F1134–F1140. [CrossRef]
131. Tuuminen, R.; Nykanen, A.I.; Saharinen, P.; Gautam, P.; Keranen, M.A.; Arnaudova, R.; Rouvinen, E.;
Helin, H.; Tammi, R.; Rilla, K.; et al. Donor simvastatin treatment prevents ischemia-reperfusion and acute
kidney injury by preserving microvascular barrier function. Am. J. Transplant. 2013, 13, 2019–2034. [CrossRef]
132. Zhang, W.; Gao, L.; Qi, S.; Liu, D.; Xu, D.; Peng, J.; Daloze, P.; Chen, H.; Buelow, R. Blocking of CD44-hyaluronic
acid interaction prolongs rat allograft survival. Transplantation 2000, 69, 665–667. [CrossRef]
133. Ben Mkaddem, S.; Pedruzzi, E.; Werts, C.; Coant, N.; Bens, M.; Cluzeaud, F.; Goujon, J.M.; Ogier-Denis, E.;
Vandewalle, A. Heat shock protein gp96 and NAD(P)H oxidase 4 play key roles in Toll-like receptor
4-activated apoptosis during renal ischemia/reperfusion injury. Cell Death Differ. 2010, 17, 1474–1485.
[CrossRef]
134. Kim, B.S.; Lim, S.W.; Li, C.; Kim, J.S.; Sun, B.K.; Ahn, K.O.; Han, S.W.; Kim, J.; Yang, C.W. Ischemia-reperfusion
injury activates innate immunity in rat kidneys. Transplantation 2005, 79, 1370–1377. [CrossRef] [PubMed]
135. Zhao, H.; Perez, J.S.; Lu, K.; George, A.J.; Ma, D. Role of Toll-like receptor-4 in renal graft ischemia-reperfusion
injury. Am. J. Physiol. Renal. Physiol. 2014, 306, F801–F811. [CrossRef] [PubMed]
136. Wang, S.; Schmaderer, C.; Kiss, E.; Schmidt, C.; Bonrouhi, M.; Porubsky, S.; Gretz, N.; Schaefer, L.;
Kirschning, C.J.; Popovic, Z.V.; et al. Recipient Toll-like receptors contribute to chronic graft dysfunction by
both MyD88- and TRIF-dependent signaling. Dis. Model. Mech. 2010, 3, 92–103. [CrossRef] [PubMed]
137. Zhang, L.M.; Liu, J.H.; Xue, C.B.; Li, M.Q.; Xing, S.; Zhang, X.; He, W.T.; Jiang, F.C.; Lu, X.; Zhou, P.
Pharmacological inhibition of MyD88 homodimerization counteracts renal ischemia reperfusion-induced
progressive renal injury in vivo and in vitro. Sci. Rep. 2016, 6, 26954. [CrossRef] [PubMed]
138. Liu, J.H.; He, L.; Zou, Z.M.; Ding, Z.C.; Zhang, X.; Wang, H.; Zhou, P.; Xie, L.; Xing, S.; Yi, C.Z. A Novel
Inhibitor of Homodimerization Targeting MyD88 Ameliorates Renal Interstitial Fibrosis by Counteracting
TGF-β1-Induced EMT in Vivo and in Vitro. Kidney Blood Press Res. 2018, 43, 1677–1687. [CrossRef]
139. Leemans, J.C.; Butter, L.M.; Pulskens, W.P.; Teske, G.J.D.; Claessen, N.; van der Poll, T.; Florquin, S. The role
of Toll-like receptor 2 in inflammation and fibrosis during progressive renal injury. PLoS ONE 2009, 4, e5704.
[CrossRef]
140. Leemans, J.C.; Stokman, G.; Claessen, N.; Rouschop, K.M.; Teske, G.J.D.; Kirschning, C.J.; Akira, S.;
van der Poll, T.; Weening, J.J.; Florquin, S. Renal-associated TLR2 mediates ischemia/reperfusion injury in the
kidney. J. Clin. Investig. 2005, 115, 2894–2903. [CrossRef]
141. de Groot, K.; Kuklik, K.; Bröcker, V.; Schwarz, A.; Gwinner, W.; Kreipe, H.; Haller, H.; Fliser, D.; Mengel, M.
Toll-like receptor 2 and renal allograft function. Am. J. Nephrol. 2008, 28, 583–588. [CrossRef]
142. Reilly, M.; Miller, R.M.; Thomson, M.H.; Patris, V.; Ryle, P.; McLoughlin, L.; Mutch, P.; Gilboy, P.; Miller, C.;
Broekema, M.; et al. Randomized, double-blind, placebo-controlled, dose-escalating phase I, healthy subjects
study of intravenous OPN-305, a humanized Anti-TLR2 antibody. Clin. Pharmacol. Ther. 2013, 94, 593–600.
[CrossRef]
143. Nauser, C.L.; Farrar, C.A.; Sacks, S.H. Complement Recognition Pathways in Renal Transplantation. J. Am.
Soc. Nephrol. 2017, 28, 2571–2578. [CrossRef]
144. Selman, L.; Hansen, S. Structure and function of collectin liver 1 (CL-L1) and collectin 11 (CL-11, CL-K1).
Immunobiology 2012, 217, 851–863. [CrossRef] [PubMed]
145. Garred, P.; Genster, N.; Pilely, K.; Bayarri-Olmos, R.; Rosbjerg, A.; Ma, Y.; Skjoedt, M.O. A journey through
the lectin pathway of complement- MBL and beyond. Immunol. Rev. 2016, 274, 74–97. [CrossRef] [PubMed]
146. Wallis, R. Interactions between mannosebinding lectin and MASPs during complement activation by the
lectin pathway. Immunobiology 2007, 212, 289–299. [CrossRef] [PubMed]
147. Asgari, E.; Farrar, C.A.; Lynch, N.; Ali, Y.M.; Roscher, S.; Stover, C.; Zhou, W.; Schwaeble, W.J.; Sacks, S.H.
Mannan-binding lectin-associated serine protease 2 is critical for the development of renal ischemia
reperfusion injury and mediates tissue injury in the absence of complement C4. FASEB J. 2014, 28, 3996–4003.
[CrossRef]
148. Zhou, W.; Farrar, C.A.; Abe, K.; Pratt, J.R.; Marsh, J.E.; Wang, Y.; Stahl, G.L.; Sacks, S.H. Predominant role for
C5b-9 in renal ischemia/reperfusion injury. J. Clin. Investig. 2000, 105, 1363–1371. [CrossRef]

J. Clin. Med. 2020, 9, 253

30 of 33

149. Lin, T.; Zhou, W.; Farrar, C.A.; Hargreaves, R.E.; Sheerin, N.S.; Sacks, S.H. Deficiency of C4 from donor or
recipient mouse fails to prevent renal allograft rejection. Am. J. Pathol. 2006, 168, 1241–1248. [CrossRef]
150. Ma, Y.J.; Skjoedt, M.O.; Garred, P. Collectin-11/ MASP complex formation triggers activation of the lectin
complement pathway–the fifth lectin pathway initiation complex. J. Innate Immun. 2013, 5, 242–250.
[CrossRef]
151. Farrar, C.A.; Tran, D.; Li, K.; Wu, W.; Peng, Q.; Schwaeble, W.; Zhou, W.; Sacks, S.H. Collectin-11 detects
stress-induced l-fucose pattern to trigger renal epithelial injury. J. Clin. Investig. 2016, 126, 1911–1925.
[CrossRef]
152. Jane-Wit, D.; Manes, T.D.; Yi, T.; Qin, L.; Clark, P.; Kirkiles-Smith, N.C.; Abrahimi, P.; Devalliere, J.; Moeckel, G.;
Kulkarni, S.; et al. Alloantibody and complement promote T cell-mediated cardiac allograft vasculopathy
through noncanonical nuclear factor-κB signaling in endothelial cells. Circulation 2013, 128, 2504–2516.
[CrossRef]
153. Jane-wit, D.; Surovtseva, Y.V.; Qin, L.; Li, G.; Liu, R.; Clark, P.; Manes, T.D.; Wang, C.; Kashgarian, M.;
Kirkiles-Smith, N.C.; et al. Complement membrane attack complexes activate noncanonical NF-κB by
forming an Akt+ NIK+ signalosome on Rab5+ endosomes. Proc. Natl. Acad. Sci. USA 2015, 112, 9686–9691.
[CrossRef]
154. Farrar, C.A.; Kupiec-Weglinski, J.W.; Sacks, S.H. The innate immune system and transplantation. Cold Spring
Harb. Perspect. Med. 2013, 3, a015479. [CrossRef] [PubMed]
155. Yamanaka, K.; Kakuta, Y.; Miyagawa, S.; Nakazawa, S.; Kato, T.; Abe, T.; Imamura, R.; Okumi, M.; Maeda, A.;
Okuyama, H.; et al. Depression of complement regulatory factors in rat and human renal grafts is associated
with the progress of acute T-cell mediated rejection. PLoS ONE 2016, 11, e0148881. [CrossRef] [PubMed]
156. Ricklin, D.; Barratt-Due, A.; Mollnes, T.E. Complement in clinical medicine: Clinical trials, case reports and
therapy monitoring. Mol. Immunol. 2017, 89, 10–21. [CrossRef] [PubMed]
157. Stegall, M.D.; Diwan, T.; Raghavaiah, S.; Cornell, L.D.; Burns, J.; Dean, P.G.; Cosio, F.G.; Gandhi, M.J.;
Kremers, W.; Gloor, J.M. Terminal complement inhibition decreases antibodymediated rejection in sensitized
renal transplant recipients. Am. J. Transplant. 2011, 11, 2405–2413. [CrossRef] [PubMed]
158. Locke, J.E.; Magro, C.M.; Singer, A.L.; Segev, D.L.; Haas, M.; Hillel, A.T.; King, K.E.; Kraus, E.; Lees, L.M.;
Melancon, J.K.; et al. The use of antibody to complement protein C5 for salvage treatment of severe
antibodymediated rejection. Am. J. Transplant. 2009, 9, 231–235. [CrossRef]
159. Montgomery, R.A.; Orandi, B.J.; Racusen, L.; Jackson, A.M.; Garonzik-Wang, J.M.; Shah, T.; Woodle, E.S.;
Sommerer, C.; Fitts, D.; Rockich, K.; et al. Plasma-derived C1 esterase inhibitor for acute antibody-mediated
rejection following kidney transplantation: Results of a randomized double-blind placebo-controlled pilot
study. Am. J. Transplant. 2016, 16, 3468–3478. [CrossRef]
160. Glotz, D.; Russ, G.; Rostaing, L.; Legendre, C.; Tufveson, G.; Chadban, S.; Grinyó, J.; Mamode, N.;
Rigotti, P.; Couzi, L.; et al. C10-002 Study Group. Safety and efficacy of eculizumab for the prevention
of antibody-mediated rejection after deceased-donor kidney transplantation in patients with preformed
donor-specific antibodies. Am. J. Transplant. 2019, 19, 2865–2875. [CrossRef]
161. Marks, W.H.; Mamode, N.; Montgomery, R.A.; Stegall, M.D.; Ratner, L.E.; Cornell, L.D.; Rowshani, A.T.;
Colvin, R.B.; Dain, B.; Boice, J.A.; et al. Safety and efficacy of eculizumab in the prevention of
antibody-mediated rejection in living-donor kidney transplant recipients requiring desensitization therapy:
A randomized trial. Am. J. Transplant. 2019, 19, 2876–2888. [CrossRef]
162. Schröppel, B.; Akalin, E.; Baweja, M.; Bloom, R.D.; Florman, S.; Goldstein, M.; Haydel, B.; Hricik, D.E.;
Kulkarni, S.; Levine, M.; et al. Peritransplant eculizumab does not prevent delayed graft function in deceased
donor kidney transplant recipients: Results of two randomized controlled pilot trials. Am. J. Transplant. 2019,
26. [CrossRef]
163. Davis, A.E.; Mejia, P.; Lu, F. Biological activities of C1 inhibitor. Mol. Immunol. 2008, 45, 4057–4063. [CrossRef]
164. Jordan, S.C.; Choi, J.; Aubert, O.; Haas, M.; Loupy, A.; Huang, E.; Peng, A.; Kim, I.; Louie, S.;
Ammerman, N.; et al. A phase I/II, double-blind, placebo-controlled study assessing safety and efficacy of
C1 esterase inhibitor for prevention of delayed graft function in deceased donor kidney transplant recipients.
Am. J. Transplant. 2018, 18, 2955–2964. [CrossRef] [PubMed]

J. Clin. Med. 2020, 9, 253

31 of 33

165. Kassimatis, T.; Qasem, A.; Douiri, A.; Ryan, E.G.; Rebollo-Mesa, I.; Nichols, L.L.; Greenlaw, R.; Olsburgh, J.;
Smith, R.A.; Sacks, S.H.; et al. A double-blind randomised controlled investigation into the efficacy of
Mirococept (APT070) for preventing ischaemia reperfusion injury in the kidney allograft (EMPIRIKAL):
Study protocol for a randomised controlled trial. Trials 2017, 18, 255. [CrossRef] [PubMed]
166. Snelgrove, S.L.; Lo, C.; Hall, P.; Lo, C.Y.; Alikhan, M.A.; Coates, P.T.; Holdsworth, S.R.; Hickey, M.J.;
Kitching, A.R. Activated Renal Dendritic Cells Cross Present Intrarenal Antigens After Ischemia-Reperfusion
Injury. Transplantation 2017, 101, 1013–1024. [CrossRef] [PubMed]
167. Damman, J.; Daha, M.R.; van Son, W.J.; Leuvenink, H.G.; Ploeg, R.J.; Seelen, M.A. Crosstalk between
complement and Toll-like receptor activation in relation to donor brain death and renal ischemia-reperfusion
injury. Am. J. Transplant. 2011, 11, 660–669. [CrossRef] [PubMed]
168. Dong, X.; Swaminathan, S.; Bachman, L.A.; Croatt, A.J.; Nath, K.A.; Griffin, M.D. Resident dendritic cells are
the predominant TNF-secreting cell in early renal ischemia-reperfusion injury. Kidney Int. 2007, 71, 619–628.
[CrossRef] [PubMed]
169. Batal, I.; De Serres, S.A.; Safa, K.; Bijol, V.; Ueno, T.; Onozato, M.L.; Iafrate, A.J.; Herter, J.M.; Lichtman, A.H.;
Mayadas, T.N.; et al. Dendritic Cells in Kidney Transplant Biopsy Samples Are Associated with T Cell
Infiltration and Poor Allograft Survival. J. Am. Soc. Nephrol. 2015, 26, 3102–3113. [CrossRef] [PubMed]
170. Abbas, A.K.; Lichtman, A.H.; Pillai, S. Cellular and Molecular Immunology, 8th ed.; Elsevier Health Sciences:
Amsterdam, The Netherlands, 2014.
171. Ysebaert, D.K.; De Greef, K.E.; De Beuf, A.; Van Rompay, A.R.; Vercauteren, S.; Persy, V.P.; De Broe, M.E.
T-cells as mediators in renal ischemia/reperfusion injury. Kidney Int. 2004, 66, 491–496. [CrossRef]
172. de Perrot, M.; Young, K.; Imai, Y.; Liu, M.; Waddell, T.K.; Fischer, S.; Zhang, L.; Keshavjee, S. Recipient T cells
mediate reperfusion injury after lung transplantation in the rat. J. Immunol. 2003, 171, 4995–5002. [CrossRef]
173. Fiorina, P.; Ansari, M.J.; Jurewicz, M.; Barry, M.; Ricchiuti, V.; Smith, R.N.; Shea, S.; Means, T.K.;
Auchincloss, H., Jr.; Luster, A.D.; et al. Role of CXC chemokine receptor 3 pathway in renal ischemic
injury. J. Am. Soc. Nephrol. 2006, 17, 716–723. [CrossRef]
174. Rabb, H. The T cell as a bridge between innate and adaptive immune systems: Implications for the kidney.
Kidney Int. 2002, 61, 1935–1946. [CrossRef]
175. Rabb, H.; Daniels, F.; O’Donnell, M.; Haq, M.; Saba, S.R.; Keane, W.; Tang, W.W. Pathophysiological role of T
lymphocytes in renal ischemia-reperfusion injury in mice. Am. J. Physiol. Renal. Physiol. 2000, 279, F525–F531.
[CrossRef] [PubMed]
176. Burne, M.J.; Daniels, F.; El Ghandour, A.; Mauiyyedi, S.; Colvin, R.B.; O’Donnell, M.P.; Rabb, H. Identification
of the CD4(+) T cell as a major pathogenic factor in ischemic acute renal failure. J. Clin. Investig. 2001,
108, 1283–1290. [CrossRef] [PubMed]
177. Day, Y.J.; Huang, L.; Ye, H.; Li, L.; Linden, J.; Okusa, M.D. Renal ischemia-reperfusion injury and adenosine
2A receptor-mediated tissue protection: The role of CD4+ T cells and IFN-gamma. J. Immunol. 2006,
176, 3108–3114. [CrossRef] [PubMed]
178. Lee, J.W.; Bae, E.; Kwon, S.H.; Yu, M.Y.; Cha, R.H.; Lee, H.; Kim, D.K.; Lee, J.P.; Ye, S.K.; Yoo, J.Y.; et al.
Transcriptional modulation of the T helper 17/interleukin 17 axis ameliorates renal ischemia-reperfusion
injury. Nephrol. Dial. Transplant. 2019, 34, 1481–1498. [CrossRef] [PubMed]
179. Murphy, K.M.; Stockinger, B. Effector T cell plasticity: Flexibility in the face of changing circumstances.
Nat. Immunol. 2010, 11, 674–680. [CrossRef] [PubMed]
180. Shen, X.D.; Ke, B.; Zhai, Y.; Gao, F.; Anselmo, D.; Lassman, C.R.; Busuttil, R.W.; Kupiec-Weglinski, J.W.
Stat4 and Stat6 signaling in hepatic ischemia/reperfusion injury in mice: HO-1 dependence of Stat4
disruption-mediated cytoprotection. Hepatology 2003, 37, 296–303. [CrossRef]
181. Yokota, N.; Burne-Taney, M.; Racusen, L.; Rabb, H. Contrasting roles for STAT4 and STAT6 signal transduction
pathways in murine renal ischemia-reperfusion injury. Am. J. Physiol. Renal. Physiol. 2003, 285, F319–F325.
[CrossRef]
182. Loverre, A.; Divella, C.; Castellano, G.; Tataranni, T.; Zaza, G.; Rossini, M.; Ditonno, P.; Battaglia, M.;
Palazzo, S.; Gigante, M.; et al. T helper 1, 2 and 17 cell subsets in renal transplant patients with delayed graft
function. Transpl. Int. 2011, 24, 233–242. [CrossRef]
183. Afzali, B.; Lombardi, G.; Lechler, R.I.; Lord, G.M. The role of T helper 17 (Th17) and regulatory T cells (Treg)
in human organ transplantation and autoimmune disease. Clin. Exp. Immunol. 2007, 148, 32–46. [CrossRef]

J. Clin. Med. 2020, 9, 253

32 of 33

184. Harrington, L.E.; Hatton, R.D.; Mangan, P.R.; Turner, H.; Murphy, T.L.; Murphy, K.M.; Weaver, C.T. Interleukin
17-producing CD4+effector T cells develop via a lineage distinct from the T helper type 1 and 2 lineages.
Nat. Immunol. 2005, 6, 1123–1132. [CrossRef]
185. Loong, C.C.; Hsieh, H.G.; Lui, W.Y.; Chen, A.; Lin, C.Y. Evidence for the early involvement of interleukin 17
in human and experimental renal allograft rejection. J. Pathol. 2002, 197, 322–332. [CrossRef] [PubMed]
186. Tang, J.L.; Subbotin, V.M.; Antonysamy, M.A.; Troutt, A.B.; Rao, A.S.; Thomson, A.W. Interleukin-17
antagonism inhibits acute but not chronic vascular rejection. Transplantation 2001, 72, 348–350. [CrossRef]
[PubMed]
187. Li, J.; Simeoni, E.; Fleury, S.; Dudler, J.; Fiorini, E.; Kappenberger, L.; von Segesser, L.K.; Vassalli, G.
Gene transfer of soluble interleukin-17 receptor prolongs cardiac allograft survival in a rat model. Eur. J.
Cardiothorac. Surg. 2006, 29, 779–783. [CrossRef] [PubMed]
188. Yuan, X.; Paez-Cortez, J.; Schmitt-Knosalla, I.; D’Addio, F.; Mfarrej, B.; Donnarumma, M.; Habicht, A.;
Clarkson, M.R.; Iacomini, J.; Glimcher, L.H.; et al. A novel role of CD4 Th17 cells in mediating cardiac
allograft rejection and vasculopathy. J. Exp. Med. 2008, 205, 3133–3144. [CrossRef] [PubMed]
189. Ko, G.J.; Linfert, D.; Jang, H.R.; Higbee, E.; Watkins, T.; Cheadle, C.; Liu, M.; Racusen, L.; Grigoryev, D.N.;
Rabb, H. Transcriptional analysis of infiltrating T cells in kidney ischemia-reperfusion injury reveals a
pathophysiological role for CCR5. Am. J. Physiol. Renal. Physiol. 2012, 302, F762–F773. [CrossRef] [PubMed]
190. Waldmann, H.; Graca, L.; Cobbold, S.; Adams, E.; Tone, M.; Tone, Y. Regulatory T cells and organ
transplantation. Semin. Immunol. 2004, 16, 119–126. [CrossRef] [PubMed]
191. Waldmann, H.; Hilbrands, R.; Howie, D.; Cobbold, S. Harnessing FOXP3þ regulatory T cells for
transplantation tolerance. J. Clin. Investig. 2014, 124, 1439–1445. [CrossRef]
192. Wood, K.J.; Sakaguchi, S. Regulatory T cells in transplantation tolerance. Nat. Rev. Rheumatol. 2003,
3, 199–210. [CrossRef]
193. Ferrer, I.R.; Hester, J.; Bushell, A.; Wood, K.J. Induction of transplantation tolerance through regulatory cells:
From mice to men. Immunol. Rev. 2014, 258, 102–116. [CrossRef]
194. Kinsey, G.; Sharma, R.; Huang, L.; Li, L.; Vergis, A.L.; Ye, H.; Ju, S.T.; Okusa, M.D. Regulatory T Cells
Suppress Innate Immunity in Kidney Ischemia-Reperfusion Injury. J. Am. Soc. Nephrol. 2009, 20, 1744–1753.
[CrossRef]
195. Hu, M.; Wang, Y.M.; Wang, Y.; Zhang, G.Y.; Zheng, G.; Yi, S.; O’Connell, P.J.; Harris, D.C.; Alexander, S.I.
Regulatory T cells in kidney disease and transplantation. Kidney Int. 2016, 90, 502–514. [CrossRef] [PubMed]
196. Miyara, M.; Yoshioka, Y.; Kitoh, A.; Shima, T.; Wing, K.; Niwa, A.; Parizot, C.; Taflin, C.; Heike, T.;
Valeyre, D.; et al. Functional delineation and differentiation dynamics of human CD4þ T cells expressing the
FoxP3 transcription factor. Immunity 2009, 30, 899–911. [CrossRef] [PubMed]
197. Schmidl, C.; Hansmann, L.; Lassmann, T.; Balwierz, P.J.; Kawaji, H.; Itoh, M.; Kawai, J.; Nagao-Sato, S.;
Suzuki, H.; Andreesen, R.; et al. The enhancer and promoter landscape of human regulatory and conventional
T cell subpopulations. Blood 2014, 123, e68–e78. [CrossRef] [PubMed]
198. Braza, F.; Dugast, E.; Panov, I.; Paul, C.; Vogt, K.; Pallier, A.; Chesneau, M.; Baron, D.; Guerif, P.; Lei, H.; et al.
Central role of CD45RA- Foxp3hi memory regulatory T cells in clinical kidney transplantation tolerance.
J. Am. Soc. Nephrol. 2015, 26, 1795–1805. [CrossRef]
199. Duhen, T.; Duhen, R.; Lanzavecchia, A.; Sallusto, F.; Campbell, D.J. Functionally distinct subsets of human
FOXP3þ Treg cells that phenotypically mirror effector Th cells. Blood 2012, 119, 4430–4440. [CrossRef]
200. Kawai, M.; Kitade, H.; Mathieu, C.; Waer, M.; Pirenne, J. Inhibitory and stimulatory effects of cyclosporine A
on the development of regulatory T cells in vivo. Transplantation 2005, 79, 1073–1077. [CrossRef]
201. Coenen, J.J.; Koenen, H.J.; van Rijssen, E.; Hilbrands, L.B.; Joosten, I. Rapamycin and not cyclosporin A,
preserves the highly suppressive CD27þ subset of human CD4þCD25þ regulatory T cells. Blood 2006,
107, 1018–1023. [CrossRef]
202. Gunaratnam, L.; Bonventre, J.V. HIF in kidney disease and development. J. Am. Soc. Nephrol. 2009,
20, 1877–1887. [CrossRef]
203. Rosenberger, C.; Griethe, W.; Gruber, G.; Wiesener, M.; Frei, U.; Bachmann, S.; Eckardt, K.U. Cellular responses
to hypoxia after renal segmental infarction. Kidney Int. 2003, 64, 874–886. [CrossRef]
204. Rosenberger, C.; Mandriota, S.; Jurgensen, J.S.; Wiesener, M.S.; Horstrup, J.H.; Frei, U.; Ratcliffe, P.J.;
Maxwell, P.H.; Bachmann, S.; Eckardt, K.U. Expression of hypoxia-inducible factor-1alpha and -2alpha in
hypoxic and ischemic rat kidneys. J. Am. Soc. Nephrol. 2002, 13, 1721–1732. [CrossRef]

J. Clin. Med. 2020, 9, 253

33 of 33

205. Wiesener, M.S.; Jurgensen, J.S.; Rosenberger, C.; Scholze, C.K.; Horstrup, J.H.; Warnecke, C.; Mandriota, S.;
Bechmann, I.; Frei, U.A.; Pugh, C.W.; et al. Widespread hypoxia-inducible expression of HIF-2alpha in
distinct cell populations of different organs. FASEB J. 2003, 17, 271–273. [CrossRef] [PubMed]
206. Eltzschig, H.K.; Carmeliet, P. Hypoxia and inflammation. N. Engl. J. Med. 2011, 364, 656–665. [CrossRef]
[PubMed]
207. Conde, E.; Alegre, L.; Blanco-Sánchez, I.; Sáenz-Morales, D.; Aguado-Fraile, E.; Ponte, B.; Ramos, E.; Sáiz, A.;
Jiménez, C.; Ordoñez, A.; et al. Hypoxia inducible factor 1-alpha (HIF-1 alpha) is induced during reperfusion
after renal ischemia and is critical for proximal tubule cell survival. PLoS ONE 2012, 7, e33258. [CrossRef]
[PubMed]
208. Johnson, D.W.; Forman, C.; Vesey, D.A. Novel renoprotective actions of erythropoietin: New uses for an old
hormone. Nephrology 2006, 11, 306–312. [CrossRef] [PubMed]
209. Breen, E.C. VEGF in biological control. J. Cell Biochem. 2007, 102, 1358–1367. [CrossRef] [PubMed]
210. Arcasoy, M.O. The non-haematopoietic biological effects of erythropoietin. Br. J. Haematol. 2008, 141, 14–31.
[CrossRef] [PubMed]
211. Oda, T.; Ishimura, T.; Yokoyama, N.; Ogawa, S.; Miyake, H.; Fujisaw, M. Hypoxia-Inducible Factor-1α
Expression in Kidney Transplant Biopsy Specimens After Reperfusion Is Associated with Early Recovery of
Graft Function After Cadaveric Kidney Transplantation. Transplant. Proc. 2017, 49, 68–72. [CrossRef]
212. Peng, J.; Zhang, L.; Drysdale, L.; Fong, G.H. The transcription factor EPAS-1/hypoxia-inducible factor 2alpha
plays an important role in vascular remodeling. Proc. Natl. Acad. Sci. USA 2000, 97, 8386–8391. [CrossRef]
213. Ralph, G.S.; Parham, S.; Lee, S.R.; Beard, G.L.; Craigon, M.H.; Ward, N.; White, J.R.; Barber, R.D.; Rayner, W.;
Kingsman, S.M.; et al. Identification of potential stroke targets by lentiviral vector mediated overexpression
of HIF-1 alpha and HIF-2 alpha in a primary neuronal model of hypoxia. J. Cereb. Blood Flow Metab. 2004,
24, 245–258. [CrossRef]
214. Tian, H.; McKnight, S.L.; Russell, D.W. Endothelial PAS domain protein 1 (EPAS1), a transcription factor
selectively expressed in endothelial cells. Genes Dev. 1997, 11, 72–82. [CrossRef]
215. Elvert, G.; Kappel, A.; Heidenreich, R.; Englmeier, U.; Lanz, S.; Acker, T.; Rauter, M.; Plate, K.; Sieweke, M.;
Breier, G.; et al. Cooperative interaction of hypoxia-inducible factor-2alpha (HIF-2alpha) and Ets-1 in the
transcriptional activation of vascular endothelial growth factor receptor-2 (Flk-1). J. Biol. Chem. 2003,
278, 7520–7530. [CrossRef] [PubMed]
216. Zhang, J.; Han, C.; Dai, H.; Hou, J.; Dong, Y.; Cui, X.; Xu, L.; Zhang, M.; Xia, Q. Hypoxia-Inducible Factor-2α
Limits Natural Killer T Cell Cytotoxicity in Renal Ischemia/Reperfusion Injury. J. Am. Soc. Nephrol. 2016,
27, 92–106. [CrossRef] [PubMed]
217. McNamee, E.; Johnson, D.K.; Homann, D.; Clambey, E. Hypoxia and hypoxia-inducible factors as regulators
of T cell development, differentiation, and function. Immunol. Res. 2013, 55, 58–70. [CrossRef] [PubMed]
218. Wang, Z.; Schley, G.; Türkoglu, G.; Burzlaff, N.; Amann, K.U.; Willam, C.; Eckardt, K.U.; Bernhardt, W.M.
The protective effect of prolyl-hydroxylase inhibition against renal ischaemia requires application prior
to ischaemia but is superior to EPO treatment. Nephrol. Dial. Transplant. 2012, 27, 929–936. [CrossRef]
[PubMed]
219. Bernhardt, W.M.; Gottmann, U.; Doyon, F.; Buchholz, B.; Campean, V.; Schödel, J.; Reisenbuechler, A.;
Reisenbuechler, A.; Klaus, S.; Arend, M.; et al. Donor treatment with a PHD-inhibitor activating HIFs
prevents graft injury and prolongs survival in an allogenic kidney transplant model. Proc. Natl. Acad. Sci.
USA 2009, 106, 21276–21281. [CrossRef] [PubMed]
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

