Chapter 15
Acute Allograft Injury After Kidney
Transplantation

Bernd Schroppel and Christophe Legendre

Objectives

* To outline the major biological processes implicated in ischemia and
reperfusion.

* To recognize the importance of early graft function and its related
complications.

* To define current and new approaches aimed to limit organ injury at the time of
transplantation.

Introduction

Delayed graft function (DGF) is a common early complication following deceased
donor kidney transplantation. DGF is often defined as the need for dialysis in the
first week after transplantation and is primarily a consequence of ischemia/reperfu-
sion (IR) injury resulting in postischemic acute tubular necrosis (ATN) [1]. The
degree of IR injury is dependent on a complex interplay of pre-transplant injury and
subsequent innate and adaptive immune responses after reperfusion [2]. The conse-
quences of developing DGF are significant. In addition to the acute complications
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Table 15.1 Selected recently published randomized and controlled trials in DGF

Intervention

Epoetin-beta
Epoetin-alpha

YSPSL
(rPSGL-Ig)

Excluding trials investigating preservation solutions and machine perfusion

Target Population | Endpoint and outcome

Multiple N=104 No difference in DGF, SGF, and GFR at
1-3 months

Multiple N=72 No difference in DGF, SGF, and urine

Blocks P-E-L. | N=59

selectins

NGAL/IL-18

No difference in DGF; lower serum

creatinine 5 days after transplantation in the

treatment group

Ref.
[27]

[26]

(11]

Table 15.2 Selected registered randomized and controlled DGF trials in ClinicalTrials.gov
(Accessed September 3rd 2013)

Intervention
ISNP

Eculizumab

OPN-305

BB3

Remote
ischemic
preconditioning

Alteplase

Etanercept

Target

siRNA
inhibiting p53
Terminal
complement
C5a and C5b-9
TLR2

Hepatocyte
growth factor/
scatter factor

Multiple

Dissolution of
microthrombi
by ex vivo
treatment of
DCD organs
with rTPA
TNF-alpha
inhibitor to the
perfusion fluid

Primary endpoint(s) Stage
Safety and incidence of | Phase 2B
delayed graft function
Hemodialysis (7 days Phase 2
posttransplantation)
Hemodialysis (7 days Phase 2
posttransplantation)

Difference in creatinine | Phase 2
clearance over time

Number of organs Phase 3
recovered per donor

Delayed kidney graft

function and primary

liver graft nonfunction
Hemodialysis (7 days Phase 2

posttransplantation)

Abbreviations: TNF tumor necrosis factor

ClinicalTrials.gov

identifier
NCT00802347

NCTO01919346

NCT01794663

NCTO01561599

NCT01515072

NCTO01197573

NCTO01731457

related to renal failure and the associated costs of prolonged hospitalization, the
magnitude of the association between DGF and subsequent chronic allograft dys-
function is fairly strong, but it is not clear whether DGF directly affects long-term
graft survival [1]. Several new drugs show promise in animal studies in preventing
or ameliorating IR injury, and clinical trials are ongoing (Tables 15.1 and 15.2).
The aim of this review is to summarize the clinical risk factors and consequences
and the translational science investigating the mechanism of IR injury and summarize
the clinical trials regarding the prevention or management of DGF.
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Important Biological Processes Implicated in Brain Death,
Ischemia, and Reperfusion

It is important to differentiate in models the effects of warm versus cold ischemia
and isograft versus allograft. Excellent science has been generated in animal models
identifying a wide range of pathological processes contribute to hypoxic and
IR-associated injury (reviewed in detail [3]). We will focus here on cell death and
survival programs and innate and adaptive immune activation, as these are poten-
tially amenable to innovative therapeutic approaches.

Cell Death, Apoptosis, and Autophagy

Ischemia and reperfusion activates various programs of cell death, which can be
categorized as necrosis-, apoptosis-, or autophagy-associated cell death. Autophagy
is a general term for pathways by which cytoplasmic material is delivered to lyso-
somes for degradation [4]. The main purposes of autophagosome formation are
quality control and removal of defunct organelles, provision of an energy source
during starvation, and regulation of cell survival and cell death. More recently,
autophagy was identified as an important effector and regulator of innate and adap-
tive immunity and inflammation [4]. Several studies have reported the upregulation
of autophagy in tubular cells in response to acute kidney injury caused by experi-
mental nephrotoxic, IR, or ureteral obstruction models [4], and autophagy was iden-
tified as a protective mechanism by tubular cells during stress, suggesting it is
upregulated after injury in order to selectively degrade damaged mitochondria and
protein aggregates [5]. While there is huge clinical interest, the lack of validated
clinical markers and the absence of selective inducers and inhibitors of autophagy
are challenges for successful translational research.

Innate Immunity

Important components and well studied in animal models of IR injury are toll-like
receptors (TLR) and the complement system.

Toll-Like Receptors

TLRs are expressed on immune as well as nonimmune cells, and endogenous, cell-
derived ligands (so-called damage-associated molecular patterns or DAMPs) can
signal through specific TLRs. Among the list of DAMPs that have been described to
be induced or upregulated after IR only, HMGB1 was so far mechanistically linked
to the pathogenesis of IR injury [6]. HMGBI is a nuclear protein that binds DNA
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and modulates transcription and chromatin modeling and dependent on its redox
state also functions as an extracellular signaling molecule during sterile inflamma-
tion, providing a chemotactic and activation signal to inflammatory cells [6]. TLR4
was found to be upregulated, and tubular HMGB 1 was detectable in deceased donor
kidneys when compared with living donor kidneys. In addition, kidneys carrying the
loss-of-function TLR4 variants (Asp299Gly and Thr399Ile), known to diminish
ligand-receptor binding, were linked with better function immediately after trans-
plantation [7]. Chimeric mice with deficiency in renal-associated TLR2 and TLR4
had less renal damage and dysfunction when compared with wild-type mice, and
when comparing single TLR27/~ and TLR47/~ with the TLR2/47/-, no increased pro-
tection was seen, indicating that ligands prime TLR2 and TLR4 during IR injury [6].

Complement System

Studies in small and large animals revealed that terminal complement activation is
a critical mediator in IR injury [8]. IR injury is abrogated in animals that are defi-
cient in C3 (and factor B) but not C4 [8]. Using chimeric mice C3aR/C5aR on renal
cells as well as leukocytes contributes to IR injury [9]. In kidneys retrieved from
brain-dead donors compared to kidneys from living donors, systemic generation of
C5a mediates renal inflammation via tubular C5a-C5aR interaction [10]. Overall,
the data strongly support the model that IR injury leads to local (kidney derived) as
well as immune cell-derived complement release and activation, which leads to
acute organ injury. With eculizumab, a C5 inhibitor, agents are available and clinical
trials in DGF are ongoing (Table 15.2), and therapeutic interventions already at the
time of brain death might be needed for optimal effects on graft outcome.

Adaptive Immunity

IR injury elicits a robust adaptive immune response. Studies have shown that T cells
(CD4 and CD8) accumulate during IR injury and mediate injury [3, 6]. The specific
mechanisms underlying T cell activation in the absence of specific exogenous anti-
gen remain to be elucidated, but data indicate antigen-specific and antigen-
independent mechanisms of action [3].

Clinical Definitions of DGF

The early graft dysfunction especially using deceased donors is often classified into
immediate, slow (SGF), delayed (DGF), or in the most severe cases primary non-
function (PNF). Due to the complexity of its pathophysiology, it is complex to find
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one definition of early graft dysfunction explaining why currently more 18 definitions
coexist [1]. The most frequent definitions are based on posttransplant dialysis
requirements (most frequently one dialysis session during the first 7 days after
transplantation) [1]. While useful for data reporting, this definition suffers from
many pitfalls including clinical-dependent decision, dialysis required for potassium
or fluid overload, residual renal function, or preemptive transplantation, which may
lead to misclassification or large variations in DGF rates that were observed in mul-
ticenter trials [11]. Other definitions may rely on urine output, creatinine reduction,
and analysis of urine biomarkers such as interleukin-18 (IL-18), kidney injury mol-
ecule 1 (KIM1), neutrophil gelatinase-associated lipocalin (NGAL). In order to
advance in the prevention and/or treatment of DGEF, it is important to isolate the
diagnosis of IR-induced AKI, to dissect and evaluate the influence of factors related
to the donor (age, intensive care management), to the recipient (age, quality of arter-
ies, surgical procedure, antihuman leukocyte antigen (anti-HLA) immunization), to
the transplant allocation (leading to various cold ischemia times), and finally to
other causes of renal failure such as surgical complications, drug nephrotoxicity,
and rejection (Fig. 15.1).

Donor Organ recovery Organ transport to
identified surgery transplant center

Identify injury during critical Identify injury during Identify injury during organ
illness and brain death organ procurement transport (storage media)

Transplant surgery Recipient
in recipient follow-up

Identify delayed graft Identify worsening graft
function at transplant surgery function, acute rejection

Fig. 15.1 Key time points starting with the donor identification that have the potential to induce
ischemic or nonischemic injury to the kidney (Adapted from Hall and Parikh [29])
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Clinical Risk Factors and Consequences

The main donor factors increasing the risk of DGF are increasing donor age, donor
type, and quality of pre-kidney procurement care (Fig. 15.2). The risk of DGF
(and subsequent graft failure) augments from living donor kidneys to deceased
donors (standard criteria donors [SCD] < expanded criteria donors [ECD] < dona-
tion after cardiac death [DCD] < ECD/DCD) [12]. This reflects mainly the positive
influence of short warm and cold ischemia time in living kidney donors and the
negative influence of prolonged ischemia time after brain or cardiac death. Donor
serum creatinine at time of procurement is not a sensitive marker of subsequent
DGF mainly because its implication is likely to be different between SCD (ischemia
reperfusion) and ECD kidneys (preexisting chronic renal damage). Related to donor
age are histological markers such as arteriolar hyalinosis and atherosclerosis, which
may reflect an increased sensitivity to ischemia [13]. There is a clear correlation
between the length of cold ischemia time and the incidence of DGF, which is very
useful since it is a highly modifiable factor. Another significant modifiable factor is
the choice between cold storage using varying solutions and machine perfusion,
which has been reintroduced in the past years [14]. Finally, recipient factors influ-
encing the risk of DGF include male gender, BMI greater than 30, African-American
ethnicity, history of diabetes, anti-HLA immunization, and requirement for dialysis
before transplantation [15] (Fig. 15.1).

The short-term clinical consequences of DGF are the need for several posttrans-
plantation dialysis sessions leading to increased morbidity, increased length of

Donor factors:

* Age

e Living vs deceased
¢ SCD/ECD/DCD

Recipient factors:

* Male gender

* BMI > 30

* AA background

* Dialysis requirement

DGF diagnosis: ¢ Diabetes

e Urine volume * HLA immunization

* Renal function

¢ Renal biopsy Organizational

» Functional imaging factors:

* Biomarkers * Warm ischemia time
Fig. 15.2 Modifiable and ¢ Warm ischemia time
non-modifiable risk factors * Cold storage solution
and tools to assess initial * Machine perfusion vs

kidney graft dysfunction cold storage
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hospitalization, and hence increased cost [16]. More interesting and still a matter of
debate are long-term consequences of DGF. The classical view is that postischemic
ATN leads to various repair mechanisms involving both adaptive and innate immu-
nity [3]. May be more puzzling is the most recent viewpoint suggesting that cold
ischemia time may have more subtle consequences. Kayler et al. studied the impact
of cold ischemia time on graft survival among ECD kidney using a paired kidney
analysis (kidneys derived from the same donor but transplanted to two different
recipients) [17]. Not surprisingly, the DGF incidence was higher in pairs with
greater cold ischemia time difference, but the incidence of graft loss was not differ-
ent even in multivariable models adjusted for recipient factors. This first analysis
was followed by a second in whom the impact of cold ischemia time-induced DGF
on long-term graft loss was studied in paired kidneys when one kidney experienced
DGF in one recipient but not in the second [18]. The author concluded that of course
the incidence of DGF increased with increasing cold time but that graft loss was
similar in both groups suggesting that cold ischemia time-induced DGF may not
have deleterious long-term consequences and hence that kidneys should not be dis-
carded because of that sole reason. Another example of the complexity in the inter-
actions between AKI and chronic kidney disease (CKD) is the fact that patients that
received the kidneys from donors without a heartbeat, which was twofold more than
the incidence of DGF in matched recipients that received kidneys from donors with
a heartbeat (24 %), had similar long-term graft survival [19].

Prediction and Detecting DGF

In recent years, there has been a lot of interest devoted to both prediction of DGF
before transplantation and early detection at time or just after kidney transplanta-
tion. Early, noninvasive, and rapid assessment of deceased donor kidney injury
could drive better allocation decisions and potentially reduce the rates of posttrans-
plant complications. It must be stressed that the rewards of prediction and early
detection require that therapeutic intervention modifies the course of DGF, which is
until now far from obvious. Indeed, the few useful interventions, such as reducing
drastically cold ischemia time and use of machine perfusion, are able to unselec-
tively decrease the incidence of DGF. For example, it is a strong belief that avoiding
calcineurin inhibitors (CNIs) in patients at high risk of DGF would be beneficial
which has never been proven when correctly tested [20]. Even more, in the Benefit
[21] and Benefit Ext studies [22], patients treated with CNIs from the time of trans-
plantation had similar incidences of DGF as patients never exposed to CNI.

It may nevertheless be useful to predict DGF for clinical trials. Irish et al. devel-
oped a risk prediction model using a multivariable logistic regression analysis [23].
These Web-based calculators are easily accessible and helpful to assess DGF risk in
a population but will not be able to assess individual DGF risk.
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Interventional Trials in DGF

Prevention of Organ Injury Is Superior to Treatment

Improved donor management, namely, the use of dopamine, has been shown in a
randomized trial to significantly decrease dialysis requirements and hence the
length of DGF but without a difference in graft failure at 3 years [24]. Moers et al.
demonstrated that the use of hypothermic machine perfusion instead of cold stor-
age was able to reduce the incidence and duration of DGF as well as improve
1-year graft survival [25]. At 3 years, the benefit was still present especially in
ECD kidneys [25]. It is interesting to note that despite the lower DGF incidence in
kidneys recovered after cardiac death, there was no improvement in graft survival.
A recent meta-analysis concluded that hypothermic machine perfusion reduces
DGF rate but does not modify primary nonfunction, acute rejection, and patient
and graft survival [14]. Data on the effect of the preservation solutions (two most
commonly used are histidine-tryptophan-ketoglutarate [HTK] and University of
Wisconsin [UW] solution) have been inconsistent and were summarized in detail
elsewhere; however, prospective adequately powered trials in high-risk kidneys are
needed [12].

Published and Ongoing Interventional Trials

Most interventional strategies are recipient directed and target cell death and
inflammation. These trials differ in terms of endpoint definition and donor/recipi-
ent selection (Tables 15.1 and 15.2). Recombinant P-selectin glycoprotein ligand
IgG fusion protein, rPSGL-Ig, efficiently binds P- and E- selectin and prevents
polymorphonuclear neutrophil (PMN) adhesion and sequestration to the site of
injury. A multicenter phase 2 study found that while there were no differences in
the DGF rate, fewer patients receiving the drug had serum creatinine >6.0 mg/dl on
the postoperative day 5 (26 % vs 55 %, p=0.04) [11]. No effect on the DGF inci-
dence (hemodialysis [HD] requirement within 1 week) of high doses of erythro-
poietin, with its potential antiapoptotic and regenerative effects, was seen in two
trials when compared to placebo. One relatively small study applied 40,000 U of
epoetin [EPO]-alpha (Procrit) as a single dose at the time of reperfusion into the
ipsilateral artery proximal to the graft anastomosis [26]. Martinez and colleagues
used 30,000 U EPO-beta before and three subcutaneous injections after transplan-
tation (12 h, 7 and 14 days) of ECD kidneys [27]. It is not known whether earlier
EPO administration (e.g., during cold storage) would achieve the desired effects.
Based on strong preclinical data on the role of complement in IR injury, eculi-
zumab is now being tested in a clinical pilot trial in 24 patients at high risk for DGF
(NCT01919346). Another interesting target is TLR2. OPN-305 is a monoclonal
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antibody that blocks TLR2 and is currently tested in a multicenter trial in the USA
and Europe including DCD, ECD, and SCD kidneys with a cold ischemia time
greater than 18 h (NCT01794663).

Conclusion

DGEF is a clinic description of a series of complex events that start during donor
management and progress during organ procurement, transport, implantation, and
reperfusion (Fig. 15.1). While there is ample of excellent science using animal mod-
els of IR injury, many challenges in translation from bench to bedside remain.
Animal models are important to test basic pathophysiological mechanisms, but
there is no reliable animal model available that mimics human AKI with or without
transplantation. Indeed, the poor correlation of murine models with human inflam-
matory diseases supports for priority for translational medical research addressing
complex human conditions [28].

Interventions that limit the short-term and long-term effects of peri-transplant
injury in humans are urgently needed. Reduction of the discard rate of procured organs
is also an important area for the development of new therapeutics. In the past the main
focus was to dampen the injury, and more recently strategies that enhance tissue regen-
eration are increasing, including highly effective tools to manipulate microRNAs.
Once our understanding of how microRNAs affect gene expression in hypoxic and
injured tissues involves these tools are likely being integrated into clinical practice.

For clinical trial design clear defined endpoints are critical. In addition, the logis-
tics and ethics in deceased donor intervention need to be addressed with the help of
academia, transplant societies, and government. There are promising novel thera-
peutics in the pipeline, but any DGF intervention will be measured whether it pro-
vides improved long-term outcomes.

Key Messages

* DGEF is often defined as the need for dialysis in the first week after trans-
plantation and is primarily a consequence of ischemia/reperfusion injury
resulting in postischemic ATN.

* The main donor factors increasing the risk of DGF are increasing donor
age, donor type, quality of pre-kidney procurement care, and length of cold
ischemia time.

* Early, noninvasive, and rapid assessment of deceased donor kidney injury
could drive better allocation decisions and potentially reduce the rates of
posttransplant complications.

* Most interventional strategies are recipient directed and target cell death
and inflammation.
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