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Kidney transplantation entails a high likelihood of endothelial injury. The endothelium is
a target of choice for injury by ischemia-reperfusion, alloantibodies, and autoantibodies.
A certain degree of ischemia-reperfusion injury inevitably occurs in the immediate post-
transplant setting and can manifest as delayed graft function. Acute rejection episodes,
whether T-cell or antibody-mediated, can involve the graft micro- and macrovasculature,
leading to endothelial injury and adverse long-term consequences on graft function and
survival. In turn, caspase-3 activation in injured and dying endothelial cells favors the
release of extracellular vesicles (apoptotic bodies and apoptotic exosome-like vesicles)
that further enhance autoantibody production, complement deposition, and microvas-
cular rarefaction. In this review, we present the evidence for endothelial injury, its causes
and long-term consequences on graft outcomes in the field of kidney transplantation.
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INTRODUCTION

The endothelium plays an important role in vascular biology and regulation of renal function.
Healthy endothelial cells are involved in vasodilation through nitric oxide (NO) release, which
also inhibits platelet adhesion and aggregation, as well as leukocyte adhesion. Conversely, injured
endothelial cells can develop a vasoconstrictive, pro-inflammatory, and procoagulant phenotype.
Endothelial dysfunction is associated with traditional cardiovascular risk factors such as hyperten-
sion and diabetes, and it predicts atherosclerosis progression and cardiovascular events in the general
population (1, 2). A large body of data shows that chronic kidney disease (CKD) is associated with
endothelial dysfunction and/or apoptosis (3-7). Increased levels of circulating microparticles from
apoptotic endothelial cells have been observed in patients with CKD (5, 6). Uremic solutes foster the
production of these microparticles by endothelial cells (6), which in turn decrease NO release and
impair endothelium-mediated dilation (5).

Kidney transplantation is the best mode of renal replacement therapy, improving both quality of
life and life expectancy compared to dialysis (8, 9). Kidney transplantation restores renal function
and improves endothelial function compared to dialysis (10, 11). Nevertheless, kidney transplanta-
tion entails a high likelihood of endothelial injury in the allograft. Given its intimate contact with
the blood, the allograft endothelium is a target of choice for interactions with circulating inflam-
matory cells, cytokines, antibodies, and circulating pharmacological agents. First, a certain degree
of ischemia-reperfusion injury (IRI) inevitably occurs in the immediate posttransplant setting and
manifests as delayed graft function (DGF). IRI is associated with both tubular and endothelial
damage, especially in the peritubular capillary network. Second, acute rejection episodes, whether
T-cell or antibody-mediated, occur in 15-20% of kidney transplant recipients (2) and can involve
the graft micro- and macrovasculature, leading to endothelial injury. This can alter renal blood flow
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and impair renal function, both acutely and on the long-term,
favoring renal fibrosis and loss of renal function.

Last, the most commonly used immunosuppressive agents
may have divergent impact on the graft endothelium after trans-
plantation. Mycophenolic acid may protect the endothelium,
but calcineurin inhibitors have an adverse impact on endothelial
function and glucocorticoids can worsen endothelial function
under physiological conditions and improve it in the presence
of inflammation. While these topics are reviewed elsewhere
(12-14), here we present the evidence for allograft endothelial
injury that is associated with IRI, alloimmunity, and autoim-
munity in kidney transplantation and describe its long-term
consequences on graft outcomes.

IRI INDUCES ENDOTHELIAL DAMAGE,
MICROVASCULAR RAREFACTION AND
ADVERSE GRAFT OUTCOMES

The kidney transplant procedure is inevitably associated with a
certain degree of IRI. Donor type (deceased after cardiocircula-
tory arrest and neurologically deceased versus living) and length
of cold and warm ischemic times are important risk factors for
IRI (15). Clinically significant IRI manifests as DGE, or acute
kidney injury (AKI) in the immediate posttransplant period.
DGF is defined as the need for hemodialysis in the first week
posttransplantation or failure of serum creatinine to decrease by
more than 10% on the first three postoperative days, although
other definitions have been used (16). Episodes of AKI are strong
predictors of CKD in the general population (17-20). Similarly,
DGF is associated with decreased long-term kidney graft survival
(15, 21).

In the past decade, microvascular injury and endothelial dys-
function have emerged as pivotal elements in the pathogenesis
of AKI (22, 23). In experimental models of IRI, renal perfusion
in peritubular capillaries is compromised within minutes of
unclamping (24). Endothelial dysfunction/injury and apop-
tosis compromise microcirculatory renal blood flow through
decreased vasodilatory capacity, coagulation activation and the
formation of microvascular thrombi, and increased rolling/adhe-
sion of inflammatory cells (23, 25).

Because the regenerative capacity of endothelial cells in peritu-
bular capillaries appears limited (26-28), microvascular damage
occurring during an episode of AKI can lead to permanent peri-
tubular capillary rarefaction (26-28). Loss of peritubular capillar-
ies favors chronic hypoxia, leading to overexpression of hypoxia
inducible factor 1 o (HIF-1a), favoring transcription of fibrogenic
genes such as transforming growth factor § (TGF-f) and con-
nective tissue growth factor (CTGF). It also favors accumulation
of a-smooth muscle actin (a-SMA) positive myofibroblasts and
production of fibrogenic mediators (22, 23, 28-31).

These phenomena eventually lead to progressive interstitial
fibrosis/tubular atrophy and renal dysfunction in animal models
and in human AKI (31, 32). In kidney transplant patients, peri-
tubular capillary loss, assessed by comparing capillary density
on 3-month posttransplant biopsies with capillary density on
preimplantation biopsies, is strongly associated with interstitial

fibrosis/tubular atrophy and graft dysfunction 1 year posttrans-
plant (33). Recent animal studies using in vivo imaging and elec-
tron microscopy in murine models of AKI demonstrated a tight
correlation between peritubular capillary injury, rarefaction,
and renal fibrosis (34, 35). Ultrastructural changes to peritubular
capillaries include focal widening of the subendothelial space,
higher numbers of endothelial vacuoles, reduced numbers of
fenestrations, and increased thickness of the basement mem-
brane (35). Human kidney biopsy samples with progressive renal
fibrosis showed strikingly similar ultrastructural findings. Taken
together, these studies support the concept that IRI-associated
AKI can lead to microvascular rarefaction which in turn plays
a pivotal role in favoring interstitial fibrosis and long-term renal
dysfunction in patients with native kidney disease and in kidney
transplant recipients.

Kidneys from older donors are more susceptible to IRI and
more likely to develop DGF (36-39). Increasing age and the
presence of age-associated disorders, such as hypertension and
type 2 diabetes, favor the accumulation of senescent cells within
the vasculature and the kidney. Senescence is characterized by
proliferative arrest, cell flattening and enlargement, and the
production of an array of pro-inflammatory cytokines (IL-1a,
IL-1p, IL-6, IL-8, matrix metalloproteiases, CTGF) known as
senescence associated secretory phenotype (40). Senescent cells
lack replicative potential and hence tissues with higher levels of
senescent cells display lower repair capacity in the face of injury.
Increased microvascular rarefaction and enhanced fibrosis have
been observed following IRI in rodent models and in transplant
patients (41, 42).

IMMUNE-MEDIATED VASCULAR AND
ENDOTHELIAL INJURY IS ASSOCIATED
WITH ADVERSE KIDNEY GRAFT
OUTCOMES

Acute rejection episodes occur in 15-20% of kidney transplant
recipients (2). T-cell mediated rejections that involve the
tubulointerstitial compartment are responsive to corticosteroid
therapy and are reversible in a majority of cases. However,
vascular involvement by the rejection process, also termed graft
endarteritis, is an important risk factor for decreased long-term
graft survival (43, 44). Endarteritis has classically been regarded
as a T-cell-mediated phenomenon (45), with both alloreactive
CD8+ and CD4+ T-cells infiltrating the allograft small-sized
arteries (46). However, mounting evidence shows that endarteri-
tis often clusters with microvascular inflammation (glomerulitis,
peritubular capillaritis) and antibody-mediated damage (47).
The deleterious impact of donor-specific alloantibodies (DSA)
is illustrated by recent data showing that antibody-mediated
rejection with endarteritis entails a worse prognosis than cell-
mediated endarteritis alone (44). DSA can target class I human
leukocyte antigen (HLA) molecules, which are constitutively
expressed on all nucleated cells or class Il HLA molecules, whose
expression is restricted to B lymphocytes, antigen-presenting
cells, and activated endothelial cells. Both class I and class I DSA
can injure the endothelium though complement-dependent

Frontiers in Immunology | www.frontiersin.org

May 2018 | Volume 9 | Article 1130


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive

Cardinal et al.

Endothelial Dysfunction in Kidney Transplantation

mechanisms and antibody-dependent cell-mediated cytotoxicity.
DSA class I binding also affects the graft endothelium by inducing
intracellular signaling which results in migration, proliferation,
and resistance to apoptosis and complement-induced death that
can have an impact on vascular remodeling and chronic allograft
rejection (48). The effect of HLA class II DSA on cell signaling
remains to be fully defined given constraints in experimental
systems due to the restricted expression of their antigenic target.
Although DSA IgG have long been recognized as deleterious to
the allograft, the clinical relevance of DSA IgM remains unclear.
Some studies have reported associations between IgM DSA,
rejection, and decreased graft survival (49, 50).

Even when the allograft arteries are not involved, DSA can
affect the graft microcirculation, which is associated with adverse
outcomes. A threefold increase in the risk of graft loss was reported
in DSA-positive cases of rejection affecting only the microcircula-
tion compared to pure cell-mediated tubulointerstitial rejection
(44). In another study, diffuse C4d staining in peritubular capil-
laries, which marks antibody-mediated complement activation
through the classical pathway, was an independent adverse prog-
nostic factor in patients with concurrent cell-mediated rejection,
whether or not the graft arteries were involved (51). Hence, the
presence of antibody-mediated damage to the microcirculation
has prognostic implications in cases of acute rejection, whether
or not graft arterial involvement is also present.

Donor-specific antibodies lead to adverse outcomes by injur-
ing the graft endothelium. In patients with antibody-mediated
rejection, elevated levels of endothelial transcripts including von
Willebrand’s factor, caveolin 1, platelet/endothelial cell adhesion
molecule, and E selectin have been found in the allograft tissue
(52). The presence of circulating DSA and elevated endothelial
transcripts in the allograft were associated with poorer long-term
graft survival (52), even when evidence for complement activa-
tion was lacking (53). Taken together, these studies illustrate
that endothelial injury in the allograft macro- or microvascular
beds, especially when antibody-mediated, reduces graft survival.
DSA-mediated endothelial damage can occur through both
complement-dependent and independent pathways.

The persistence of cell- or antibody-mediated vascular and
endothelial injury are closely linked with the development of
allograft fibrosis and demise. In a swine kidney transplantation
model, persistent inflammation in peritubular capillaries was
strongly associated with the presence of proliferating a-actin
positive myofibroblasts around peritubular capillaries and pro-
gression of interstitial fibrosis (54). Similar results were found
in human kidney graft biopsies, where microvascular injury in
peritubular capillaries (angioregression or capillary drop-out,
apoptotic endothelial cells and lamination of the basement
membrane) was strongly correlated with interstitial fibrosis, graft
dysfunction, and proteinuria (55). Glomerular capillary loss was
also associated with glomerular sclerosis and proteinuria.

Recent data suggest that, in addition to DSA, autoantibodies
present at the time of transplantation or produced in the posttrans-
plant period can accentuate and aggravate microvascular injury.
This concept, coined “innate autoimmunity;” was put forward by
Carroll and co-workers, as they identified the aggravating role
of naturally occurring polyspecific IgM autoantibodies targeting

non muscle myosin heavy chain and glycogen phosphorylase in
models of intestinal and skeletal muscle IRI (56-58). They also
showed that blockade of this autoantibody attenuated tissue
damage in a model of cardiac IRI (59). Our group identified
anti-perlecan/LG3 IgG autoantibodies of the IgGl and IgG3
sub-types that target a cryptic C-terminal fragment of perlecan
(LG3), as predictors of renal dysfunction in a murine model of
renal IRI and in renal transplant patients (60). Elevated levels of
anti-perlecan/LG3 at the time of transplantation are associated
with an increased risk of vascular rejection and DGF (60, 61).
In patients with DGEF, anti-perlecan/LG3 autoantibodies predict
reduced long-term renal function (60). Anti-perlecan/LG3
autoantibodies exhibit a specific tropism for the ischemic vas-
culature. In experimental models of vascular rejection and renal
IRI, deposition of anti-perlecan/LG3 autoantibodies was sig-
nificantly increased by ischemia (60, 61). This led to enhanced
activation of the classical complement pathway, C4d deposition,
peritubular capillary rarefaction, and renal fibrosis. Other autoan-
tibodies, such as anti-angiotensin II type 1 receptors (AT1R) and
anti-fibronectin antibodies, have been implicated in accentuation
of renal acute vascular rejection and transplant glomerulopathy
(38, 39). Anti-AT1R IgG autoantibodies also increase the risk of
acute rejection and graft loss in renal transplant patients (62, 63).
Ischemia was shown to increase the contractile activity of ATIR
autoantibodies in isolated renal artery rings (64), suggesting the
possibility of enhanced renal vasoconstriction and ischemia.
Collectively, these reports add further support to the notion that
renal microvascular injury, either induced by IRI, allo- or auto-
antibodies or through synergistic interactions between these
different factors, plays a major role in long-term renal allograft
dysfunction.

ENDOTHELIAL CELL DEATH
CONTRIBUTES TO VASCULAR
REMODELING, AUTOIMMUNITY
AND INFLAMMATION

The presence of dying renal cells in association with AKI or
rejection episodes has been known for decades. However, the
characterization of molecular pathways controlling regulated
renal cell death responses is still an evolving field. Two major
types of programmed cell death, apoptosis and necroptosis,
have been characterized in association with AKI (23, 26,
65-73), although various death and inflammatory pathways
such as ferroptosis and pyroptosis also likely contribute (74-76).
Apoptosis can be initiated by two major initiating pathways:
cell surface death receptors or mitochondrial outer membrane
permeabilization. Both pathways converge on an effector phase
triggered by caspases-3 activation and responsible for definitive
degradation of key nuclear and cytoskeletal substrates leading to
morphological changes such as membrane blebbing and nuclear
condensation. However, ligation of death receptors, such as
tumor necrosis factor or Fas, in conditions when caspases are
inhibited can also activate a regulated form of necrosis referred
to as “necroptosis” [reviewed in Ref. (77, 78)]. In this context,
receptor-interacting protein 1 (RIPK1) phosphorylates RIPK3
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and mixed lineage kinase domain-like protein (MLKL) leading to
cell swelling and rupture (77, 78). Necroptosis is associated with
an important inflammatory response secondary to the release of
damage-associated molecular patterns and to the activation of
the inflammasome leading to caspase-1 activation and release
of IL-1p, IL-18, and IL-1a. Like necroptosis, pyroptosis is a type
of regulated necrotic cell death. Pyroptosis is characterized by
caspase-11/gasdermin D-dependent plasma membrane rupture,
is highly pro-inflammatory, and has a unique feature: the cas-
pase-1 dependent maturation of pro-inflammatory cytokines in
a multiprotein complex called the inflammasome during the cell
death process (71, 75).

Apoptosis has classically been considered as an inert or anti-
inflammatory type of cell death, responsible for the physiological
turnover of multiple cell types. During apoptosis, caspase activa-
tion inactivates mitochondrial DNA-induced type I interferon
secretion and oxidizes danger signals. This inactivates danger
associated molecular patterns (DAMP) molecules and prevents
the development of an innate immune response to apoptotic
cells (79). Effector caspase activation also leads to the release
of chemotactic factors that recruit phagocytes and enhance the

clearance of apoptotic cells, preventing secondary necrosis and
the release of DAMP factors (79).

Nevertheless, the impact of apoptosis may vary according
to cell type and in certain conditions also favor inflammatory
responses. Apoptotic endothelial cells externalize phosphati-
dylserine (80), which binds Factor XII to promote coagulation
(81). Apoptotic endothelial cells also interact with other cell types
through the release of extracellular vesicles which can in turn
promote inflammation. Extracellular vesicles include microvesi-
cles, such as apoptotic bodies, that are produced by cytoplasmic
membrane blebbing and shedding, and exosomes, that are
smaller and stored in multivesicular bodies or alpha-granules
(82). For example, endothelial apoptotic bodies that contain the
full-length precursor and processed mature form of IL-1a have
pro-inflammatory effects when injected in the peritoneal cavity of
mice (83). Both types of vesicles are involved in cellular crosstalk,
as will be discussed later.

The relative importance of regulated death pathways in AKI
or rejection-induced microvascular injury is only beginning to
be unraveled. It is generally accepted that broad caspase inhibi-
tion can prevent apoptosis at the expense of increased necroptosis
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FIGURE 1 | Factors contributing to endothelial dysfunction in transplantation. Ischemia-reperfusion injury that occurs at the time of transplantation can trigger
endothelial apoptosis through caspase-3 activation which can in turn release apoptotic bodies with procoagulant activity. In addition, apoptotic endothelial cells also
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interstitial fibrosis/tubular atrophy and renal graft dysfunction.
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and accentuated renal dysfunction (70, 78), a phenomenon well
characterized in renal tubular epithelial cells (84, 85). Cardiac
endothelial cells have also been shown to develop RIPK3-
dependent cell death after TNF-alpha treatment in vitro and
following transplantation in vivo. RIPK3—/— mice show better
preservation of microvascular integrity in a model of cardiac
rejection (86). Whether RIPK-dependent death also occurs in
the renal microvasculature during AKI and/or rejection remains
to be evaluated. However, microvascular apoptosis, evaluated by
caspase-3 activation, has been documented in models of renal IRI
and rejection (23, 87). Also, inhibition of caspase-3 at the time
of renal IRI has generally been associated with improved long-
term renal function and reduced extracellular matrix deposition
(78, 88, 89). Collectively, these results suggest an important role
for caspase-3 in regulating renal vascular cell death whereas the
importance of RIPK-dependent death remains to be character-
ized. While pyroptosis has been observed in renal tubular epithe-
lial cells in a rat model of renal IRI (90), this type of cell death has
not been described in endothelial cells.

Endothelial caspase-3 activation can promote vascular dys-
function through various and non-mutually exclusive pathways
(Figure 1). It favors the release of a number of fibroproliferative
mediators, such as CTGE, LG3, and translationally controlled
tumor protein, which can in turn favor neointima formation and
myointimal thickening (91-94). Endothelial caspase-3 activation
also leads to the release of apoptotic bodies or membrane blebs
with procoagulant activity (95, 96). Recently, we showed that,
in addition to apoptotic bodies, endothelial caspase-3 activa-
tion prompts the release of a novel type of extracellular vesicles
whose protein content and function are dramatically different
from classic apoptotic bodies (97). These apoptotic exosome-like
vesicles (ApoExo) are smaller than apoptotic bodies, ranging
from 30 to 100 nm and carry active 20S proteasome complexes
with pro-inflammatory activity. ApoExo injection in mice favors
the recruitment of T and B cells in a model of vascular allograft
rejection (97). Endothelial ApoExos also favor the production
of autoantibodies such as anti-perlecan/LG3 antibodies, anti-
nuclear antibodies, and anti-double-stranded DNA antibodies
(97), which in turn further aggravate vascular inflammation. In
animal models, renal IRI favors the release of ApoExos within the
bloodstream, followed by augmented levels of anti-perlecan/LG3
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