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This Special Issue in renal transplantation covers a variety of clinical and research areas
in kidney transplantation. The recent decade is associated with an ongoing shortage of
organs for transplantation with efforts to increase the organ pool with DCDs and extended
criteria donors. However, with the increasing success rate of kidney transplants, there is
also a growth in the candidate list because of removal of the age barrier and transplantation
of high risk patients with other comorbidities. The future seems promising with the
development of innovative non-invasive technologies introducing biomarkers for diagnosis
of rejection and ischemic reperfusion injury, use of cell therapy for tolerance induction,
development of artificial organs, and overcoming immune and non-immune barriers in
xenotransplantation. This Special Issue will touch some of these topics that are in the
frontiers of the modern era of kidney transplantation.

On the clinical side, there are two papers covering the effect of age and other demo-
graphics criteria on long-term outcome after transplant.

The first paper, by Dr Yemini et al., is from my group, and it discusses the “Long-Term
Results of Kidney Transplantation in the Elderly: Comparison between Different Donor
Settings” [1]. Our paper shows that in a selected population in that age group (>60 y)
live-donor transplantation is associated with very good long-term results. As for deceased
donor kidney transplantation in the elderly the old-to-old allocation seems to be a rational
approach associated with an acceptable outcome.

In a “Systematic Review and Meta-Analysis on The Impact of Recipient Demographics
on Outcomes from Living Donor Kidneys” [2], Dr. Bellini et al. shows that gender mismatch
between male recipients and female donors has negative impact on graft survival. African
ethnicity and obesity do not influence recipient and graft survival but negatively affect
DGF and rejection rates.

As for the effect of immunosuppression on malignancy Dr. Imamura et al. preformed
a long term multi-center study showing that “Everolimus Reduces Cancer Incidence and
Improves Patient and Graft Survival Rates after Kidney Transplantation” [3].

Two other papers focus on pretransplant sensitization. The first paper is by Righini and
his colleagues on the “Impact of the Type of Dialysis on Time to Transplantation: Is It Just a
Matter of Immunity?” [4]. In that paper, they drew on almost 30 year experience to show
that the clinical variables that significantly correlated with longer time to transplantation
were the level of presensitization (PRA max and antibodies width) as well as type of
dialysis. The lower sensitization rate in the PD population has led to a shorter waiting time
until transplant compared to HD group. Another paper, “Apheresis Efficacy and Tolerance
in the Setting of HLA-Incompatible Kidney Transplantation” [5] by Dr. Noble and his
colleagues, showed that the efficacy of plasmapheresis in lowering preformed anti-HLA
antibody levels correlated with the volume of plasma exchanged or filtered and that IA
was the most efficient technique for antibody removal compared to plasma exchange (PE)
and double filtration plasmapheresis (DFPP). They concluded that apheresis is an effective
desensitizing measure that allows kidney transplantation in that high immunological risk
group of patients.

J. Clin. Med. 2022, 11, 4190. https://doi.org/10.3390/jcm11144190 https://www.mdpi.com/journal/jcm1
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Use of biomarkers in transplantation is another innovative area of interest in recent
years. In this Special Issue there are two papers looking at correlation of biomarker and
outcome after transplant. The first one is “Pretransplant Serum Uromodulin and Its
Association with Delayed Graft Function Following Kidney Transplantation” [6]. In that
paper, Dr. Kemmner et al. evaluated the association between serum uromodulin (sUMOD),
a potential marker for tubular integrity, with DGF in the clinical setting. They report that
higher pretransplant sUMOD was independently associated with lower odds for DGF,
potentially serving as a non-invasive marker to stratify patients according to their risk for
developing DGF early in the setting of kidney transplantation. The second paper is on the
use of “Urinary NGAL Measured after the First Year Post Kidney Transplantation to Predict
Changes in Glomerular Filtration over One-Year Follow-Up” [7] by Dr. Keilar and her
colleagues. In the clinical setting, we are using biochemical markers in the blood (creatinine
levels) and urine (albumin and protein levels) to assess graft function late after transplant.
Introduction of new and more sensitive markers are needed in stable patient who may
develop quiescent graft injury. In their study, Dr. Keilar and her colleagues assessed the
urinary concentrations of neutrophil gelatinase-associated lipocalin (NGAL) as a predictor
of changes in kidney transplant function after the first year after transplantation among
109 patients with stable functioning graft. They found that Urinary NGAL measured
at baseline was twice higher in patients with at least 10% decrease in eGFR over 1-year
follow-up compared to those with stable or improving transplant function. Baseline NGAL
significantly predicted the relative and absolute changes in eGFR.

The last few years have seen the emergence of many new technologies designed to
examine organ function, including new imaging techniques, transcriptomics, genomics,
proteomics, metabolomics, lipidomics, and new solutions in organ perfusion, which has
enabled a deeper understanding of the complex mechanisms associated with ischemia-
reperfusion injury (IRI), inflammatory process, and graft rejection. This issue includes “A
Review of Current and Emerging Trends in Donor Graft-Quality Assessment Technique” [8]
written by Ms. Natalia Warmuzińska and her colleagues that summarizes and assesses the
strengths and weaknesses of current conventional diagnostic methods and a wide range of
new potential strategies with respect to donor graft-quality assessment, the identification
of IRI, perfusion control, and the prediction of DGF. One of the new methods to assess
graft quality is described in another paper by Dr. lau et al. who used “Intraoperative Near-
Infrared Spectroscopy Monitoring of Renal Allograft Reperfusion in Kidney Transplant
Recipients” [9]. In their study they used a handheld near-infrared spectroscopy (NIRS)
device to quantify regional tissue oxygen saturation levels (rSO2) in the renal allograft
after reperfusion and compared the rSO2 between recipients of a deceased donor and a
living donor. They showed that rSO2 remained significantly lower in the DDRT group
compared to the LDRT group throughout the 50 min after reperfusion and that reperfusion
rates were significantly faster in the LDRT group during the first 5 min post-reperfusion.
Interestingly, intraoperative rSO2 strongly correlated with allograft function up to 14 days
post-transplantation. They concluded that NIRS may be a useful intra-operative tool to
assess the degree of preservation/reperfusion injury and predict early allograft function.

Lastly, future technologies to develop organs to replace the current source of human
organs for transplant are in the focus of many research groups around the world. Aiming to
achieve future generation of a new kidney Dr. Garcia-Dominguez and his colleagues stud-
ied “The effect of Sildenafil Citrate in enhancing renal organogenesis following metanephroi
allotransplantation” [10]. Sildenafil citrate (SC) is known as a useful inductor of angio-
genesis, offering renoprotective properties due to its anti-inflammatory, antifibrotic, and
antiapoptotic effects. In their animal model Dr. Garcia-Dominguez and his colleagues using
an animal model performed metanephroi allotransplantation after embedding sildenafil
citrate into the retroperitoneal fat. After 21 days the new kidneys’ weights become increased
significantly. Functionality was proven by renin and erythropoietin gene expression and
tubular integrity was evident by highly expressed E-cadherin on Immunofluorescence
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assay. Histological studies showed mature glomeruli and hydronephrosis showing the new
kidney’s excretory function.

Conflicts of Interest: The author declares no conflict of interest.
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Sildenafil Citrate Enhances Renal Organogenesis Following
Metanephroi Allotransplantation into Non-Immunosuppressed
Hosts
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Abstract: In order to harness the potential of metanephroi allotransplantation to the generation of a
functional kidney graft on demand, we must achieve further growth post-transplantation. Sildenafil
citrate (SC) is widely known as a useful inductor of angiogenesis, offering renoprotective properties
due to its anti-inflammatory, antifibrotic, and antiapoptotic effects. Here, we performed a laparoscopic
metanephroi allotransplantation after embedding sildenafil citrate into the retroperitoneal fat of non-
immunosuppressed adult rabbit hosts. Histology and histomorphometry were used to examine the
morphofunctional changes in new kidneys 21 days post-transplantation. Immunofluorescence of E-
cadherin and renin and erythropoietin gene expression were used to assess the tubule integrity and
endocrine functionality. After the metanephroi were embedded in a 10 μM SC solution, the new
kidneys’ weights become increased significantly. The E-cadherin expression together with the renin
and erythropoietin gene expression revealed its functionality, while histological mature glomeruli and
hydronephrosis proved the new kidneys’ excretory function. Thus, we have described a procedure
through the use of SC that improves the outcomes after a metanephroi transplantation. This study gives
hope to a pathway that could offer a handsome opportunity to overcome the kidney shortage.

Keywords: kidney; metanephros; organogenesis; transplantation; regenerative medicine

1. Introduction

Currently, renal diseases affect epidemic numbers of people worldwide and have
continued to escalate in their prevalence globally in recent years [1]. Kidney organs are
responsible for vital functions, including the excretion of metabolic wastes and toxins, body
fluid regulation, and the endocrine control of the blood pressure and erythrocyte maturation.
Hence, when renal degenerative processes end in an organ failure, organ transplantation
becomes the ideal method for restoring full physiological organ function [2]. However,
the unavailability of suitable organs for transplantation forces end-stage renal patients to
decide to take dialysis treatment or die. In Spain, the world’s leading country in organ
donation for 28 consecutive years [3], only 3423 kidney transplantations were performed in
2019, instead of the 7356 that were necessary according to the waiting list [4]. In 2018, 40% of
US patients listed for a kidney transplant were still waiting since 2015, and 34,591 patients
were removed from the list due to death or decline in medical condition [5,6]. Therefore,
the required organs do not arrive in time for all the patients, and 5–10% of patients die on
the waiting list every year [7]. In this precarious situation, emerging technologies in the
field of regenerative medicine seek to address the limitations of current treatment strategies,
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exploring new frontiers. The common idea is to generate kidney grafts on demand to
function as native kidneys, based on strategies ranging from stem cell therapy, blastocyst
complementation, decellularization-recellularization, or 3D bioprinting [8,9]. However, the
kidney is one of the most challenging organs for de novo formation due to its complex
architecture and composition, containing numerous highly specialized and differentiated
cell types [8,10]. Therefore, to date, cell therapies with individual cells are far from achieving
fully functional transplantable renal grafts. As a promising solution for these limitations,
the xenotransplantation of embryonic kidneys showed that, if this intact renal primordium
was transplanted into adult non-immunosuppressed hosts, then it could mature as if they
had not been extracted from the embryo, with a significantly reduced immune response in
the hosts [11,12]. These embryonic kidneys (metanephroi) are able to attract the formation
of a vascular system from the host, undergoing maturation and exhibiting excretory and
endocrine functional properties [11–20]. Glomerular filtration in developing metanephroi
was demonstrated firstly in the 1990s [21,22]. Today, metanephroi transplantation remains a
promise to treat the renal injury, as metanephroi have been successfully transplanted across
concordant and highly disparate xenogeneic barriers [12,20,23,24]. Specifically, Dekel et al.
transplanted human and porcine metanephroi into mice, obtaining kidney structures that
produce urine [12]. These findings suggest that if embryonic organs are retrieved from
pathogen-free animals [9,25], this source could provide an unlimited and elective supply of
organs for clinical transplantation.

However, allowing the new kidney to grow larger and sustain life in the long-term
is a remaining obstacle to guarantee the feasibility of this strategy for clinical applica-
tion [18,19,26–29]. Using combinations of growth factors, Hammerman’s group have
achieved rates of clearance in transplanted metanephroi almost 300 times those measured
without any treatment [19]. These values were approximately 6% of the clearance achieved
by a normal kidney [27,30], which approximates a renal function level that would be ex-
pected to preserve life [30]. Therefore, it is of special importance to investigate whether
growth-promoting factors could be used to enhance the growth and function of developing
metanephroi. Sildenafil citrate (SC) is a well-known drug used to treat pulmonary hyper-
tension and male erectile dysfunction due to its vasodilatory effect. SC up-regulates cGMP,
nitric oxide, and angiogenic systems, causing angiogenesis and renoprotective effects
through anti-inflammatory, anti-oxidant, and anti-apoptotic mechanisms [31–35]. SC has
demonstrated beneficial properties as a preconditioning or protective drug during kidney
transplantation [36,37]. Besides, SC enhances the cartilage graft viability and survival,
which is highly dependent on the vascularized host bed, oxygenation of local tissue, and
the patient’s current systemic status [34]. To some extent, the survival and development
of the avascular metanephroi could depend on the same variables, being crucial in its
connection to the host vascular system. Therefore, this study was conceived to explore if
SC addition during the metanephroi transplantation improves its development.

2. Materials and Methods

All chemicals, unless otherwise stated, were reagent-grade and purchased from Sigma-
Aldrich Química SA (Alcobendas, Madrid, Spain).

2.1. Ethical Statements

The study was approved by the Universitat Politècnica de València Ethical Commit-
tee (Code: 2015/VSC/PEA/00170). The study followed the Directive 2010/63/EU EEC
guidelines. Experimental protocols were conducted under the supervision of the animal
welfare committee in charge of this animal facility. An authorisation certificate issued
by the Valencian governmental administration to experiment on animals is held by X.
GD (code: 2815), F. MJ (code: 2273), and JS. V (code: 0690).
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2.2. Experimental Design

New Zealand rabbits were used for the experiment. Metanephroi were recovered from
15-day-old (E15) embryos. Then, the metanephroi were placed in 5 μL drops containing
one of the following SC concentrations: 0 μM (0 SC; untreated group), 10 μM (10 SC),
and 30 μM (30 SC). After that, metanephroi were laparoscopically transplanted into non-
immunosuppressed adult hosts (5 months). Total white blood cells and lymphocytes were
estimated to identify any immunological response. After 21 days, the transplantation
efficiency (recovery rate: kidneys recovered/metanephroi transplanted), nascent kidney
growth (weight), its excretory function (histology, histomorphometry, and hydronephrosis),
the tubule integrity (E-Cadherin), and its endocrine function (mRNA) were assessed.
Kidneys originated from neonatal rabbits (1 week-old, coeval with metanephroi age) were
used as control. The experimental design is summarized in Figure 1.

 

Figure 1. Experimental design. Metanephroi were recovered, embedded in 5 μL drops of sildenafil
citrate (0, 10, 30 μM), and laparoscopically transplanted into non-immunosuppressed hosts. The
immunological response, recovery rate (kidneys recovered/metanephroi transplanted), and the
new kidneys weight and function (excretory and endocrine) were assessed (figure created with
BioRender.com).

2.3. Metanephroi Recovery and Transplantation

Metanephroi were carefully dissected from E15 rabbit embryos under a dissecting
microscope. One embryo was fixed directly for histological examination. Just before its
allotransplantation, metanephroi were deposited in 5-μL droplets of phosphate-buffered
saline (PBS) solution containing SC concentrations of 0 μM (untreated group), 10 μM,
or 30 μM. All manipulations were performed at room temperature (25 ± 1 ◦C). The
allotransplantation was performed using a minimally invasive laparoscopic technique, as
previously described [38], within 45 min after the metanephroi were retrieved. Briefly,
animals were placed on an operating table in a vertical position (head down at a 45-degree
angle). Only one endoscope trocar was inserted into the abdominal cavity. Then, an
epidural needle was inserted into the inguinal region. After a renal vessel was identified
in the retroperitoneal fat, a hole (as a pouch) was performed adjacent to the vessel. Then,
each metanephros was aspirated with 5 μL of each SC solution (0 SC, 10 SC, or 30 SC)
in an epidural catheter (Vygon corporate, Paterna, Valencia, Spain), introduced into the
inguinal region through an epidural needle, and deposited (transplanted) into the pouch
previously created. Between 5 to 9 metanephroi were transplanted in each host (one
metanephros per hole). A total of seven adult rabbits were used as hosts in three sessions,
without immunosuppressive therapy (2, 2 and 3 hosts for 0, 10 and 30 SC, respectively).
Anaesthesia, analgesia, and the postoperative care were performed as we previously
described for laparoscopic procedures [39].
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2.4. Determination of Peripheral White Blood Cells

Before the transplantation (day 0), a blood sample of each host (n = 7) was col-
lected from the central ear artery and dispensed into an EDTA-coated tube (Deltalab
S.L., Barcelona, Spain). Then, basal levels of total white blood cells and lymphocytes were
estimated at most 10 min after blood collection, using an automated veterinary haematology
analyser (MS 4e automated cell counter, MeletSchloesing Laboratories, Osny, France) and
according to the manufacturer’s instructions. After metanephroi transplantation, two blood
extractions were analysed weekly along the experiment to detect significant variations of
the total white blood cell and lymphocyte populations.

2.5. Metanephroi Development and Histomorphometry of the Renal Corpuscle

All animals were euthanized 3 weeks after transplantation, retrieving all the new kidneys
developed to annotate the recovery rate (recovered kidneys/transplanted metanephroi). Then,
renal structures were weighted, fixed in formaldehyde solution, and embedded in paraffin
wax for histological analysis. Samples for histology were cut into 5-μm sections and stained
with haematoxylin and eosin. The stained sections were observed with light microscopy for
histological and histomorphometric examination. To measure histomorphometric parameters,
a minimum of 25 renal corpuscles and glomeruli were evaluated (area and perimeter) for
each experimental group. Photomicrographs were taken at a total magnification of ×400.
Measurements were determined using ImageJ software (public domain http://rsb.info.nih.
gov/ij/, accessed 1 April 2022). In addition, the glomerular tuft cellularity was estimated
by counting the total number of nuclei of each glomerulus. Kidneys originating from a
5-week-old rabbit (coeval with the metanephroi age) were used as controls.

2.6. Tubule Integrity by Targeting E-Cadherin

Immunofluorescence for paraffin-embedded kidney 5-μm sections required prior de-
waxing, rehydration, and antigen retrieval (immersion in tris-EDTA buffer (10 mM Tris, pH
9.0) for 25 min at 97 ◦C) steps. Then, samples were incubated with blocking solution (5% horse
serum, 10% fetal bovine serum in phosphate buffer solution with 0.1% Triton X-100) for 1 h
at room temperature and incubated with the primary antibody mouse anti-E-Caherin (Cat.
C20820; BD bioscience, Franklin Lakes, NJ, USA) overnight in a humidified chamber at 4 ◦C.
After washing, the sample was incubated with the secondary antibody (Alexa-Fluor 555; 1:400;
Invitrogen, Waltham, MA, USA) at room temperature for 2 h. All cells were counterstained by
incubation with 4,6-diamidino-2-phenylindole dihydrochloride (DAPI; Invitrogen). After a final
wash, the sections were evaluated by using the Apotome Inverted Fluorescence Microscope
(Zeiss, Jena, Germany). Consistent exposures were applied for all images.

2.7. Renin and Erythropoietin mRNA Gene Expression

After euthanasia, developed metanephroi samples were obtained by retrieving biopsies
randomly from different sites. Immediately, samples were washed with PBS to remove blood
remnants and stored in RNA-later (Ambion Inc., Huntingdon, UK) at −20 ◦C until the analysis.
Five samples were analysed in each experimental group (control, 0 SC, 10 SC, and 30 SC).
Host kidneys (under the same physiological environment as nascent kidneys) were used as
the control. RNA was extracted with a Dynabeads kit (Invitrogen Life Technology) according
to the manufacturer’s instructions and treated with DNase I to eliminate genomic DNA
contamination. Then, reverse transcription was carried out using a Reverse Transcriptase
Quantitect kit (Qiagen, Hilden, Germany). Real-time quantitative PCR (RT-qPCR) reactions
were conducted in an Applied Biosystems 7500 (Applied Biosystems, Foster City, CA, USA).
Every RT-qPCR was performed from 5 μL of diluted 1:40 cDNA template, 250 nM of forward
and reverse primers (Table 1), and 10 μL of PowerSYBR Green PCR Master Mix (Fermentas
GMBH, Madrid, Spain) in a final volume of 20 μL. The PCR protocol included an initial step of
50 ◦C (2 min), followed by 95 ◦C (10 min), and 42 cycles of 95 ◦C (15 s) and 60 ◦C (60 s). After
RT-qPCR, a melting curve analysis was performed by slowly increasing the temperature from
65 ◦C to 95 ◦C, with the continuous recording of changes in fluorescent emission intensity. The
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amplification products were confirmed by SYBR Green-stained 2% agarose gel electrophoresis
in 1X Bionic buffer. Serial dilutions of the cDNA pool made from several samples were
conducted to assess RT-qPCR efficiency. A ΔΔCt method adjusted for RT-qPCR efficiency was
used [40], employing the geometric average of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) as the housekeeping normalization factor [41]. Relative expression of the cDNA
pool from various samples was used as the calibrator to normalise all samples within one
RT-qPCR run or between several runs.

Table 1. Primer sequences.

Genes Sequence (5′-3′) Product Size (bp)

REN
Forward: 5′-GGGACTCCTGCTGGTACTCT-3′

100Reverse: 5′-CTGAGGGCATTTTCTTGAGG-3′

EPO
Forward: 5′-ACGTGGACAAGGCTGTCAGT-3′

162Reverse: 5′-TGGAGTAGATGCGGAAAAGC-3′

GAPDH
Forward: 5′-GCCGCTTCTTCTCGTGCAG-3′

144Reverse: 5′-ATGGATCATTGATGGCGACAACAT-3′

REN: renin; EPO: erythropoietin; GAPDH: glyceraldehyde-3-phosphate dehydrogenase.

2.8. Statistical Analyses

Differences in the recovery rates between groups were assessed using a probit link
model with binomial error distribution, including the experimental group as a fixed effect.
Variations in the peripheral blood cells were evaluated using a general linear model (GLM),
including the day post-transplant as a fixed factor. The experimental group was non-
significant and was removed from the model. The new kidney weight, hitomorphometric
measures (area and perimeter), and the glomerular tuft cellularity were compared using a
GLM, including the experimental group as a fixed effect and a replicate as a random factor.
The replicate was non-significant and was removed from the model. Data of relative mRNA
abundance were normalized by a Napierian logarithm transformation and evaluated using
a GLM as previously described. Data were expressed as least square means ± standard
error of means. Differences of p ≤ 0.05 were considered significant. All statistical analyses
were performed with SPSS 21.0 software package (SPSS Inc., Chicago, IL, USA).

3. Results

3.1. Allotransplanted Metanephroi Form Adult Organs

Three New Zealand white rabbits were used as embryo donors, obtaining a total
of 28 E15 embryos. Metanephroi were carefully micro-dissected and transplanted into
seven adult non-immunosuppressed hosts (5-month-old animals). A total of 49 whole
metanephroi were allotransplanted: 15 in 0 SC (untreated group), 17 in 10 SC, and 17 in
30 SC. The peripheral circulating white blood cell count (total, lymphocytes, monocytes,
and eosinophils) remained unchanged after allotransplantation (Figure 2).

Twenty-one days after transplantation, we observed that the transplanted metanephroi
grew and promoted angiogenesis (Figure 3). Metanephroi treated with SC exhibited a
macroscopic view of deeper vascular integration than the untreated ones (Figure 3). A
similar recovery rate was observed for all the groups: 10/15 (67%), 9/17 (53%), and 8/17
(47%) for 0 SC, 10 SC, and 30 SC groups, respectively.
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Figure 2. White blood cell counts after metanephroi allotransplantation: (A) total white blood cells;
(B) lymphocytes; (C) eosinophils; (D) monocytes.

 

Figure 3. Development of new kidney recovery 21 days after metanephroi allotransplantation
with or without sildenafil citrate (SC). (A) Nascent kidney from metanephroi without SC treatment.
Arrows indicate the growing metanephroi. (B) Developing kidney from metanephroi treated with the
10 μM SC solution. Asterisk indicates neoangiogenesis. Arrows indicate the growing metanephroi.
(C) Developing kidney from metanephroi treated with the 30 μM SC solution. Asterisk indicates
neoangiogenesis. Arrows indicate the growing metanephroi. (D–F) New kidneys recovered from
transplanted metanephroi (D) without SC treatment, (E) with the 10 μM SC solution, and (F) with the
30 μM SC solution. Scale bars: 2 cm.
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3.2. Comparative Renal Weight and Histomorphometry Study

Significant increase in developing kidney weight was observed for the 10 SC group
(0.13 ± 0.021 g), compared with the 30 SC (0.07 ± 0.025 g) and the 0 SC (0.08 ± 0.020 g)
groups. All nascent kidney weights were lower than the control samples (0.74 ± 0.028 g),
independently of the experimental group (p < 0.05, Figure 4).

Figure 4. Kidney weight recovery 21 days after metanephroi allotransplantation embedding in
sildenafil citrate (0, 10 and 30 μM). The control kidney originated from a neonatal rabbit (1 week-old).

All nascent kidneys became hydronephrotic, demonstrating its excretory function.
Concordantly, in all the groups, metanephroi underwent differentiation and developed
new kidney graft explants with histologically mature glomeruli (Figure 5), whose histomor-
phometric analysis is shown in Table 2.

 

Figure 5. Histology of developing kidneys with or without sildenafil citrate. (A) Micrograph
showing the glomerulus details (original magnification, ×400) and the outer renal cortex (orig-
inal magnification, ×40) of the control kidney originating from a neonatal rabbit (1 week-old).
(B–D) Micrograph showing the glomerulus details (original magnification, ×400) and the outer renal
cortex (original magnification, x40) of a new kidney after metanephroi transplantation: (B) without
sildenafil citrate (SC) treatment, (C) with a 10 μM SC solution, and (D) with a 30 μM SC solution.
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Table 2. Histomorphometric quantification of the renal corpuscle of kidneys developed after
metanephroi allotransplantation.

Sildenafil Citrate n Renal Corpuscle Glomerulus

Area (μm2) Perimeter (μm) Area (μm2) Perimeter (μm) Cell Number

0 μM SC 10 3034.6± 176.44 b 201.1 ± 6.06 b 2132.5 ± 142.56 b 170.9 ± 5.70 b 41.0 ± 2.22 b

10 μM SC 9 3639.7 ± 179.94 a 218.5 ± 6.18 a 2749.5 ± 145.39 a 192.0 ± 5.81 a 49.9 ± 2.26 a

30 μM SC 8 3582.44 ± 187.59 a 218.3 ± 6.45 a 2655.7 ± 151.85 a 190.2 ± 6.06 a 48.3 ± 2.36 a

Control 6 2633.4 ± 92.31 c 184.2 ± 3.17 c 2104.7 ± 74.58 b 165.3 ± 2.98 b 52.7 ± 1.16 a

n: Number of new kidneys or control kidneys. Data are expressed as least-square means ± standard error of the
mean. a,b,c Data in the same column with uncommon letters are different (p < 0.05).

The histomorphometric data showed that all the metanephroi-developed kidneys
exhibited higher renal corpuscle values (area and perimeter) than the control samples,
demonstrating the hydronephrotic state of the former and its filtering activity. Moreover,
both renal corpuscle and glomerulus measurements were increased in the 10 SC and 30 SC
groups compared to the untreated one, suggesting that SC increased both the capillary
dilatation and glomerular filtration. Tuft cell density in the 10 SC and 30 SC groups’
developed metanephroi were also higher than in the untreated one, and similar to the
control samples, they showed a trophic effect of the SC on the glomeruli development.

3.3. Tubule Integrity in the New Kidneys

Immunofluorescence assay results showed that E- cadherin was highly expressed in
new kidneys (Figure 6B–D). E-cadherin expression reflected the reduced tubule size in the
30 SC group (Figure 6D).

 

Figure 6. Immunofluorescence and confocal microscopy assay for the detection of tubular integrity
marker E-Cadherin. (A) Micrograph showing tubular integrity of the control kidney originating
from a neonatal rabbit (1 week-old). (B–D) Micrograph tubular integrity of the new kidney after
metanephroi transplantation: (B) without sildenafil citrate (SC) treatment, (C) with a 10-μM SC
solution, and (D) with a 30-μM SC solution. Original view: × 20.
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3.4. Glomerular Renin and Erythropoietin Production in the New Kidneys

Renin and erythropoietin mRNA levels were similar between metanephroi-developed
kidneys and the control samples (host’s kidney), regardless of the experimental group
(Figure 7).

Figure 7. Renal gene expression levels of the renin and erythropoietin in the new kidney recovery
21 days after metanephroi allotransplantation embedding in sildenafil citrate (0, 10, and 30 μM), and
the kidneys originated from a neonatal rabbit (1 week-old, control group).

4. Discussion

Herein, we have established a protocol to obtain an enlarged kidney after the use
of SC during metanephroi transplantation. Moreover, our findings revealed that SC also
positively affects glomerular development and function without affecting the tubule in-
tegrity and the endocrine properties. Besides, our data provide that there are no substantial
changes in the magnitude of lymphocyte population, regardless of the SC concentra-
tion used. Altogether, our results represent firm evidence of the SC trophic effects for
metanephroi development. Looking for the strategies that allow obtaining life-sustaining
renal structures, SC‘s use becomes a potential factor towards the clinical translation of
metanephroi transplantation therapy.

Severely damaged kidneys possess a limited regenerative potential, and therapeutic
interventions are not sufficient to restore renal function in patients with ESRD, turning
transplantation into the ideal method to restore full physiological functions [8,42]. Given
the graft shortage, either from living or deceased donors, well recognized by WHO [43],
some regenerative and bioengineering strategies are trying to generate kidney grafts on de-
mand [8,9,44]. Metanephroi transplantation remains one of the most promising approaches,
but obtaining larger and life-sustaining renal structures after its transplantation remains an
obstacle for its therapeutic potential [19,26–29]. In this sense, we evaluated the SC effect
during a metanephroi transplantation on their in vivo development. Previously, Rostaing
et al. demonstrated that SC exerts a dilatation of glomerular afferent arterioles, promoting
an increase in the filtration process [45]. Likewise, our histomorphometric data showed
that SC increases the area and perimeter of the glomerulus and the renal corpuscle. If SC
promotes glomerular filtration in nascent kidneys, they must accumulate more filtrate in
the bowman’s space due to the lack of a urine-excretion channel (hydronephrosis). Taking
into account that SC acts as a potent inductor of VEGF (vascular endothelial growth factor)
release [46–48], our results support those of Hammerman’s group, who indicated that
urine volumes were increased significantly in VEGF-treated metanephroi [27]. However,
although VEGF treatment did not affect the weights of transplanted metanephroi [27], SC
treatment allows us to obtain larger renal structures. As a possible explanation, it has
been proven that low SC doses resulted in more angiogenic responses than those produced
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by a saturating VEGF concentration [46]. Besides, SC has been previously proposed as
a helpful agent in instances where neo-vascularization is desired [46], enhancing graft
viability [34]. On the other hand, the renoprotective effects attributable to SC could re-
tard hydronephrosis-related damages [31–35], allowing metanephroi growth for longer.
However, this overgrowth appeared in the 10 SC group but not in the 30 SC one. As
hydronephrosis turns metanephroi not viable [18], maybe high SC doses could accelerate
glomerular filtration, exacerbating a hydronephrotic state that arrests the metanephroi
growth earlier. Similar results were observed by Yardimci et al. [49], which allow us to
speculate that metanephroi development could be better in the 30 SC group before urine
production was started. Therefore, the use of 10 SC allows us to recover larger renal struc-
tures with a higher degree of glomerular development and function. Moreover, developed
metanephroi showed glomerular filtration activity and endocrine functions, which are con-
sistent with the previous literature [12,14,15,17–19,27]. We have identified the expression
of E-cadherin in the renal tubules of the new kidneys. E-cadherin is a key adherent protein
in the formation of adhesion junctions, which are critical to tubule integrity in normal
kidneys [50]. In addition, the renin and erythropoietin gene expression levels were similar
between new and host kidneys. Interestingly, this study was consistent with previous
reports showing that harvesting metanephroi at the optimal age avoids the immunological
response from hosts [38,51]. Compared to coeval native organs, developed metanephroi
reach a diminished renal mass that could incur potential life-sustaining limitations. How-
ever, it has been demonstrated that the survival time of anephric recipients transplanted
with metanephroi is proportional to the renal mass developed [52]. This concept is similar
to that used in kidney transplantation from paediatric donors, in which both kidneys are
transplanted in bloc into adult recipients to guarantee acceptable glomerular filtration
rates [53,54]. This strategy should be combined with those designed to avoid hydronephro-
sis [18], or others developed in our group, such as the minimally invasive laparoscopic
transplantation procedure [38,55], effective banking protocols [56–58], and, now, the use of
SC. All these strategies, in conjunction, could constitute a path increasingly consolidated
by which metanephroi xenotransplantation could provide transplantable renal grafts to
treat patients with ESRD.

5. Conclusions

In conclusion, we have reported a procedure based on SC’s addition during the
metanephroi transplantation that promotes the nascent kidneys’ growth and glomerular
filtration. This treatment enhances the glomerular developmental degree without compro-
mising either the endocrine activity or the new renal structures’ immunological silence.
This study gives hope to a pathway that could offer a handsome opportunity to overcome
the kidney shortage.
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Abstract: Background: Renal transplantation represents the therapeutic gold standard in patients
with end stage renal disease (ESRD). Still the role of pre-transplant dialysis in affecting time to
transplantation has yet to be determined. We wanted to verify whether the type of renal replacement
therapy (hemodialysis vs. peritoneal dialysis) affects time to transplantation and to identify clinical
features related to the longer time to transplantation. Methods: We performed a retrospective single-
center observational study on patients who had received a transplant in the Bologna Transplant Unit
from 1991 to 2019, described through the analysis of digital transplant list documents for sex, age, body
mass index (BMI), blood group, comorbidities, underlying disease, serology, type of dialysis, time to
transplantation, Panel Reactive Antibodies (PRA) max, number of preformed anti Human Leukocyte
Antigens (HLA) antibodies. A p-value < 0.05 was considered statistically significant. Results: In
the 1619 patients analyzed, we observed a significant difference in time to transplant, PRA max and
Preformed Antibodies Number between patients who received Hemodialysis (HD) and Peritoneal
dialysis (PD). Then we performed a multiple regression analysis with all the considered factors in
order to identify features that support these differences. The clinical variables that independently
and directly correlate with longer time to transplantation are PRA max (p < 0.0001), Antibodies
number (p < 0.0001) and HD (p < 0.0001); though AB blood group (p < 0.0001), age (p < 0.003) and PD
(p < 0.0001) inversely correlate with time to transplantation. Conclusions: In our work, PD population
received renal transplants in a shorter period of time compared to HD and turned out to be less
immunized. Considering immunization, the type of dialysis impacts both on PRA max and on anti
HLA antibodies.

Keywords: peritoneal dialysis; hemodialysis; kidney transplantation; autoimmunity

1. Introduction

Hemodialysis (HD) and Peritoneal Dialysis (PD) are the two most common forms of
renal replacement therapy, life-saving treatment for patients with End Stage Renal Disease
(ESRD). Despite there being contraindications for each treatment, nowadays the choice of
the kind of treatment depends on several features, mainly the specific experience of the
Clinical Unit and the patient’s choice [1]. Although PD is a well-established treatment
modality it is underused in Western countries, with a prevalence in Italy of 15% [2,3].
Recently, several studies showed a relative survival advantage for patients receiving PD
lasting one to two years after dialysis initiation [4–8]. Renal transplantation represents the
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therapeutic “gold standard” in patients with ESRD ensuring better outcomes compared
with dialysis both in patient survival and quality of life [2,9–11]. The role of pre-transplant
dialysis choice in affecting transplant outcomes has been the subject of long-standing
interest [12–15]. For those who could not stand the prospect of living donor transplantation,
being on the waiting list for kidney transplantation from a deceased donor is a vital
choice. According to CNT (National Transplant Centre) data, in our country a patient
who signs up for renal transplant waiting list normally waits 3.3 years before getting a
transplant [16]. There are several known demographic and clinical factors that affect time
to transplantation (age, blood group, and level of antibody sensitization) [14] but many
other factors are implied.

We wanted to verify whether the type of renal replacement therapy (HD vs. PD)
affects time to transplantation and we wanted to identify clinical features related to longer
time to transplantation.

2. Materials and Methods

We performed a retrospective study on patients who have received a transplant
in the Bologna Transplant Unit from 1991 to 2019, described through the analysis of
digital transplant list documents for sex, age, BMI, blood group, hypertension, diabetes,
cardiovascular disease, neoplastic disease, underlying disease, serology (HBV, HCV, HIV,
CMV, Toxo, EBV, LUE), type of dialysis, time to transplantation, Panel Reactive Antibodies
(PRA max), and number of preformed anti Human Leukocyte Antigens (HLA) antibodies.
Immunologic data were collected regarding typing of HLA, PRA max that represent the
maximal value of PRA in the considered waiting time to transplant. PRA was expressed as
the percentage of lymphocyte panel members against which the patient’s serum reacts and
thus against which the patient has HLA class I or II antibodies. Since 2012 all the PRA was
tested with the complement-dependent cytotoxicity test (PRA-CDC) for monitoring the
degree of immunization in kidney transplant candidates on active waiting lists, after that
year patients were tested with the use of Labscreen PRA class I and II on a Luminex platform.
The number of preformed antibodies expressed the quantity of specific preformed HLA
class I or II that the recipient patient presented. Levels of normalized, mean fluorescence
intensity >1000 were considered to be positive.

We excluded patients who had received a previous transplant, who were recorded in
the national hyperimmune program supposing that those patients were too immunized
and they have been on the waiting list a very long time, patients transplanted or signed up
in pre-emptive modality, and patients who received a combined transplant (Figure 1).

We used survival curves to analyze time to transplantation with transplantation as an
end point.

Data were taken from the digital medical records and was imported to create a database
specifically for the study. The study was approved by the Local Ethical Committee.
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Figure 1. Patients who received a kidney transplant in Bologna Transplant Unit between 1991 and
2019 and exclusion criteria.

3. Statistical Analysis

The aim of statistical analysis in this observational study was to find factors associated
with time to transplantation. The proper test of statistical significance depends on the
nature of the examined variables. Student’s t-test or ANOVA followed by Tukey post-hoc
test, corrected for heteroscedasticity, when necessary, were used for real outcome variables.
For non-parametric outcomes we used Mann-Whitney test or Kruskal-Wallis ANOVA
followed by Dunn’s test for pair-wise comparisons. Categorical data were analyzed using
contingency tables and χ2. Linear associations using one or more covariate were explored
with linear regression. Survival curves were computed by Kaplan-Meier estimate [17] and
compared by a log-rank test. Continuous variables are presented as mean ± Standard
Deviation or as median and Interquartile interval (IQR) when appropriated. All statistical
tests were two-tailed, and we used JMP 13 (SAS Institute Inc., Cary NC, USA) for data man-
agement and analysis. p-values were not corrected for multiplicity and the findings should
be interpreted as exploratory. A p-value < 0.05 was considered statistically significant.

4. Results

We considered in our analysis 2343 patients who received a transplant in Bologna
from 1991 to 2019. According to exclusion criteria (Figure 1), we analyzed 1619 patients. As
is shown in Table 1, our population presented 1053 (65%) men, mean age at transplantation
was 61.9 ± 12.4 years, mean years of dialysis before transplantation were 4.4 ± 6.5 years
(1618.34 ± 2376.75 days), 554 (34.2%) patients had hypertension, 214 (13.2%) had diabetes,
79 (4.9%) had cardiovascular disease, 18 (1.1%) had a history of neoplastic disease. Mean
BMI was 24.1 ± 3.5. There were 1347 patients who received HD and 271 (16.7%) received
PD, latency from the beginning of dialysis to the enrolment on the transplant waiting
list resulted in 354.5 days (IQR 108.6 days); 901 (55.6%) patients presented with HbsAb;
1037 (64%) patients had positive CMV IgG; 653 (40.3%) patients had Blood Group A;
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180 (11.1%) had B; 705 (43.5%) had 0; and only 78 (4.8%) had AB. In our cohort 169 (10.4%)
patients had IgA nephropathy; 161 (9.9%) had hypertensive nephropathy; 328 (20.3%) pre-
sented with Polycystic Kidney Disease; 153 (9.4%) had Diabetic Nephropathy; 374 (23.1%)
patients presented with other nephropathies while 433 (26.7%) patients had an unknown
diagnosis. In total, 554 patients presented with hypertension. Mean time to transplantation
was 2.4 ± 2.6 years (889.3 ± 945.7 days), PRA max resulted in 21.04 ± 31.5 and number of
preformed antibodies resulted in 4.6 ± 12.9.

Table 1. Features of the study population and according to the type of dialysis.

Population Hemodialysis Peritoneal Dialysis p Value

No. of patients 1619 1347 (83.2%) 271 (16.8%)

Sex
• Male
• Female

1053 (65%)
565 (35%)

898 (66.7%)
449 (33.3%)

155 (57.2%)
116 (42.8%)

0.002 *

Age (years) 61.9 ± 12.4 61.9 ± 12.3 62.2 ± 12.5 ns

Blood group
• A
• B
• AB
• O

651 (40.2%)
179 (11.1%)

76 (4.7%)
705 (43.5%)

533 (39.6%)
150 (11.1%)

54 (4%)
605 (44.9%)

118 (43.5%)
29 (10.7%)
22 (8.1%)

100 (36.9%)

0.007 *

BMI 24.1 ± 3.5 23.9 ± 3.5 24.7 ± 3.4 0.001 *

Diabetes 214 (13.2%) 182 (13.5%) 32 (11.8%) ns

Hypertension 554 (34.2%) 452 (33.6%) 102 (37.6%) ns

Cardiovascular disease 79 (4.9%) 56 (4.2%) 23 (8.5%) ns

Neoplastic disease 18 (1.1%) 15 (1.1%) 3 (1.1%) ns

Nephropathy
• Unknown
• IgA nephropathy
• Hypertensive
• ADPKD
• Diabetic
• Other

433 (26.7%)
169 (10.4%)
161 (9.9%)
328 (20.3%)
153 (9.4%)

374 (23.1%)

366 (27.2%)
138 (10.2%)
127 (9.4%)
284 (21.1%)
126 (9.3%)

306 (22.7%)

67 (24.7%)
31 (11.4%)
34 (12.5%)
44 (16.2%)
27 (10%)

68 (25.1%)

ns

Prior time of dialysis until
listing for transplantation
Med [IQR]

354.5 [108.6] days 383 [118.3] days 225 [271.8] days ns

HCV IgG 61 (3.8%) 58 (4.3%) 3 (1.1%) ns

HBsAb 901 (55.6%) 753 (55.9%) 148 (54.6%) ns

HbcAb 220 (13.6%) 186 (13.8%) 34 (12.5%) ns

CMV IgG 1037 (64.1%) 839 (62.3%) 198 (73.1%) ns

PRA max (%)

• 0
• 1–19
• 20–79
• >80

477 (29.5%)
472 (29.1%)
258 (15.9%)
157 (9.7%)

350 (26%)
395 (29.3%)230 (17.1%)

145 (10.8%)

127 (46.9%)
77 (28.4%)
28 (10.3%)
12 (4.4%)

Features of the study population described as Sex, Age at the time of transplantation, BMI, underlying nephropathy,
prior time of dialysis until listing for transplantation, serology for HCV, HBV and CMV. Cardiovascular disease
was considered as patients who had heart failure or previous myocardial infarction. All the variables were
compared through Student’s t-test or ANOVA followed by Tukey post-hoc test, corrected for heteroscedasticity.
BMI: Body Mass Index. ADPKD: Autosomic Dominant Polycystic Kidney Disease. * A p value was considered
significant when p < 0.05.
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As previously described, we aimed to analyze whether the type of dialysis could
influence time to transplant. Indeed, we observed a significant difference in time to
transplant (933 ± 25.6 days in HD and 667.3 ± 57.1 days in PD, p < 0.001), PRA max
(23.1 ± 0.9 in HD and 11.4 ± 1.9 in PD, p < 0.001) and Preformed Antibodies Number
(5.1 ± 0.3 in HD and 2 ± 0.7 in PD, p < 0.001) between patients who received HD and
PD. Then we performed a multiple regression analysis with all the considered factors in
order to identify features that support these differences. In Table 2 the clinical variables
that independently and directly correlates with longer time to transplantation are listed:
PRA max (p < 0.0001), Antibodies number (p < 0.0001) and HD (p < 0.0001). Other features
inversely correlate with time to transplantation: AB blood group (p < 0.0001), age (p < 0.003)
and PD (p < 0.0001).

Table 2. Multiple regression for Time to transplant.

Source LogWorth p Value

PRAmax 17.382 0.00000
Blood group 13.148 0.00000

Type of dialysis 4.808 0.00002
Antibodies Number 4.080 0.00008

Age 1.332 0.04654
CMV IgG 0.611 0.24496
Diagnosis 0.200 0.63037

BMI 0.187 0.65032
Sex 0.037 0.91757

HBsAb 0.023 0.94883
We can observe that the variables that directly correlate with time to transplantation are PRA max, Antibodies
Number and HD; factors that inversely correlate are AB blood group, age and PD. These results are confirmed even
in the Multivariate analysis. PRA = Panel Reactive Antibodies. HD = Hemodialysis. PD = Peritoneal Dialysis.

Assuming that immunization is a key factor in determining time to transplant, though
we analyzed our PRA max data according to the model that Bostock et al. used [18]
(Figure 2). Then we performed a multiple regression on PRA max: the only parameters
that correlate with PRA max values are the type of dialysis (p = 0.0015), AB blood group
(p = 0.0017) and BMI (p = 0.0079) (Table 3). Another way to describe immunization is
through antibodies’ expression: as shown in Table 4, in performing a multiple regression
analysis on antibodies number we evidenced that the only features that correlate with
a higher number of pre-formed antibodies were age (p = 0.0001) and type of dialysis
(p = 0.0004).

Table 3. Multiple regression for PRA max.

Source LogWorth p Value

Type of dialysis 2.831 0.00148
Blood group 2.759 0.00174

BMI 1.733 0.01848
Age 0.989 0.10251

HBsAb 0.959 0.11001
CMV IgG 0.249 0.56355

Factors that correlate with elevated PRA max are Type of dialysis, AB blood group and, slightly, BMI. These
factors are confirmed even in the multivariate analysis.

Considering time to transplantation to be our first goal we represent our results in
Figure 3. Then we created subgroups according to Age, BMI, Blood Group, and Diagnosis,
exploring whether these differences persisted in all the subgroups. Data are presented
in Table 3.
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Table 4. Multiple regression for Antibodies Number.

Source LogWorth p Value

Age 2.771 0.00169
Type of dialysis 1.985 0.01034

BMI 0.812 0.15432
HBsAb 0.784 0.16447

Blood Group 0.407 0.39161
CMV IgG 0.197 0.63481

Factors that correlate with Antibodies Number are Type of dialysis and Age. These factors are confirmed even in
the multivariate analysis.

Figure 2. Patients divided according to PRA max. The classes were selected according to the study
conducted by Bostock IC et al. [18]. HD: hemodialysis. PD: peritoneal dialysis.

Figure 3. Patients who received kidney transplant divided by type of dialysis. Those who received
PD (271 patients) reached the goal (kidney transplant) far earlier than those who received HD
(1347 patients) (Log-Rank ChiSquare 21.99, p < 0.0001, Wilcoxon ChiSquare 5.77, p = 0.0163).
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4.1. Age

Considering age, we analyzed the population divided into 5 groups: Group 1 Age ≤ 45;
Group 2 45 < Age ≤ 55; Group 3 55 < Age ≤ 65; Group 4 65 < Age ≤ 75; Group 5 Age > 75.
In the HD population we found significant differences between group 3 (1117 ± 49.4 days)
and 5 (680.4 ± 72.9 days, p < 0.0001), and between group 3 and 4 (854.5 ± 50.4 days,
p = 0.002).

In the PD population we pointed out significant differences only between group 2
(815.1 ± 84.4 days) and 4 (521.1 ± 60.9 days, p = 0.04).

Considering age to be a factor that independently correlates with Antibodies number,
we performed the same analysis, showing that in the HD population there existed a
significant difference between group 2 (7.2 ± 0.9) and group 5 (1.9 ± 1, p < 0.001); group 1
(6.8 ± 1.2) and group 5 (p < 0.01); group 3 (5.9 ± 0.7) and group 5 (p < 0.01); and group 2 and
group 4 (3.8 ± 0.7, p < 0.02). Conversely, in the PD population we evidenced no differences.

4.2. BMI

Considering BMI, we analyzed the two populations divided into 4 groups: Group 1
BMI ≤ 20, Group 2 20 < BMI ≤ 25, Group 3 25 < BMI ≤ 30, Group 4 BMI > 30. We did not
found any significant difference among groups both in HD as in PD.

Since BMI resulted in an independent factor that influenced PRA max, we performed
the same analysis showing that in the HD group there existed significant differences
between group 1 (26.1 ± 33.5) and group 2 (20.2 ± 30.6, p < 0.048), and between group 1
and group 3 (19.2 ± 28.7, p < 0.02). In the PD population we highlighted no differences
among groups.

4.3. Blood Group

Considering blood group, we analyzed the population according to the 4 groups:
A, AB, B, O. In the HD population we evidenced significant differences between 0
(1124.5 ± 39.7 days) and AB (426 ± 131.7 days, p < 0.0001), B (957.3 ± 79.5 days) and
AB (p = 0.003), 0 and A (765.2 ± 42.3 days, p < 0.0001). The difference between A and
AB is nearly significant (p = 0.06). In the PD group differences occurred between O
(840.3 ± 59 days) and AB (433.9 ± 122.9 days, p = 0.01) and between O and A (590.1 ± 54 days,
p = 0.01).

Since blood group represented a category that influence the PRA max, we performed
the same group analysis but we did not evidence differences both in HD as in PD.

Between HD and PD there existed in our whole population a significant difference
in PRA max for the A group (mean HD PRAmax 20.7 ± 1.4, mean PD PRAmax 8.9 ± 2.9,
p = 0.0004), AB group (mean HD PRAmax 22.2 ± 4.2, mean PD PRAmax 3 ± 6, p = 0.01)
and O group (mean HD PRAmax 25.9 ± 1.4, mean PD PRAmax 15.1 ± 3.4, p = 0.003).

4.4. Diagnosis

Considering diagnosis, we analyzed the population divided into 6 groups: IgA
nephropathy, Hypertensive, ADPKD, Diabetic, Other nephropathies, Unknown origin.

Both in the HD as in the PD population we evidenced no differences among groups.
Considering that ESA could have substantially reduced the use of blood transfusions,

we divided our population in two groups, before 2000 (old group) and after 2000 (new
group), considering that ESA were introduced in 1990 and in the following years achieved
global distribution. We compared the Antibodies numbers of two groups showing that there
was no significant difference (HD group p = 0.068, PD group p = 0.290) but the statistical
difference remained if we compared the HD old group vs. PD old group (p = 0.029) and the
HD new group vs. PD new group (p = 0.018).

5. Discussion

Prolonged dialysis exposure casts a long shadow and negatively impacts patient and
graft survival even after transplantation [19–21]. Despite similar results in terms of outcome,

25



J. Clin. Med. 2022, 11, 1054

PD is far less used as renal replacement therapy compared to HD [2,3]. Decisions regarding
dialysis choice should be individualized, considering several important outcomes including
patient survival and quality of life. A study conducted by Heaf et al. analyzed the relative
survival of PD compared to HD, showing that PD has a relatively better prognosis for
younger and non-diabetic patients, and for no subgroup was worse than HD; one possible
cause is the better preservation of residual renal function in PD [22,23]. A shorter time to
transplant could be one of the drives that lead the patient’s choice. Several studies analyzed
kidney transplant outcomes according to dialysis modality; most studies revealed that PD
was associated with shorter time on dialysis, better graft and patient survival [24–31].

Recent works reported that the transplant list waiting time is reduced in PD compared
to those on HD [13,15] and the results in our cohort confirm this data. What causes these
differences is yet to be proven: some explanations can be hypothesized.

As reported by several studies, sensitization is a known barrier to transplantation and
sensitized patients have substantially longer waiting times; the breadth of sensitization
against HLAs is routinely monitored in wait-listed patients with ESRD using panel reactive
antibody (PRA) assays [32–35]. Previous transplant, in addition to pregnancies and blood
transfusions, is a known cause of immune sensitization against “non-self” human leukocyte
antigens (HLAs). Moreover, PRA is an independent predictor of mortality in wait-listed
kidney transplant candidates [36]. There is good epidemiologic evidence showing a direct
relationship between pretransplant PRA levels and adverse graft outcomes [37–39]. Our
study confirms that an elevated PRA is associated with longer time to transplant, but
also shows that even patients on PD have a lower mean PRA compared to those on HD
(p < 0.0001).

Considering anti-HLA antibodies, our study shows that they are related to an increased
time to transplantation, as supported by a large cohort study, where the authors suggest that
anti-HLA antibodies are associated with an increased sensitization and mortality in wait-
listed kidney transplant candidates [36]. In our cohort, PD patients presented less anti-HLA
antibodies than HD patients (p < 0.001). A reason may lie in the fact that HD patients had
a greater tendency to anemia and more likely may require blood transfusions, which can
determine an increase in panel reactive antibody percentage [15,40]. Other explanations
may be further investigated. Our results suggest that BMI is a factor that influences
kidney transplant recipient immunization. Lots of studies have investigated obesity in
kidney transplant recipients, recognizing its importance as a risk factor for chronic allograft
dysfunction, exposing to a major risk of delayed graft function and considering some
cases an exclusion criteria for transplantation [41–43]. Several mechanisms exert negative
metabolic effects of raised BMI and adiposity, and recent studies demonstrated that higher
BMI was associated with higher inflammation, that correlates with mortality [44–46].

Indeed, in our cohort, PD patients presented a significantly reduced waiting time for
kidney transplant even eliminating the impact of immunization: so we have to wonder
that other non-immunological factors may have an impact on this result.

Patients who undergo PD tend to be more empowered, to have a strong social support
network and to pursue their care plan by themselves [47]. Moreover, our PD group had
a lower pretransplant dialysis vintage compared with the HD group (PD 225–271.8 vs.
HD 383–118.3, p = 0.06), leading to a different exposure to dialysis-related immune dys-
function. Nonetheless, the latency from the beginning of dialysis to the enrolment on the
transplant waiting list resulted in differences between the PD group and the HD group,
though nearly significant (p = 0.06). This could once more be explained by the strong social
support network of patients who chose PD.

Age is a considering factor in transplant recipients and up to twenty years ago, lots
of patients would have been excluded due to being elderly. The “old to old” allocation
system in the Eurotransplant [48,49] community has shown to be effective in increasing
the number of transplants; thus, in our population 45 to 65 years old patients were the
most represented age groups, therefore they present a longer mean time to transplantation.
These results are in line with literature [50].
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Regarding the relationship between blood groups and time to transplant, Chang et al. [51]
reported that blood group AB have the highest likelihood of deceased donor transplantation,
followed by patients with blood groups A, O and B; within blood groups, the likelihood of
transplantation was inversely related to the level of sensitization (PRA max). Our study
confirms previous work showing longer waiting times for blood group O patients [14,52]
and that AB recipients were more likely to receive deceased donor kidneys [53]. Thus, AB
patients represent a small population, though not sufficient to draw conclusions on time
to transplant.

Our study presents some limitations: in addition to the retrospective nature of the
analysis due to the long-considered time and to patients’ dialysis center variability, the
precise number of blood transfusions was not available. Since the study covers 30 years of
experience, variability in dialysis practice (HD vs. PD) between different referral centers
made the population less homogeneous.

6. Conclusions

In our work, the PD population received renal transplant in a shorter period of time
compared to the HD, turned out to be less immunized, considering immunization to be
the number of antibodies and PRA. Time to transplant is mostly a matter of immunity but
other factors can influence it, such as age, blood group and type of dialysis. Considering
immunization, the type of dialysis impacted both on PRA max (together with BMI and
blood group) as on anti HLA antibodies (together with age). Our study supports the choice
of PD for patients who can afford it, particularly for those who would like to receive a
kidney transplant.
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Abstract: Kidney transplantation can prevent renal failure and associated complications in patients
with end-stage renal disease. Despite the good quality of life, de novo cancers after kidney trans-
plantation are a major complication impacting survival and there is an urgent need to establish
immunosuppressive protocols to prevent de novo cancers. We conducted a multi-center retrospective
study of 2002 patients who underwent kidney transplantation between 1965 and 2020 to examine
patient and graft survival rates and cumulative cancer incidence in the following groups categorized
based on specific induction immunosuppressive therapies: group 1, antiproliferative agents and
steroids; group 2, calcineurin inhibitors (CNIs), antiproliferative agents and steroids; group 3, CNIs,
mycophenolate mofetil, and steroids; and group 4, mammalian target of rapamycin inhibitors includ-
ing everolimus, CNIs, mycophenolate mofetil, and steroids. The patient and graft survival rates were
significantly higher in groups 3 and 4. The cumulative cancer incidence rate significantly increased
with the use of more potent immunosuppressants, and the time to develop cancer was shorter. Only
one patient in group 4 developed de novo cancer. Potent immunosuppressants might improve graft
survival rate while inducing de novo cancer after kidney transplantation. Our data also suggest that
everolimus might suppress cancer development after kidney transplantation.

Keywords: cumulative incidence; everolimus; de novo cancer; kidney transplantation; mammalian
target of rapamycin; survival

1. Introduction

In patients with end-stage renal disease, kidney transplantation is a promising treat-
ment to prevent renal failure and associated complications [1]. The introduction of new
immunosuppressants has led to improved short-term patient and graft survival rates, with
most recipients achieving a better quality of life after kidney transplantation [2]. How-
ever, long-term patient and graft survival rates remain insufficient [3]. Improvement of
patient and graft survival rates requires the resolution of not only immunological but also
non-immunological complications. Specifically, de novo cancer formation after kidney
transplantation is a major complication associated with patients as well as graft survival.
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The incidence of de novo cancers is 3–10-fold higher in patients with organ transplants
than in the general population [4]. One approach to reducing cancer risk is early detection
by cancer screening [5] which, in addition to treatment, is important to protect both the
patient and the kidney graft. We previously demonstrated that the overall survival rate
was significantly lower in kidney transplant recipients not undergoing routine cancer
screening compared to those undergoing cancer screening, highlighting the additional need
for immunosuppressive protocols for cancer prevention [5]. In addition, there is an urgent
need to establish immunosuppressive protocols to inhibit carcinogenesis.

The phosphatidylinositol 3-kinase (PI3K)/Akt/mammalian target of rapamycin (mTOR)
signaling pathway is a major critical node for a wide range of normal cellular functions.
Moreover, activation of the PI3K/Akt/mTOR pathway contributes to carcinogenesis [6]
and plays a major role in regulating the growth of angiogenic tumors [7,8]. Conversely,
phosphatase and tensin homolog negatively regulates the PI3K/Akt/mTOR pathway [9]
and acts as a tumor suppressor. The mTOR inhibitors (mTORis), such as rapamycin, have
been gaining increasing attention because of their anticancer effects, with recent studies
showing their therapeutic role in angiogenic tumors such as renal cell carcinoma [8,10] and
endocrine cancers [11]. Several clinical trials have demonstrated the anticancer effects of
rapamycin and its analogs, including temsirolimus and everolimus [12].

The mTORis are also used as immunosuppressive agents to prevent allograft rejec-
tion in transplant patients [13,14]. Immunosuppressive induction therapy consisting of
calcineurin inhibitors (CNIs), mycophenolate mofetil (MMF), and corticosteroids, is asso-
ciated with improved patient and graft survival rates compared with previous treatment
approaches. However, the subsequent increase in cancer prevalence has led to the consider-
ation of adding mTORis to conventional triplet immunosuppression therapy to prevent
cancer development while maintaining good immunosuppression [15].

In the present study, we aimed to investigate cancer trends and cancer-specific and all-
cause mortality rates in kidney transplant recipients receiving different induction immuno-
suppression protocols. In addition, we examined the efficacy of the mTORi, everolimus, in
cancer prevention.

2. Materials and Methods

2.1. Patient Characteristics

In this multi-center retrospective study, we reviewed the medical records of 2002
patients who underwent kidney transplantation in Osaka University Hospital (n = 933),
Hyogo Prefectural Nishinomiya Hospital (n = 654), and Osaka General Medical Center
(n = 415) between 1 June 1965 and 30 June 2020. All data were collected and analyzed
on 30 September 2020 using the REDCap® electronic registration software (Vanderbilt
University, Nashville, TN, USA). We performed cancer screening including computed
tomography and abdominal ultrasonography for all recipients once a year and registered
the results to the software.

The patients were categorized into the following groups based on the type of induction
immunosuppressive therapy: group 1, patients who received antiproliferative agents
(azathioprine or mizoribine) and prednisolone; group 2, patients who received CNIs
(cyclosporine A or tacrolimus), antiproliferative agents (azathioprine or mizoribine), and
prednisolone; group 3, patients who received CNIs, mycophenolate mofetil (MMF), and
prednisolone; and group 4, patients who received CNIs, MMF, mTORi, and prednisolone.
This group targeted patients who started taking mTORis immediately after the kidney
transplantation and continued for more than a year. But in some patients, mTORis were
added at least three months after the kidney transplantation. Moreover, 21 patients who
received CNIs, mTORis, and prednisolone for induction immunosuppressive therapy
were included in group 4. The target trough levels of CNIs at one year after kidney
transplantation were 80–100 ng/mL (cyclosporine A, group 2 and 3) and 4–6 ng/mL
(tacrolimus, group 2–4).
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The collected data included relevant information such as transplant and cancer his-
tory; dialysis duration before kidney transplantation; renal allograft conditions including
rejection; and history of transplantation, transfusion, and comorbidities for the analyses
of demographic characteristics. In addition, data were collected to determine the rates of
patient survival, graft survival, cumulative cancer incidence, and cancer types.

Antilymphocyte globulin and the anti-CD25 antibody basiliximab were added to
induction immunosuppressive therapy in patients undergoing kidney transplantation from
1993 to 2003 and from 2004 to 2019, respectively. Splenectomy or rituximab infusion was
performed in patients undergoing ABO-incompatible kidney transplantation. Additionally,
kidney biopsies were routinely performed at 3 and 12 months after kidney transplantation
in patients with elevated serum creatinine levels. In patients with biopsy-proven rejection,
methylprednisolone was administered for three days. The same approach was used in
patients who could not be evaluated by kidney biopsy but were clinically diagnosed with
rejection (e.g., >20% elevation of serum creatinine level). In patients with steroid-resistant
rejection, gusperimus hydrochloride or anti-CD3 monoclonal antibody was used after
methylprednisolone treatment until 2010. Starting in 2011, thymoglobulin was used as an
alternative therapy for T cell-mediated rejection. For antibody-mediated rejection, plasma
exchange, rituximab infusion, and intravenous immunoglobulin therapy were used.

The primary study outcome was all-cause mortality, and the secondary study outcomes
were cancer-specific mortality, death-censored allograft survival rate, and cumulative cancer
incidence rate. The study protocol was approved by the Institutional Review Board of
Osaka University Hospital (approval no, 19475), Hyogo Prefectural Nishinomiya Hospital
(approval no, H28-19), and Osaka General Medical Center (approval no, 28-2034). All
procedures were performed in accordance with the 1975 Helsinki Declaration.

2.2. Statistical Analysis

The SPSS statistical software version 27 (IBM, Armonk, NY, USA) was used for all
analyses. Categorical variables were presented as percentages or frequencies, and contin-
uous variables were presented as means with standard deviation. Differences in group
characteristics, graft survival, and overall survival among groups were compared. Uni-
variate analyses were performed using the Mann–Whitney, Kruskal–Wallis, chi-square,
and Fisher’s exact tests to compare continuous and categorical variables, as appropriate.
The Kaplan–Meier method with the log-rank test was used to compare patient and graft
survival rates. The statistical significance level was defined as a two-tailed p-value of <0.05.

3. Results

3.1. Cohort Characteristics

Of a total of 2002 recipients, 15 patients who received induction immunosuppressive
monotherapy with steroids were excluded from the study. Therefore, 1987 patients were
included in the final analysis (Figure 1). The summary of patient characteristics is presented
in Table 1. The median follow-up durations were 21.6 ± 15.0, 18.8 ± 10.0, 10.7 ± 5.8,
and 4.9 ± 2.2 years in groups 1, 2, 3, and 4, respectively. Although 24 recipients started
mTORis as prescribed, they could not take it for more than a year and were included
in group 3. The reasons for discontinuing oral administration were stomatitis (58.3%),
followed by proteinuria, leg edema, and diarrhea. The number of elderly patients was
particularly high in groups 3 and 4 (p < 0.001, between each group). Moreover, the number
of transplantations from ABO-incompatible (p < 0.001, between each group) or unrelated
donors (primarily spouses, p < 0.001, between each group) and the number of preemptive
kidney transplantations (p < 0.001, between group 1, 2, and 3, and 1, 2, and 4, respectively)
were statistically significantly higher in recent years.
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Figure 1. A diagram describing the study population.

Table 1. Demographic characteristics of transplant recipients.

Group 1 Group 2 Group 3 Group 4 p-Value

The Number of Patients 248 735 700 304

Follow-up duration (yr) 21.6 (15.0) 18.8 (10.0) 10.7 (5.8) 4.9 (2.2) <0.001
Recipient age (yr) <30 141 (63.2) 248 (36.1) 108 (16.3) 25 (9.5) <0.001

30–45 100 (34.2) 367 (47.6) 265 (33.8) 89 (30.4)
46–60 7 (2.6) 113 (15.5) 234 (35.7) 128 (36.7)
>61 0 (0.0) 7 (0.8) 93 (14.2) 62 (23.4)

Recipient sex Female 89 (35.9) 294 (40.0) 268 (38.3) 113 (37.2) 0.648
Male 159 (64.1) 441 (60.0) 432 (61.7) 191 (62.8)

Donor type living 214 (86.3) 539 (73.3) 615 (87.9) 273 (89.8) <0.001
deceased 34 (13.7) 196 (26.7) 85 (12.1) 31 (10.2)

Blood relation Yes 214 (86.3) 530 (72.1) 432 (61.7) 146 (48.0) <0.001
ABO blood-type compatible 248 (100.0) 715 (97.3) 548 (78.3) 201 (66.1) <0.001

incompatible 0 (0.0) 20 (2.7) 152 (21.7) 103 (33.9)
Number of HLA mismatches A, B, DR 0.64 (1.01) 1.39 (1.06) 1.80 (1.26) 1.79 (1.29) <0.001

Body mass index (kg/m2) 21.5 (1.47) 21.3 (1.55) 21.3 (2.57) 21.4 (3.33) 0.417
Dialysis duration (yr) 0 7 (3.1) 17 (2.6) 109 (18.6) 89 (26.6) <0.001

<1, ≤1 91 (36.8) 202 (27.0) 153 (21.7) 59 (20.3)
1–3, ≤3 92 (25.0) 215 (17.1) 147 (12.3) 61 (16.5)
3–5, ≤5 38 (27.6) 111 (28.0) 69 (16.3) 23 (17.7)

5–10, ≤10 19 (7.0) 130 (17.3) 86 (12.3) 31 (7.0)
10–20, ≤20 1 (0.4) 51 (6.8) 94 (13.1) 29 (8.2)

>20 0 (0.0) 9 (1.1) 42 (5.7) 12 (3.8)
Calcineulin inhibitors Cyclosporine 0 (0.0) 552 (75.1) 212 (30.3) 17 (5.6) <0.001

Tacrolimus 0 (0.0) 183 (24.9) 488 (69.7) 287 (94.4)
none 248 (100.0) 0 (0.0) 0 (0.0) 0 (0.0)

Antiproliferative agents Azathioprine 248 (100.0) 361 (49.1) 0 (0.0) 1 (0.3) <0.001
Mizoribine 0 (0.0) 321 (43.7) 0 (0.0) 3 (1.0)

Mycophenolate mofetil 0 (0.0) 0 (0.0) 700 (100.0) 300 (98.7)
none 0 (0.0) 53 (7.2) 0 (0.0) 0 (0.0)

mTOR inhibitor (everolimus) induction therapy 0 (0.0) 0 (0.0) 0 (0.0) 155 (51.0) <0.001
add-on within 3 months 0 (0.0) 0 (0.0) 0 (0.0) 149 (49.0)

History of rejection Yes 145 (58.5) 519 (70.6) 165 (23.6) 31 (10.2) <0.001
History of transplantation Yes 6 (2.4) 17 (2.3) 42 (6.0) 21 (7.6) <0.001

History of transfusion Yes 87 (35.1) 116 (15.8) 148 (21.1) 70 (23.0) <0.001

Categorical variables are presented as frequencies and/or percentages, and continuous variables are presented as
means with standard deviation.

In the overall cohort, 242 patients were diagnosed with de novo cancers, including
30 patients who developed two primary cancers and three patients who developed three
primary cancers after transplantation (Table 2). The mean intervals between kidney trans-
plantation and cancer diagnosis were 21.9 ± 9.7, 14.5 ± 7.2, and 6.9 ± 4.6 years in groups 1,
2, and 3, respectively. In group 4, there was only one patient who suffered de novo cancer,
and the interval was 1.2 years. The mean period from transplantation to cancer diagnosis
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was significantly different among the four groups (p < 0.001). Moreover, the age of cancer
diagnosis was significantly different among the four groups (p < 0.001). The patient with
cancer in group 4 was diagnosed at 47 years of age, previously received kidney trans-
plantation in 2013, and received multidrug immunosuppressive therapy with tacrolimus,
MMF, and prednisolone for six years after the first transplantation. Finally, there was no
significant difference in sex among the four groups.

Table 2. Demographic characteristics of transplant recipients with de novo cancers after
kidney transplantation.

Group 1 Group 2 Group 3 Group 4 p-Value

The Number of Patients 42 (16.9) 119 (16.2) 80 (11.7) 1 (0.3)

Number of yrs from KTP to
diagnosis of cancer (yr) 21.9 (9.7) 14.5 (7.2) 6.9 (4.6) 1.2 (-) <0.001

Recipient age (yr) <30 20 (47.6) 23 (19.3) 10 (12.5) 0 (0.0) <0.001
30–45 19 (45.2) 72 (60.5) 25 (31.2) 0 (0.0)
46–60 3 (7.2) 23 (19.3) 32 (40.0) 1 (100.0)
>61 0 (0.0) 1 (0.9) 13 (16.3) 0 (0.0)

Recipient sex Female 15 (35.7) 52 (43.7) 38 (47.5) 0 (0.0) 0.501
Male 27 (64.3) 67 (56.3) 42 (52.5) 1 (100.0)

Donor type living 36 (85.7) 81 (68.1) 72 (90.0) 1 (100.0) 0.02
deceased 6 (14.3) 38 (31.9) 8 (10.0) 0 (0.0)

Blood relation Yes 36 (85.7) 81 (67.8) 48 (60.0) 1 (100.0) 0.028
ABO blood-type compatible 42 (100.0) 117 (98.3) 59 (73.8) 1 (100.0) <0.001

incompatible 0 (0.0) 2 (1.7) 21 (26.2) 0 (0.0)
Number of HLA mismatches A, B, DR 1.17 (1.32) 2.02 (1.02) 2.99 (1.51) 3.00 (-) <0.001

Body mass index (kg/m2) 21.8 (1.28) 21.3 (1.58) 21.3 (2.36) 27.64 (-) 0.11
Dialysis duration (yr) 0 2 (4.8) 3 (2.5) 6 (7.5) 1 (100.0) 0.02

≤1 9 (21.4) 22 (18.5) 13 (16.3) 0 (0.0)
1<, ≤2 10 (23.8) 18 (15.1) 9 (11.3) 0 (0.0)
2<, ≤5 13 (31.0) 32 (26.9) 20 (25.0) 0 (0.0)
5<, ≤10 6 (14.3) 23 (19.3) 13 (16.3) 0 (0.0)

10<, ≤20 0 (0.0) 12 (10.1) 13 (16.3) 0 (0.0)
>20 0 (0.0) 3 (2.5) 6 (7.5) 0 (0.0)

Calcineulin inhibitors Cyclosporine 0 (0.0) 88 (73.9) 34 (41.4) 0 (0.0) <0.001
Tacrolimus 0 (0.0) 31 (26.1) 46 (58.5) 1 (100.0)

none 42 (100.0) 0 (0.0) 0 (0.0) 0 (0.0)
Antiproliferative agents Azathioprine 42 (100.0) 69 (58.0) 0 (0.0) 0 (0.0) <0.001

Mizoribine 0 (0.0) 44 (42.0) 0 (0.0) 0 (0.0)
Mcophenolatemofetil 0 (0.0) 0 (0.0) 80 (100.0) 1 (100.0)

none 0 (0.0) 6 (5.1) 0 (0.0) 0 (0.0)
mTOR inhibitor everolimus 0 (0.0) 0 (0.0) 0 (0.0) 1 (100.0)

History of rejection Yes 24 (57.1) 85 (71.4) 24 (30.5) 0 (0.0) <0.001
History of transplantation Yes 1 (2.4) 4 (3.4) 6 (8.5) 1 (100.0) <0.001

History of transfusion Yes 23 (54.8) 26 (21.8) 15 (23.2) 1 (100.0) <0.001

Categorical variables are presented as frequencies and/or percentages, and continuous variables are presented as
means with standard deviation.

The comparison of cancer types among the four group is presented in Table 3. Briefly,
skin cancer (non-melanoma) was the most common malignant neoplasm in group 1 (n = 10,
23.8%) whereas post-transplant lymphoproliferative disorders (n = 21, 17.6% in group 2;
n = 13, 16.3% in group 3), renal cell carcinoma (n = 12, 10.1% in group 2; n = 13, 16.3% in
group 3), and breast cancer (n = 13, 10.9% in group 2; n = 11, 13.8% in group 3) were the
most common malignant neoplasms in groups 2 and 3. Hepatocellular carcinoma (n = 5,
11.9% in group 1; n = 7, 5.9% in group 2) and gastric cancer (n = 5, 11.9% in group 1; n = 8,
6.7% in group 2), two frequent malignant neoplasms in groups 1 and 2, were less common
in group 3 (hepatocellular carcinoma, n = 1, 1.3%; gastric cancer, n = 5, 6.3%). The number
of patients with prostate cancer increased gradually, with 1 (2.4%), 4 (3.4%), and 5 (6.3%)
patients in groups 1, 2, and 3, respectively. Lung cancer, one of the most common cancers
in the general population, was diagnosed in only a few patients in each of the groups 1
(n = 2, 4.8%) and 2 (n = 1, 0.8%).
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Table 3. Distribution of cancer types.

Group 1 Group 2 Group 3 Group 4

The number of recipients 248 735 700 304
Total cancer-positive recipients 42 (16.9) 119 (16.2) 80 (11.7) 1 (0.3)

Double cancer-positive recipients 6 12 9 0
Triple cancer-positive recipients 4 1 0 0

Type of cancer
PTLD 3 21 13 1

renal cell carcinoma 2 12 13 0
breast cancer 4 13 13 0

skin cancer (melanoma) 0 0 1 0
skin cancer (non-melanoma) 10 12 9 0

prostate cancer 1 5 5 0
colorectal cancer 5 7 6 0

uterus cancer 2 10 5 0
gastric cancer 5 8 5 0

urothelial cancer 2 6 4 0
thyroid cancer 1 6 3 0
tongue cancer 3 7 2 0

pancreas cancer 0 2 2 0
hepatocellular carcinoma 5 7 1 0

lung cancer 2 1 0 0
ovarian cancer 1 1 0 0
vaginal cancer 0 1 0 0

anal cancer 0 1 0 0
others 10 13 7 0
Total 56 133 89 1

PTLD, post-transplant lymphoproliferative disorders.

3.2. Cumulative de Novo Cancer Incidence Rates after Kidney Transplantation According to the
Type of Induction Immunosuppressive Therapy

The 5-year cumulative de novo all cancer incidence rates after kidney transplantation
were 0.0%, 1.0%, 5.3%, and 0.4% in groups 1, 2, 3, and 4, respectively (Figure 2a). Moreover,
the 10- and 15-year cumulative de novo cancer incidence rates were 3.3% and 6.8% in
group 1, 5.6% and 11.8% in group 2, and 11.5% and 19.3% in group 3, respectively. There
were significant differences among the groups (p = 0.007, Gray’s test). This result suggested
that the addition of mTORi to conventional immunosuppressive therapy may reduce the
cancer incidence rate. Since the prognosis of skin cancer except melanoma is unlikely to
generate a clinically relevant change in survival, the cumulative cancer incidence excluding
non-melanoma skin cancers was also calculated. The 5-year survival rates were 0.0%,
1.1%, 4.7%, and 0.4% in groups 1, 2, 3, and 4, respectively (Figure 2b). The 10- and 15-year
cumulative de novo cancer incidence rates were 3.3% and 6.9% in group 1, 5.5% and
11.3% in group 2, and 10.0% and 17.9% in group 3, respectively. Even if excluded the
non-melanoma skin cancers, there were significant differences among the groups (p = 0.006,
Gray’s test).

3.3. Overall and Cancer-Specific Survival Rates According to the Type of Induction
Immunosuppressive Therapy

As shown in Figure 3a, the 5-year overall survival rates after kidney transplantation
were 87.2%, 93.6%, 95.6%, and 96.8% in groups 1, 2, 3, and 4, respectively, with significant
differences among the groups (p < 0.001, log-rank test) except for that between groups 3 and
4 (p = 0.252). Moreover, the 5-year cancer-specific survival rates after kidney transplantation
were 100%, 99.4%, 99.1%, and 100% in groups 1, 2, 3, and 4, respectively (Figure 3b). The
differences among the groups were not statistically significant (p = 0.832, log-rank test).
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Figure 2. Cumulative cancer incidence rates after kidney transplantation. (a) all cancers, (b) all cancers
except non-melanoma skin cancer: Blue, group 1; green, group 2; dark red, group 3; vermilion, group 4.

Figure 3. (a) Overall and (b) cancer-specific survival rates after kidney transplantation: Blue, group 1;
green, group 2; dark red, group 3; vermilion, group 4.
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3.4. Graft Survival Rate According to the Type of Induction Immunosuppressive Therapy

The 5- and 10-year death-censored graft survival rates after kidney transplantation
were 69.4% and 60.3% in group 1, 84.2% and 73.0% in group 2, and 92.8% and 85.9% in
group 3, respectively (Figure 4). The 5-year graft survival rate was 97.5% in group 4, and
there were no patients who had been followed up for more than 10 years in this group. The
graft survival rates were significantly different among the groups (p < 0.001, log-rank test).

Figure 4. Death-censored graft survival rates after kidney transplantation: Blue, group 1; green,
group 2; dark red, group 3; vermilion, group 4.

4. Discussion

In the present multi-center, retrospective study of 1987 patients who underwent kidney
transplantation during a long time period between 1965 and 2020, we found that the cumu-
lative cancer incidence rate after kidney transplantation increased with the introduction
of new and more effective immunosuppressive drugs. These results lend further support
to our previous report revealing that the aggressiveness of immunosuppressive treatment
regimens or the use of potent immunosuppressives might increase the risk of de novo
cancer after kidney transplantation despite the improvement of graft survival rates [16].

De novo cancer after kidney transplantation is one of the most threatening compli-
cations that reduces graft survival [16] and is a leading cause of kidney transplantation-
associated mortality [17,18]. It is therefore critical to establish safe and effective immuno-
suppressive therapies that prevent allograft rejection as well as cancer development in
patients undergoing kidney transplantation. Importantly, kidney transplant recipients
who develop cancer before graft loss, i.e., those with a functioning graft at the time of
cancer diagnosis, are at more than 9-fold risk of death compared to those without cancer
and over 50% of recipients with cancer lose their grafts within five years following cancer
diagnosis [18]. Therefore, prevention and early treatment of cancer are essential. However,
discontinuation of potential cancer-promoting immunosuppressive drugs increases the risk
of allograft rejection, posing a significant clinical dilemma. To address this concern, we, the
authors, have started using the mTORi everolimus for induction and maintenance therapies,
in addition to conventional therapies. mTORis are commonly prescribed for maintenance
immunosuppression after kidney transplantation [19], and the combined use of CNIs and
mTORi was reported to prevent nonmelanoma skin cancers [20–23]. Basu et al. [24] indi-
cated that mTORis could prevent the rapid progression of post-transplantation renal cancer
through the downregulation of the angiogenic cytokine vascular endothelial growth factor
and the chemokine receptor CXCR3 and its ligands. mTORis act by forming a complex with
the FK506-binding protein 12, and the complex inhibits mTOR, a serine-threonine kinase in
the PI3K pathway, to eventually inhibit the antigenic and interleukin-stimulated activation
and proliferation of T cells [25]. Several other mechanisms of cancer prevention by mTORis
were also reported. For example, mTORis induce cell cycle arrest at the G1 checkpoint [26].
Additionally, everolimus, the mTORi included in the present study, has also been approved
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for use in several malignancies including advanced metastatic renal cell cancer [10,27];
gastric, intestinal, and pancreatic neuroendocrine tumors [11]; and subependymal giant
cell astrocytoma [28].

A study previously reported that patients on mTORi-based therapy had a 59% reduced
relative risk of developing new cancers (relative risk, 0.412; 95% confidence interval,
0.256–0.663) than those on CNI-based therapy [23], suggesting the possibility of replacing
CNIs with mTORis in kidney transplant recipients. However, this approach may not be
appropriate. Complete avoidance or withdrawal of CNIs could be associated with a greater
risk of acute or chronic rejection and graft failure [29,30]. Conversion from mTORis to CNIs
has been reported to be associated with increased risk of donor-specific antibody production
and reduced allograft survival rate because of chronic antibody-mediated rejection [31].
Therefore, we recognize that conversion from CNIs to mTORis may not be effective in
improving graft survival rate. Moreover, MMF is effective in suppressing deoxyribonucleic
acid production and the onset of antibody-mediated rejection, which is difficult not only in
early diagnosis but also in treatment [32,33]. In the present study, we found that quadruple
induction immunosuppressive therapy, including the three drugs used in group 3 plus
everolimus, was associated with not only a reduction in cancer incidence but also with
an improvement in recipient and graft survival rates. The quadruple therapy appears to
provide strong, albeit brief, immunosuppression; however, since the introduction of MMF
and prednisolone, the CNI dose has been reduced (5–8 ng/mL within 3 months, 4–5 ng/mL
at 4–12 months after kidney transplantation). Therefore, complications, such as infectious
diseases, caused by potent immunosuppressive status did not increase (data not shown).

Of course, incidence and survival rates of specific cancers are not determined by
whether mTORi is used for induction immunosuppressive therapy. The background
characteristics contributing to specific cancer incidences should be carefully considered.
For example, our results indicated that the incidence of hepatocellular carcinoma (HCC)
was lower in group 3 than in groups 1 and 2. Hepatitis B and C virus infections are the main
causes of HCC. Our data also showed that 11 of 13 cases were infected with at least hepatitis
B or C. (type B only; n = 2, type C only; n = 6, both; n = 3, respectively). Blood transfusion
associated with end-stage renal disease is also a cause of hepatitis. It is strongly likely that
the decrease in the rate of hepatitis due to the development of erythropoiesis-stimulating
agents and direct-acting antivirals has led to a decrease in the rate of HCC after kidney
transplantation. On the other hand, the rates of renal cell carcinoma and prostate cancer
increased in group 3 compared to groups 1 and 2. The duration of hemodialysis before
kidney transplantation was also significantly longer in group 3. The preoperative dialysis
period before kidney transplantation was previously reported to be correlated with the
rate of renal cell carcinoma [34], as reflected in our findings. Conversely, the increase in
the number of elderly recipients in recent years was likely linked to the increase in the
incidence of prostate cancer observed in the present study. The average recipient age at the
time of kidney transplantation was significantly higher in group 4 than that in other groups.
Therefore, it is possible that mTORis might suppress the development of prostate cancer.

We have performed cancer screening on most patients so far, including the current
cohort [5]. It is not possible to detect cancer by screening in all patients. However, we
believe that cancer screening is a major underlying cause of the lack of a difference in
cancer-specific survival rates among the study groups. In addition to cancer screening, we
believe that suppressing the onset of de novo cancers using mTORis in combination with
aggressive immunosuppressive therapy after kidney transplantation is critical. Several
studies have also reported the beneficial effect of mTORis in cardiovascular diseases [35,36]
and infections [37–39]. Cancers, cardiovascular diseases, and infections are leading causes
of death after kidney transplantation [40]. Therefore, mTORis might contribute to the
further improvement of survival rates by suppressing the onset of these diseases.

mTORi was previously used as a treatment for renal cell carcinoma (10 mg/day).
However, various adverse events (e.g., stomatitis; 40–60%) occurred at high rates, and it
was often difficult to continue [27,41,42]. Fortunately, when used as an immunosuppressant,
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the dose (1.5 mg/day) is about one-eighth, and the incidence of adverse events is relatively
low [43]. In our study, mTORi was able to continue for a long time without interruption
in most cases. However, mTORi adverse events can significantly impair the recipient’s
quality of life and should be carefully considered for risks and benefits and discontinued
if necessary.

The present study has several notable strengths. This study was based on a large
population of kidney transplant recipients from several high-volume centers. The study
analyses were based on a comprehensive dataset with a long duration and very few missing
values. The completeness of the dataset suggests that selection and ascertainment biases
in exposure and study factors were minimal. However, the present study has several
limitations that should also be acknowledged. First, this was a retrospective study, and the
observation period of group 4 was notably shorter than that of the other groups. Therefore,
although mTORi has been shown to reduce cancer morbidity with short-term observations,
we believe that the efficacy of mTORi needs to be reassessed at long-term observations.
Second, despite the adjustment for all confounding factors, there may be unmeasured
residual effects such as details on the dose and duration of immunosuppressants used for
the treatment of primary disease and incomplete details on smoking habits and alcohol
consumption, which might have altered the strength and magnitude of association of
cancer risk after transplantation. Third, some patients in groups 1, 2, and 3 received
mTORis after the cancer diagnosis, although the treatment was initiated several years
after the kidney transplantation. Finally, cancer treatment approaches and reductions in
immunosuppressant doses in patients who developed cancer were determined by the
attending physician in each case. However, despite these limitations, the current study
findings are important as they are based on the largest Japanese cancer registry data of
patients with kidney transplants. Especially, it is noteworthy that in group 4, the prevalence
of de novo cancers at the early phase after kidney transplantation was clearly lower than in
the other groups, despite the significantly older recipients.

5. Conclusions

Despite the improvement of patient and graft survival rates with the increasing po-
tency of immunosuppressants, the cumulative cancer incidence rate after kidney transplan-
tation increased, with a tendency for a shorter time from kidney transplantation to cancer
development. The addition of mTORis to conventional induction immunosuppressive
therapy was not only associated with improved patient and graft survival rates but also
with reduced cancer incidence, at least in the short term after kidney transplantation. The
current study findings have potential clinical significance, including the optimization of
effective immunosuppressive therapies to prevent the development of post-transplantation
cancer, which requires further long-term studies.
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Abstract: With scarce organ supply, a selection of suitable elderly candidates for transplant is needed,
as well as auditing the long-term outcomes after transplant. We conducted an observational cohort
study among our patient cohort >60 years old with a long follow up. (1). Patients and Methods: We
used our database to study the results after transplant for 593 patients >60 years old who underwent
a transplant between 2000–2017. The outcome was compared between live donor (LD; n = 257)
recipients, an old-to-old (OTO, n = 215) group using an extended criteria donor (ECD) kidney, and
a young-to-old (YTO, n = 123) group using a standard-criteria donor. The Kaplan−Meir method
was used to calculate the patient and graft survival and Cox regression analysis in order to find risk
factors associated with death. (2). Results: The 5- and 10-year patient survival was significantly
better in the LD group (92.7% and 66.9%) compared with the OTO group (73.3% and 42.8%) and YTO
group (70.9% and 40.6%) (p < 0.0001). The 5- and 10-year graft survival rates were 90.3% and 68.5%
(LD), 61.7% and 30.9% (OTO), and 64.1% and 39.9%, respectively (YTO group; p < 0.0001 between
the LD and the two DD groups). There was no difference in outcome between patients in their 60’s
and their 70’s. Factors associated with mortality included: age (HR-1.060), DM (HR-1.773), IHD
(HR-1.510), and LD/DD (HR-2.865). (3). Conclusions: Our 17-years of experience seems to justify the
rational of an old-to-old allocation policy in the elderly population. Live-donor transplant should be
encouraged whenever possible. Each individual decision of elderly candidates for transplant should
be based on the patient’s comorbidity and predicted life expectancy.

Keywords: dialysis; elderly; expanded criteria donor; kidney transplantation

1. Introduction

Patients ≥60 years old are the largest growing age group in the end-stage renal
disease (ESRD) population and comprise 40% of all patients with ESRD. About 20% of
the candidates awaiting a transplant at any time in the given year are elderly patients [1].
The American Society of Transplantation evaluation guidelines state that there should be
no absolute upper age limit for excluding patients whose overall health and life situation
suggest that transplantation will be beneficial [2]. Kidney transplantation (KT) also offers a
survival benefit in elderly patients, yet a subgroup analysis showed a diminished survival
benefit in the 70–74 year-old age group [3]. Nevertheless, KT in the elderly population
remains a controversial issue, especially among the age group of >70 years old. Rao et al. [4]
showed the outcomes of 5667 elderly patients >70 years old waitlisted between the years
1990 and 2004. They found a 41% reduction in risk of death in patients transplanted versus
patients who remained on the waiting list. They also showed that the recipients of expanded
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criteria donor kidneys had a 25% reduction in risk of death compared with patients who
remained on the waiting list. The majority of patients in the elderly age group have
associated comorbidities like diabetes, coronary artery disease, and peripheral vascular
disease, which make them more frail and ineligible as transplant candidates [5,6]. However,
certain elderly patients are good transplant candidates and have a significant survival
benefit and improved quality of life after transplant. The question is what are the predictors
of a good outcome, namely prolonged graft and patient survival, without associated
posttransplant complications requiring readmissions? Previous reports have tried to
delineate parameters that will help define this group of patients. In a report using decision
analytic model comparing deceased donor KT to continued hemodialysis treatment, the
authors concluded that if available within a timely period (<2 years), transplantation may
offer substantial clinical benefits to older patients at a reasonable financial cost. Prolonged
waiting times dramatically decrease the clinical benefits and economic attractiveness of
transplantation [7]. In another large single center cohort study including 233 patients
older than 65 years transplanted over a 15 year period, Heldal et al. showed that KT in
these patients offered a survival advantage over dialysis treatment [8]. In their series of
patients remaining on the transplantation waitlist, median survival from waitlisting was
3.4 (3.0–3.8) years compared with 4.8 (3.8–5.9) years in the transplant group. The 5-year
survival of KT recipients was 66% compared with 33% among the waitlist patients. When
looking at the scarce organ resource, the individual benefit of transplanting elderly patients
has to be balanced against the corresponding increase in the number of patients awaiting
grafts. In the above study from Finland, the median dialysis time for transplanted patients
was only 12 months, reflecting a high organ donation rate, which justifies allocation of
kidneys to elderly patients. This is not true however in many other parts of the world,
where the median waiting time for transplant, such as in the US, can reach 4–5 years [1].
To overcome this limitation, several countries have created allocation policies that adjust
the predicted recipient life expectancy with the projected graft survival by using extended
criteria donor (ECD) in the elderly patients [9].

Eurotransplant Leiden started the Eurotransplant Senior Program “old for old” in
1999. Their allocation system placed a cut-off age of 65 for matching between donors
and recipients. The kidneys are transplanted with a short cold ischemia time regardless
of the human leukocyte antigen (HLA) compatibility [10]. In parallel, at also in 1999,
the Israeli National Transplantation Center approved a similar “old-to-old” program for
kidney transplantation using kidneys from donors >60 years old or ECD kidneys from
donors >50 years old in patients older than 60 [11,12]. In the US, in order to implement a
similar concept, a policy enabling the use of ECD kidneys was implemented in November
2000 [9,13]. In 2012, the US Organ Procurement and Transplantation Network (OPTN)
replaced the ECD classification system with the Kidney Donor Profile Index (KDPI), which
provided an estimate of the expected survival of a deceased donor kidney graft and a means
to evaluate the suitability of deceased donor kidney possibilities. KDPI was calculated
from donor variables including age, race, diabetes, hypertension, serum creatinine, height,
weight, hepatitis C seropositivity, and cause of death, using the method described by the
OPTN [14,15].

In this study, we report the long-term KT results at our center within the “old-to-old”
program, and specifically analyze the outcomes in a subgroup of patients 70 years and
older. A further analysis was done to define the risk factors associated with graft failure
and patient death among our patient cohort older than 60 years old.

2. Patients and Methods

2.1. Patient Selection

This cohort study is based on a retrospective analysis of our center transplant database,
including kidney transplants performed between 2000–2017. The study was approved by
the Institutional Review Board of the Beilinson Medical Center. We used data of 593 kidney
transplants in the elderly (aged >60 years) for the analysis.
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First, we analyzed the long-term results of the subgroup of patients transplanted
within the deceased donor old-to-old program (DD-OTO), including 213 patients, and
compared them with two other groups, namely 123 patients who received a kidney from a
deceased donor younger than 60 years old (DD-YTO) and another group of 257 patients
who received a graft from a living donor (LD) during the same time interval. Then, we
focused on the group of patients 70 and older and compared their graft and patient survival
rates to that of patients in their 60s. Finally, we used a multifactorial regression analysis to
find risk factors associated with graft loss and patient death in the elderly population.

Data were extracted from the medical records of the relevant hospital departments,
including outpatient clinics, surgery, and anesthesia, and consisted of the recipient’s and
donor’s age and sex, cause of ESRD (diabetic nephropathy, hypertensive disease, polycystic
kidneys disease (PKD), focal and segmental glomerulosclerosis (FSGS), glomerulonephritis
(GN), pyelonephritis, congenital, others, and unknown), preoperative weight and BMI
(kg/m2), comorbidities (diabetes mellitus (DM), ischemic heart disease (IHD), and hyper-
tension (HTN)), dialysis duration before transplantation, graft from an LD or DD, panel
reactive antibody (PRA), and human leukocyte antigen (HLA)-DR mismatch (MM). Out-
comes and complications were determined by analyses of the patients, who all had their
follow-ups at our transplant center.

2.2. Deceased Donor Kidney Allocation

In the deceased donor old-to-old (DD-OTO) group, kidneys from donors >60 or ECD
donors >50 years (defined as donors with at least two risk factors: history of diabetes
mellitus or hypertension, serum Cr. >1.5 mg/dL, and CVA as a cause of death) were
allocated to patients older than 60 years with a PRA of 0% on three consecutive recent
samples. PRA 0% was defined until 2008 by the classical PRA serological test against 20
healthy controls, while after 2008, class I and class II HLA Ab’s was tested using Luminex
technique (R&D System, Biotech Co., Minneapolis, MN, USA). In the deceased donor
young-to-old (DD-YTO) group, allocation was based on the following four parameters:
time on dialysis, degree of pre-sensitization according to percent PRA, B and DR-HLA
matching, and age as a continuous variable. In 2012, two new parameters were added,
namely (1) being a registered organ donor for over 3 years earned a patient two extra
points, and (2) if a family member donated in the past, an extra nine points were added to
the candidate’s score.

2.3. Operative Management

Kidney transplantation was performed through an extraperitoneal approach in the
iliac fossa. The renal vessels were anastomosed to the external iliac vessels, and the ureter
was implanted into the bladder by an extravesical uretero-cystostomy using the anti-reflux
technique. A double-J stent was routinely placed in the ureter and was removed 3 to
6 weeks after transplantation.

2.4. Perioperative Management

Maintenance immunosuppression included the calcineurin inhibitors tacrolimus
(Prograf, Astellas Pharma, Middlesex, UK) starting on postoperative day 1 at a dose
of 0.15 mg/kg, target 12-h trough levels of 8 to 12 ng/mL during the first 3 months and
5 to 8 ng/mL thereafter, or cyclosporine (Sandimmune Neoral, Novartis Pharmaceutical)
starting on postoperative day 1 at a dose of 8 mg/kg, target 12-h trough levels of 150 to
300 ng/mL during the first 3 months and 100 to 200 ng/mL thereafter. Antiproliferative
agents included 1000 mg mycophenolate mofetil (Cellcept, Roche Pharmaceuticals) twice
daily for the first 2 weeks and 500 mg three times a day thereafter, or mycophenolic acid
(Myfortic, Novartis Pharma) 720 mg twice daily for the first 2 weeks and 360 mg three
times per day thereafter. All patients received perioperative intravenous corticosteroid
therapy with methylprednisolone 500 mg on day 0, 250 mg on day 1, and 100 mg on day 2,
after which they received oral prednisone 20 mg per day tapered to 5 mg per day within
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3 months. Induction therapy consisted of one of the following: the anti–IL-2 receptor antag-
onist basiliximab (Simulect, Novartis Pharma) administered intravenously on days 0 and 4
at a dosage of 20 mg; daclizumab (Zenapax; Roche Pharmaceuticals, Basel, Switzerland)
at a dosage of 1 mg/kg on days 0 and 14; or, in cases of immunologic high risk, rabbit
antithymocyte globulin (ATG) (Thymoglobulin; Genzyme Corp) at an intravenous dosage
of 1.0 mg/kg daily for 3 days starting intraoperatively. Part of the study population did
not receive induction therapy. In January 2014, we changed our induction protocol for low
risk (non-sensitized) deceased-donor patients and instead of Basilixumab, we used a single
dose of Thymoglobulin in the OR.

2.5. Clinical Outcomes

The primary clinical outcomes of this study were graft failure (defined as death or
return to dialysis), death-censored graft failure, and all-cause mortality. The outcome data
of all recipients were censored in August 2019. Secondary outcomes were delayed graft
function (DGF) defined as one or more dialysis after transplantation and primary non-
function (PNF). Length of hospital stay after transplant and graft function were measured
by Cr levels immediately and long-term after transplant.

2.6. Statistical Analysis

Mean values, standard deviations, and absolute and relative frequencies were cal-
culated for the descriptive statistical analysis. Chi-squared tests were used to assess the
difference in the frequencies between the four groups for categorical variables, and t-tests
and analysis of variance (ANOVA) were applied for continuous variables. Variables that
were significant on the univariate analysis were entered into a multivariate analysis. p val-
ues ≤ 0.05 were considered significant. Survival analysis was by the Kaplan–Meir Method,
with the log rank test d for comparisons between groups and the Cox regression analysis
applied for identifying risk factors for graft loss and demise. The results were expressed
as hazard ratio (HR) with 95% confidence interval (CI). The covariates included in the
logistic regression and Cox regression models were donor age and gender, recipient age and
gender, diabetes, ischemic heart disease, graft type, dialysis (yes/no) prior to transplant,
sensitization (PRA > 10%), and re-transplantation. Effect modification between donor
types with covariates and outcomes were also examined. Variables that had an association
with clinical outcomes with p-values of <0.10 in the unadjusted analyses were included
in the multivariable-adjusted analyses. Statistical analyses were performed by IBM SPSS
Statistics, software version 25.0 (IBM Corp., Armonk, NY, USA).

3. Results

3.1. Comparison between the Live Donor Group (LD) and the Two Deceased Donor Groups:
Old-to-Old (DD-OTO) and Young-to-Old (DD-YTO) Recipients

In comparison between the three groups, the main differences were noted between the
LD group and the two DD groups (Table 1). As part of the allocation, differences between
these groups were that DD-OTO patients were non-sensitized with a lower level of HLA
matching and a lower rate of re-transplantation. Their donor’s mean age was significantly
higher compared with the age of the donors in the two other groups. The LD patients had
a shorter duration of dialysis before transplant, with 25% of them transplanted before the
initiation of dialysis. The induction protocol was also different between the LD and the
two DD groups, with a greater proportion of patients in the DD groups who received a
single dose of ATG instead of IL-2 inhibitors as part of a new protocol introduced in 2013.
The mean donor age of the LD and the DD-YTO groups was significantly lower compared
to the mean donor age of the DD-OTO group. The above differences were translated into a
better outcome in the LD group compared to that of the other two DD groups, including
significantly lower DGF and PNF rates (Tables 2 and 3) as well as better graft and patient
survival rates (Figures 1 and 2). The ten year uncensored patient survival rates were 42.8%
in deceased donor old-to-old (DD-OTO), 40.6% in deceased donor young-to-old (DD-YTO),
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and 66.9% in live donor (LD), p = 0.000 LD compared to the two DD groups. The ten year
uncensored graft survival rates were 30.9% in DD-OTO, 39.9% in DD-YTO, and 68.5% in
LD, p = 0.000 LD, compared to the two DD groups (Figures 1 and 2). Graft and patient
survival were similar in the two DD groups (Figures 1 and 2). Recipients in the LD and
DD-YTO groups had a better death-censored graft survival (Figure 3), although graft and
patient survivals were not different between the two DD groups. The estimated 10 year
graft survival censored for death with a functioning graft was 65% in DD-OTO, 84.9% in
DD-YTO, and 91.8% in LD, p = 0.000 LD, compared to the two DD groups and p < 0.001
DD-YTO vs. DD-OTO (Figure 3).

Table 1. Characteristics of patients in the three groups: living donor, deceased donor old-to-old
(DD-OTO), and deceased donor young-to-old (DD-YTO).

Living Donor
n = 257

DD
Old-to-Old

n = 213

DD
Young-to-Old

n = 123

p Value
LD vs.

DD

p Value
OTO vs.

YTO

Mean follow-up (months) 63.0 ± 49.5 59.4 ± 47.4 60.6 ± 49.2 0.714 0.082

Recipient age (years) 64.9 ± 3.8 65.7 ± 5.0 64.5 ± 3.6 0.036 0.012

Recipient Gender M/F
(%) 76.4/23.1 78.4/21.6 69.6/30.4 0.180 0.480

Primary Disease (%) 0.014 0.133

HTN 10.1 15.5 9.6

DM 32.2 32.4 20.0

PCKD 12.4 12.7 11.2

GN 7.4 7.5 12.8

Pyelonephritis 3.9 2.3 5.6

FSGS 4.3 7.0 7.2

IgA 5.4 2.8 2.8

Other 10.5 6.1 14.4

Unknown 13.8 13.7 16.4

Diabetes (%) 49.6 45.1 34.2 0.020 0.093

IHD (%) 32.9 39.7 42.2 0.159 0.770

PRA class I (%) 8.3 0.0 11.4 0.001 0.015

PRA class II (%) 6.6 0.0 3.9 0.002 0.016

Time on dialysis (mo.) 21.5 ± 22.7 63.3 ± 28.8 61.9 ± 33.8 p < 0.001 0.486

HLA-B full-match (%) 6.7 1.2 4.2 p < 0.001 0.273

HLA-DR full-match (%) 6.7 2.9 10.3 p < 0.001 0.058

Re-transplantation (%) 8.1 3.8 9.6 0.205 0.086

Donor age (years) 45.9 ± 12.4 65.9 ± 4.4 47.1 ± 11.0 p < 0.001 p < 0.001

Donor gender M/F (%) 54.3/45.7 56.6/43.4 60.5/39.5 0.521 0.730

Induction (%) p < 0.001 0.828

IL-2 inhibitor 75.3 46.4 48.8

ATG 8.6 48.8 45.5

Desensitization
(IVIG + PP + Rituximab) 8.7 0.0 0.0

Cold ischemia time
(hours) 3.5 ± 1.8 10.1 ± 3.7 10.8 ± 3.8 p < 0.001 0.524

DD, deceased donor; LD, living donor; OTO, old-to-old; YTO, Young-to-Old; HTN, hypertension; DM, diabetes
mellitus; PCKD, polycystic kidney disease; GN, glomerulonephritis; FSGS, focal segmental glomerulosclerosis;
IgA, immunoglobulin A; IHD, ischemic heart disease; PRA, panel reactive antibody, class I and II; HLA-B/DR
match, human leukocyte antigen; IL-2 inhibitor, interleukin 2 inhibitor; ATG, anti-thymocyte globulin; IVIG,
intravenous immune globulin; PP, plasmapheresis.
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Table 2. Kidney transplant outcomes.

Living Donor
n = 257

DD
Old-to-Old

n = 213

DD
Young-to-Old

n = 123

p Value
LD vs.

DD

p Value
OTO vs.

YTO

DGF (%) 9.7 41.3 47.2 p < 0.001 0.255

PNF (%) 0.4 2.3 1.6 0.001 0.366

Graft Failure (%) 4.7 18.8 11.2 p < 0.001 0.531

Death (%) 15.5 36.2 40.8 p < 0.001 0.395

Death with functioning
graft (%) 11.6 25.8 33.6 p < 0.001 0.066

Length of stay (days) 12.5 ± 23.7 15.7 ± 11.6 15.9 ± 12.2 0.081 0.201

Cr 30 days (mg/dL) 1.36 ± 0.67 2.90 ± 1.29 1.91 ± 1.28 p < 0.001 0.668

Cr 1 year (mg/dL) 1.22 ± 0.37 1.74 ± 1.12 1.79 ± 1.49 p < 0.001 0.717

Cr 5 years (mg/dL) 1.35 ± 1.14 2.29 ± 2.19 1.79 ± 1.49 p < 0.001 0.124
DD, deceased donor; LD, living donor; OTO, old-to-old; YTO, Young-to-Old; DGF, delayed graft function; PNF,
primary nonfunction; Cr, creatinine.

Figure 1. Kaplan–Meier patient survival of LD, DD-OTO, and DD-YTO. DD, deceased donor; LD,
living donor; OTO, old-to-old; YTO, Young-to-Old.
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Table 3. Cox regression multivariate analysis for death and graft loss.

Risk Factors for Death Hazard Ratio 95% Confidence Interval p Value

Age 1.060 1.019–1.101 0.004

DM 1.773 1.241–2.532 0.002

IHD 1.510 1.063–2.145 0.021

Donor type (DD/LD) 2.865 1.910–3.800 p < 0.001

Risk Factors for Graft Loss

IHD 1.782 1.045–3.038 0.034

Donor age 1.025 1.000–1.051 0.050

Donor type DD/LD 6.064 2.315–15.881 p < 0.001
DM, diabetes mellitus; IHD, ischemic Heart disease; DD, deceased donor; LD, living donor.

Figure 2. Kaplan–Meier graft survival of LD, DD-OTO, and DD-YTO. DD, deceased donor; LD,
living donor; OTO, old-to-old; YTO, Young-to-Old.
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Figure 3. Kaplan–Meier death censored graft survival of LD, DD-OTO, and DD-YTO. DD, deceased
donor; LD, Living donor; OTO, old-to-old; YTO, Young-to-Old.

In the Cox regression analysis (Table 3) looking for independent variables associated
with risk of death after transplant, the following risk factors were found: age (HR 1.060),
DM (HR 1.773), IHD (1.510), and donor type (DD vs. LD, HR 2.865). Variables associated
with a risk of graft loss were IHD (HR 1.782), donor age (HR 1.025), and donor type (DD
vs. LD, HR 6.064).

3.2. Comparison between Patients 70 and Older to Patients 60–69 Years

In the second part of our study, we compared the results after kidney transplantation
in a subgroup of recipients 70 years and older (n = 100) to the remaining cohort of 60–69
year old patients (n = 493). Apart from the differences in mean age, the mean donor age
and proportion of male to female were both higher in the patients ≥70 years old. Other
parameters, including primary disease proportion of patients with DM and IHD, degree of
sensitization, interval of dialysis pretransplant, HLA DR match, donor gender, induction
type, and re-transplant rate, were not significantly different between the two groups. Living
donor rates were lower in the ≥70 year old patient group with 12.8% compared to 19.8% in
the 60–69 year old group (p = 0.016) (Table 4).
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Table 4. Characteristics of patients in groups 60–69 and ≥70 years old.

Patients 60–69 Years Old
n = 493

Patients ≥ 70 Years Old
n = 100

p Value

Recipient age (years) 63.7 ± 2.8 72.3 ± 2.4 p < 0.001

Recipient Gender M/F (%) 77.4/22.6 67/33 0.027

Primary Disease (%) 0.359

HTN 11.1 16.0

DM 30.2 27.0

PCKD 12.5 11.0

GN 8.5 9.0

Pyelonephritis 4.0 2.0

FSGS 6.0 5.0

IgA nephropathy 4.2 0.0

Other 9.3 12.0

Unknown 14.2 18.0

Diabetes (%) 42.9 43.0 0.942

IHD (%) 38.0 33.3 0.392

PRA class I (%) 8.0 5.3 0.355

PRA class II (%) 3.7 3.7 1.000

Time on dialysis (mo.) 52.5 ± 31.3 46.4 ± 34.8 0.115

HLA-B full-match (%) 5.3 0.0 0.013

HLA-DR full-match (%) 7.0 2.6 0.108

Re-transplantation (%) 7.3 5.1 0.558

Donor age (years) 52.4 ± 13.8 57.8 ± 12.2 p < 0.001

Donor gender M/F (%) 55.2/44.8 63/37 0.230

Donor type LD (%) 19.8 12.8 0.016

Induction (%) 0.129

IL-2 inhibitor 59.2 61.0

ATG 29.5 36.0

Desensitization 4.3 1.0

(PP ± Rituximab) 7.0 2.0

Cold ischemia time (hours) 10.0 ± 3.5 10.7 ± 4.1 0.263
HTN, hypertension; DM, diabetes mellitus; PCKD, polycystic kidney disease; GN, glomerulonephritis; FSGS,
focal segmental glomerulosclerosis; IgA, immunoglobulin A; IHD, ischemic heart disease; PRA, panel reactive
antibody, class I and II; HLA-B/DR match, human leukocyte antigen; IL-2 inhibitor, interleukin 2 inhibitor; ATG,
anti-thymocyte globulin; PP, plasmapheresis.

Graft survival rates (Figure 4) at 1, 3, 5, and 10 years after transplant in patients 70
and older were 90.9%, 83.3%, 74.9%, and 36.1%, respectively, while in patients 60–69 years
old, the survival rates were 89.1%, 81.8%, 74.3%, and 49.2% (p = 0.251), respectively. Patient
survival rates (Figure 5) at 1, 3, 5, and 10 years after transplant were 92.8%, 84.7%, 78.1%,
and 36.7% in the 70 and older group, and 93.9%, 87.9%, 81.1%, and 53.9% in the 60–69
year old group, respectively (p = 0.046). Estimated graft survival censored in death with
functioning graft (Figure 6) at 1, 3, 5, and 10 years after transplant were 98.0%, 96.6%, 93.5%,
and 89.8% in the ≥70 year old group compared to 94.1%, 90.7%, 87.6%, and 79.7% in the
60–69 years old group, p = 0.092.
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Figure 4. Graft survival: comparison between groups 60–69 and ≥70 years old.

Figure 5. Patient survival: comparison between groups 60–69 and ≥70 years old.
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Figure 6. Estimated graft survival censored in death with functioning graft: comparison between
groups 60–69 and ≥70 years old.

The rates of DGF, PNF, overall graft failure, death rates, length of hospital stay, and
mean Cr levels at 1 month, 1 year, and 5 years after transplant were not different between
the two groups (Table 5).

Table 5. Outcomes of patients in groups 60–69 and ≥70 years old.

Patients 60–69 Years Old
n = 493

Patients ≥ 70 Years Old
n = 100

p Value

DGF (%) 28.5 32.0 0.746

PNF (%) 1.4 1.0 0.672

Graft failure (%) 32.5 32.0 0.929

Death (%) 27.6 31.0 0.493

Death with functioning
graft (%) 17.9 26.0 0.054

Length of stay (days) 14.4 ± 19.4 14.0 ± 9.2 0.847

Cr 30 days (mg/dL) 1.76 ± 1.18 1.55 ± 0.67 0.084

Cr 1 year (mg/dL) 1.55 ± 1.09 1.38 ± 0.38 0.068

Cr 5 years (mg/dL) 1.77 ± 1.75 1.61 ± 0.78 0.668
DGF, delayed graft function; PNF, primary nonfunction; Cr, creatinine.

4. Discussion

It is well documented that kidney transplantation offers a survival benefit in the
elderly population when compared to dialysis, and that chronological age should not be
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a barrier for access to transplant [16]. In our large cohort study with a long follow up, a
median of 5 years, the 5-year survival rates for live donor recipients were of 92.7% and for
deceased donor recipients >70%, which were better than the expected survival if remaining
on dialysis. In our group of patients older than 70 years, the 3- and 5-survival rates were
84.7% and 78.1%, respectively, and were slightly lower than those for patients a decade
younger. However, in our multivariate Cox regression analysis, age remained an important
factor affecting survival, as expected with increased risk of death with a functioning graft
in advanced age, as seen in our study. Kidney transplantation from deceased donors >65
or older is associated with suboptimal patient and graft survival. Nevertheless, when
compared to patients remaining on dialysis there is reduced risk for death [17]. In a
study published by Loveras et al., a paired survival analysis between recipients of kidneys
from DD older than 65 with that of their paired patients on maintenance dialysis. They
observed that patient and graft survival was reduced with the increasing age of the donor
and recipient. Moreover, elderly recipients of these old kidneys had a reduced risk of
death-censored graft failure compared to younger recipients of these grafts [18]. On the
other hand, it has been reported that old recipients of young donor kidneys show graft
survival exceeding patient survival, which means a significant graft-years loss [19].

Historically, there has been reluctance to use living donor transplants for older adults
given their inherent limited life span. However, recent data suggest that living donor
kidneys might be the best treatment option for elderly transplant recipients, just as it is for
younger individuals [20]. Molnar et al. compared the association of ECD kidney and living
kidney donation across different ages, including elderly recipients. They concluded that
living donor kidney appears to be associated with greater survival across all age groups,
including the elderly, although the significantly lower transplant loss rate is observed
mainly in those younger than 70 years. Hence, they suggested that the elderly patients
with ESRD gain years of life if they receive a kidney transplant, in particular from a living
donor. Other data indicate that elderly transplant recipients have a 41% lower overall risk
of death compared with wait-listed candidates [21]. Kidney donation from the patient’s
children in this age group may often be the only option, although it is not always accepted
by the parent. Alternatively, a kidney donation from an older donor of the same age group
should be considered. There are reports of good outcomes when using a graft from elderly
living donors [22,23]. Given the relatively high probability of a poor outcome for older
patients on the wait list, living donor transplantation, even with a donor 65 years or older,
is preferable to waiting for a standard criteria deceased donor transplant [24]. Similar
to previous reports in our study when comparing the outcome between three groups,
live-donor and two groups of deceased donors also found a significant better patient and
graft survival in the group of live donor recipients. These differences could be explained
by the younger donor age, shorter duration of dialysis, and shorter cold ischemia in that
group. Indeed, a Cox regression analysis including all these variables the type of donor
remained the most significant variable affecting survival with HR of 2.865 (CI 1.910–4.297)
for patient survival and 6.064 (CI 2.315–15.881) for graft survival. This finding reflects a
better graft quality in the LD group when compared to the quality of grafts of the two DD
groups associated with significantly lower rates of DGF and PNF after transplant, as well
as lower creatinine levels along the follow up.

Differences between these two groups might also be contributed to by the selection
bias of recipients with a better condition. In our study, 25% of patients in the LD group
were transplanted before initiation of dialysis, whereas the mean dialysis span between
initiation of dialysis to transplant in the two DD groups was >5 years. It is known that the
longer elderly patients are on dialysis the worse is their general condition and frailty score,
mainly because of the progression of cardiovascular and metabolic bone disease [5]. Schold
et al. showed that when accepting an ECD for an elderly patient who is more than 2 years
old on dialysis, the survival benefit of transplant over dialysis is markedly lower [25].

In our study, cardiovascular disease was found to be a significant risk factor affecting
both patient and graft survival after transplant. The hazard ratio for death was 1.773 (CI
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1.241–2.532) and for graft loss 1.782 (CI 1.045–3.038). Similar findings were reported in
a series from Brazil including 366 patients older than 60, where diabetes mellitus as a
cause of renal failure had a hazard ratio (HR) of 1.507 (CI 1.038 to 2.189) for death after
transplant [26]. Patient and graft survivals at 5 years in this series were 76.6% and 72.2%
similar to the results in our series. The incidence of major cardiac events is maximal during
the first month after transplantation, associated with the stress of surgery, fluid resuscitation
and infectious complications associated with hemodynamic instability. To address that
problem and lower the cardiovascular risk, there is a need to prepare those candidates
with known IHD and to manage them in collaboration with a cardiologist familiar with
transplantation. Revascularization of asymptomatic IHD does not reduce risks of mortality
for people with type 2 diabetes nor in those undergoing major vascular surgery [27,28].
There are no contemporary data in ESRD to determine whether revascularization is helpful
or harmful overall; however, the risks of revascularization in ESRD are higher than for the
general population. Given these uncertainties, there is a recommendation for screening
candidates at high risk for IHD at time of evaluation, in order to guide medical management
and inform risk [29,30].

In our series, 29.7% of the patients had diabetic nephropathy as the cause for ESRD and
their overall death rate along the follow up was 32.4% compared to 21.8% in the remaining
cohort. Moreover, DM was associated with HR of 1.773 for death after transplant. Indeed,
previous studies have also shown that diabetes mellitus is associated with lower graft
and patient survival after transplant in the elderly population. The rationale behind
allocation programs based on age matching between donors and elderly recipients was
based on utility considerations. Despite lower survival rates when using ECD donors for
that population, the survival advantage benefit over wait-list patients has been shown
in previous reports. In a report of 244 patients transplanted along the two decades of
the ESP program, patient survival rates at 1, 5, and 10 years were 91.7%, 66.3% and 38%,
respectively. Death censored graft survival for the same intervals were 93.3%, 82.6%, and
70.4%, respectively [31]. In the US, where allocation system is based on match between
ECD kidneys having a high KDPI and patient risk score, a gain in survival over staying
on dialysis is seen when ECD kidneys with high KDPI are transplanted in high-risk
patients [32]. In a study to predict survival after transplant the authors combined two
scores, the estimated patient post-transplant survival (EPTS) score and KDPI score. An
Estimated Post Transplant Survival (EPTS) score is assigned to all adult candidates on
the kidney waiting list and is based on four factors: time on dialysis, current diagnosis
of diabetes, prior solid organ transplants, and age. The score is associated with how
long the candidate will need a functioning kidney transplant when compared with other
candidates [33].As for candidates with an EPTS score of 80, 5-year waitlist survival was
47.6%, and 5-year post-KT survival was 78.9% after receiving kidneys with a KDPI of
20% and was 70.7% after receiving kidneys with a KDPI of 80%. The impact of KDPI on
survival benefit varied greatly by EPTS score. For candidates with low EPTS scores (e.g,
40), survival benefit decreased with a higher KDPI but was still substantial even with a
KDPI of 100% (>16 percentage points) [34].

In our study, the group of “old-to-old” had a patient survival of 1, 5, and 10 years
of 91.0%, 73.3%, and 42.8%, respectively. Death censored graft survival rates in the same
intervals were 90.4%, 79.7%, and 65.0%, reflecting comparable results of the ESP program.
When evaluating the results in our patient population of 70 years and older, patient survival
at 1- and 5- years were no different from the younger cohort, with the drop to 36.7% at
10 years, which is explained by their death for aging and associated comorbidities. No
difference in graft survival was seen between these two groups. This is despite a younger
donor age and in the 60–69 year old group (52.4 ± 13.8 and 57.8 ± 12.2, respectively,
p < 0.0001) and a lower proportion of live donor. Yet, on the long term, about 30% of these
patients are dying with a functioning graft, a death that is associated mostly with their
cardiovascular comorbidities [29].
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In a study calculating the costs of transplant in the elderly population assuming a
2-year wait-listed time, transplantation remained economically attractive for 70 years old
patients incremental cost effectiveness (ICE), $79,359 per quality-adjusted life years (QALY),
but was less economically attractive for those over 75 years of age (ICE, $99,553) or for
70 years old with either cardiovascular disease or diabetes (ICE, $126,751 and $161,090 per
QALY, respectively) [7]. The authors concluded that transplantation compared with dialysis
continues to increase life expectancy at an advanced age, but it does so at an increased
cost. The data also show that for the older patients, the attractiveness of transplantation is
highly sensitive to the time spent waiting for the transplant.

In our series, elderly patients who received DD kidney had a high rate of delayed
graft function (~40%) requiring dialysis and a long mean hospital stay (16 days). Although
the DGF rate was significantly lower in the LD group (9.7%), the length of mean hospital
stay was still relatively long (12.5 days), which explains the higher costs associated of
transplantation in that age group. Nevertheless, LD kidney transplantation even when
using a match-age donor in our study, as well as in other previous reports, has shown
favorable outcomes associated with prolonged survival and therefore should be advocated
whenever possible.

The strength of our study is its large cohort of elderly patients with a long follow-up
with a mean duration of 68 months. Moreover, this is a single center study with a uniform
recipient and immunosuppressive protocol with minimal changes overtime and a steady
donor screening. In addition, all patients had their follow-up throughout the whole period
at our nephrology clinic.

However, our study has several limitations that bear mention. First, it is retrospective
in design. Second, there are some missing data parameters such as dialysis interval prior
to transplant and rejection episodes. There is a selection bias with living donor candidates
being carefully selected immediately before their elective transplant, while DD transplants
are urgent procedures. Annual evaluation of DD KT candidates enables the deterioration of
existing comorbidities or the increase of new medical problems. As a consequence, some of
the urgent DD KT are done under sub optimal conditions rather than aborting after years
on the waitlist. The differences between LD and DD transplants makes them unmatched.
Lastly, we did not use a frailty score in our study, a factor that is well known to influence
outcome after transplant in the elderly population [5].

In summary, in our study of KT in elderly patients >60 years with a mean follow up
of 5.6 years, we showed comparable results of the “old-to-old” program to those reported
in the literature. In the whole patient cohort, patient survival was independent of donor
age, while recipient age and comorbidities were significant factors affecting outcome in
that age group. Donor age was a risk factor of graft loss with HR of 1.025 (1.00–1.051) in
that age group, reflecting the importance of graft quality within the high-risk population.
The results after LD transplantation were significantly better, a finding that is explained by
favorable donor and recipient factors, such as shorter dialysis duration and cold ischemia,
as well as younger donor age. Risk factors for death are donor type, recipient age, and
presence of DM and IHD. Whereas risk factors for graft loss are IHD, donor type (DD/LD),
and donor age. Finally, age was found to be a significant factor affecting graft and patient
survivals in multifactorial regression analysis, within the older group of patients ≥70 years
results after transplant were acceptable and not different to those of patients in the former
decade of life.

5. Conclusions

Our results support continuous practice of the old-to old allocation policy based
on utility considerations. However, whenever live donor transplantation is available, it
should be encouraged. Transplant candidacy of elderly patients should be based on the
patient’s general condition, performance, and cognitive status, as well as their predicted
life expectancy.
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Abstract: Conventional renal function markers are unable to measure renal allograft perfusion
intraoperatively, leading to delayed recognition of initial allograft function. A handheld near-infrared
spectroscopy (NIRS) device that can provide real-time assessment of renal allograft perfusion by
quantifying regional tissue oxygen saturation levels (rSO2) was approved by the FDA. This pilot
study evaluated the feasibility of intraoperative NIRS monitoring of allograft reperfusion in renal
transplant recipients (RTR). Intraoperative renal allograft rSO2 and perfusion rates were measured in
living (LDRT, n = 3) and deceased donor RTR (DDRT, n = 4) during the first 50 min post-reperfusion
and correlated with renal function markers 30 days post-transplantation. Intraoperative renal
allograft rSO2 for the DDRT group remained significantly lower than the LDRT group throughout
the 50 min. Reperfusion rates were significantly faster in the LDRT group during the first 5 min post-
reperfusion but remained stable thereafter in both groups. Intraoperative rSO2 were similar among
the upper pole, renal hilum, and lower pole, and strongly correlated with allograft function and
hemodynamic parameters up to 14 days post-transplantation. NIRS successfully detected differences
in intraoperative renal allograft rSO2, warranting future studies to evaluate it as an objective method
to measure ischemic injury and perfusion for the optimization of preservation/reperfusion protocols
and early prediction of allograft function.

Keywords: clinical research practice; near-infrared spectroscopy; kidney transplantation; initial
allograft function; intraoperative; tissue oxygen saturation

1. Introduction

Kidney transplantation (KT) is the treatment of choice for patients with end-stage
renal disease due to the improved prognosis and quality of life compared to maintenance
dialysis [1]. The current supply of donor kidneys has not met the demand for KT [2]. While
living donor renal transplants (LDRT) generally have better outcomes, deceased donor
kidneys have been the majority organs supplied for transplant in the United States [3].
In comparison to LDRT, deceased donor renal transplants (DDRT) generally have worse
allograft function, a higher rate of complications, and longer hospital stay during the
early post-transplant period [4,5]. Moreover, slow initial allograft function has been
correlated with an increased risk of acute rejection, higher incidence of long-term allograft
loss, and worse patient survival [4,6–8]. Therefore, prompt evaluation and treatment are
crucial to optimize allograft perfusion and minimize ischemic insult, leading to better
allograft function.
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Up to now, conventional laboratory markers, such as serum creatinine, urine output in
donors and cold ischemic time (CIT) are widely used to predict initial allograft function [9].
However, there are very limited reliable intraoperative methods to assess real-time allograft
condition, resulting in late detection of slow allograft function and injury during the early
post-transplant period [10]. Furthermore, transplant surgeons currently evaluate and
predict initial allograft function in the critical early post-transplantation period through the
assessment of color, texture, and capillary refill after reperfusion of the allograft, which is
highly subjective and varies greatly based on the surgeons’ experience. Due to the severe
shortage of organs, marginal kidneys, which are defined as having a higher percent kidney-
donor profile index, are increasingly being transplanted. For this reason, the development
of a marker for the early evaluation of allograft quality, which can reliably predict slow
allograft function, will assist physicians in the adjustment of therapeutic management, and
improve allograft function, thus limiting further allograft injury during the immediate
posttransplant period [3,11].

Near-infrared spectroscopy (NIRS) devices can measure regional tissue oxygen satura-
tion levels (rSO2) and provide real-time assessment of tissue perfusion based on differences
in light-absorbing properties of oxygenated and deoxygenated hemoglobin [12]. The
perfusion of kidney allografts measured by a NIRS monitor following pediatric KT has
recently been shown to be significantly correlated to the current gold standard, Doppler
ultrasound [13]. During the 72-h posttransplantation period, continuous renal NIRS
measurements were strongly correlated with serum creatinine and eGFR in pediatric KT
recipients [14]. Despite the proven benefits, the utilization of NIRS devices to monitor
allograft perfusion has not been investigated intraoperatively because of their inconve-
niently bulky size and in adult KT due to the large skin-to-kidney distance [15]. A wireless,
non-invasive, and handheld NIRS device was recently developed and approved by the
FDA; however, its use has only been studied in porcine skin flap and bowel models [16–18]
to our knowledge.

As measuring renal allograft rSO2 levels intraoperatively with a handheld NIRS de-
vice can circumvent the distance limitation and offer an objective method for the early
assessment of allograft reperfusion, this pilot study examined the feasibility of intraopera-
tive NIRS monitoring in KT recipients by comparing intraoperative allograft rSO2 levels
between LDRT and DDRT and correlating these levels to conventional markers of renal
function during the first 30 days after KT.

2. Materials and Methods

2.1. Patients Eligibility and Study Design

In this prospective study, adults >18 years of age undergoing either LDRT or DDRT
were randomly recruited between September 2018 and March 2020 at the University of
California, Irvine Medical Center. The study was approved by the research ethics committee
at the University of California Irvine Institutional Review Board (protocol # 2018-4395).
Written informed consent was obtained from all participants prior to participation. All
methods were carried out in accordance with relevant guidelines and regulations. The
study was conducted according to the principles of the Declaration of Helsinki and Istanbul.

2.2. Near-Infrared Spectroscopy Measurements

Intraoperative monitoring of renal allograft reperfusion was performed using a hand-
held, non-invasive, and FDA-approved NIRS tissue oximetry sensor device (Intra.Ox,
ViOptix, Inc. Newark, CA, USA) that can provide real-time and instantaneous rSO2 mea-
surements [16,18]. During the surgical procedure, rSO2 levels were measured pre- and
post-reperfusion (i.e., removal of vascular clamps) at 3, 5, 10, and 20 min by placing the
device directly over three regions of the allograft: upper pole (UP), renal hilum (RH), and
lower pole (LP). NIRS measurements were also taken at 30 and 50 min. The mean arterial
pressure of all participants was adjusted to approximately 80–90 mmHg. To optimize the
accuracy of rSO2 measurements and minimize external light interference, bloodstains on
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the allograft were cleaned with laparotomy sponges, and surgical lights were moved away
before each measurement.

2.3. Laboratory Measurements

Serum creatinine, blood urea nitrogen (BUN), urine output, systolic blood pressure
(BP), and mean arterial pressure (MAP) were measured preoperatively (pre-op) and on
postoperative days (POD) 1, 3, 7, 14 and 30 as part of their standard-of-care clinic visits. The
estimated glomerular filtration rate (eGFR) was calculated as previously described [19].

2.4. Statistical Analysis

Data normality was analyzed using a Shapiro–Wilk test. Normally distributed con-
tinuous variables, including age, weight, height, CIT, length of hospital stay, rSO2 levels,
systolic BP, and MAP, are expressed as mean ± standard error of the mean (SEM). Median
and range are used to present continuous variables with a non-normal distribution. The
categorical variable, gender, was described as percentages and analyzed using a chi-square
test. An unpaired two-tailed t-test was used to compare continuous variables with a normal
distribution, while non-normally distributed continuous variables were compared using
a two-sided Mann-Whitney U test. The differences in rSO2 levels among three regions were
analyzed in both groups using a one-way analysis of variance (ANOVA) with Bonferroni
correction for multiple comparisons. Linear regression analysis was performed to construct
trend lines and estimate the rates of change in rSO2 levels from pre-reperfusion to 5 min
post-reperfusion and from 20 to 50 min post-reperfusion. Comparisons of rates of change
in rSO2 levels per minute between two groups were conducted using an analysis of covari-
ance (ANCOVA). The average rSO2 levels post-reperfusion at 3, 5, 10, and 20 min were
correlated to conventional markers of renal function, including serum creatinine, eGFR,
BUN, and urine output, using a non-parametric Spearman’s correlation coefficient test
and to hemodynamic parameters related to allograft perfusion, including systolic BP and
MAP, using a parametric Pearson’s correlation coefficient test. A p < 0.05 was defined as
statistically significant. All statistical analyses were performed using SPSS Statistics 25
(IBM SPSS, Chicago, IL, USA).

3. Results

3.1. Characteristics of Living and Deceased Renal Transplant Recipients

Of the seven KT recipients randomly recruited, three recipients underwent LDRT and
four recipients received DDRT. Both groups had no differences in age, gender, weight, and
height (Table 1). There was no significant difference in the length of hospital stay between
the two groups (LDRT: 6.3 ± 1.3 days vs. DDRT: 7.5 ± 1.2 days; p = 0.545) (Table 1). The
average CIT were 2.2 ± 0.1 h in LDRT and 25.3 ± 1.4 h in DDRT (p = 0.057) (Table 1).

Table 1. Characteristics of living and deceased donor renal transplant recipients.

LDRT (n = 3) DDRT (n = 4) p-Value

Age (years) 38.0 ± 9.2 59.5 ± 3.5 0.057
Female, n (%) 1 (33.3%) 1 (25.0%) 0.999
Weight (kg) 69.2 ± 9.5 87.2 ± 7.2 0.183
Height (m) 1.6 ± 0.06 1.7 ± 0.01 0.761

Cold ischemic time (hours) 2.2 ± 0.1 25.3 ± 1.4 0.057
Hospital stay (days) 6.3 ± 1.3 7.5 ± 1.2 0.545

Data are expressed as mean ± standard error of the mean. LDRT: living donor renal transplant. DDRT: deceased
donor renal transplant. ICU: intensive care unit.

3.2. Tissue Oxygen Saturation (rSO2) Level at the UP, RH, and LP of the Kidney Allograft in
Living and Deceased Donor Renal Transplants after Reperfusion

Allograft rSO2 levels pre-reperfusion in two groups were not different at UP, RH, and
LP (LDRT: 30.0 ± 4.2%, 30.0 ± 5.5%, 29.0 ± 1.5% vs. DDRT: 30.0 ± 2.3%, 35.8 ± 5.6%,
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30.0 ± 2.8%, respectively) (Figure 1A–C). After the removal of vascular clamps, rSO2 levels
at UP of the allograft in LDRT group were significantly higher than DDRT group at 10 min,
but not at 3, 5, or 20 min (LDRT: 61.3 ± 5.7%, 55.7 ± 3.4%, 61.7 ± 4.4%, 60.3 ± 5.0% vs.
DDRT: 43.5 ± 3.6%, 41.3 ± 5.0%, 46.3 ± 5.3%, 47.0 ± 4.1%, respectively) (Figure 1A–C). At
RH, rSO2 levels in LDRT group were significantly higher than DDRT group at 3, 5, and
10 min after reperfusion, but not at 20 min (LDRT: 54.0 ± 2.0%, 60.0 ± 2.5%, 58.3 ± 4.2%,
59.3 ± 5.9% vs. DDRT: 37.5 ± 4.2%, 43.0 ± 3.2%, 44.3 ± 3.0%, 46.5 ± 3.2, respectively)
(Figure 1A–C). When rSO2 levels was measured at LP, LDRT group had significantly
greater measurements than DDRT group at 5 and 10 min, but not at 3 and 20 min (LDRT:
55.7 ± 5.7%, 58.0 ± 2.5%, 55.0 ± 3.0%, 57.7 ± 5.2% vs. DDRT: 37.0 ± 2.5%, 41.0 ± 1.7%,
39.5 ± 5.4%, 43.3 ± 5.3%, respectively) (Figure 1A–C). Although the average rSO2 levels
at three regions were similar between two groups pre-reperfusion, these levels became
significantly higher in LDRT group at 3-, 5-, 10-, and 20-min post-reperfusion (LDRT:
29.7 ± 2.1%, 54.9 ± 1.5%, 59.1 ± 2.4%, 59.2 ± 2.2%, 59.1 ± 2.7% vs. DDRT: 32.0 ± 2.2%,
39.4 ± 2.6%, 42.1 ± 2.3%, 42.9 ± 1.6%, 45.6 ± 2.3%, respectively) (Figure 1D). Even after
30- and 50-min post-reperfusion, LDRT group had significantly greater average rSO2 levels
at three regions (LDRT: 66.3 ± 2.0%, 63.2 ± 3.2% vs. DDRT: 46.0 ± 3.2%, 43.0 ± 4.6%,
respectively) (Supplementary Figure S1A).

Figure 1. Tissue oxygen saturation (rSO2) level curves of the kidney allograft in living (n = 3, solid turquoise line and closed
circles) and deceased donor renal transplants (n = 4, dash red line and closed triangles) before and after 20 min (mins) of
reperfusion. Tissue oxygen saturation levels of the kidney allograft in living and deceased donor renal transplants were
measured at three regions (upper pole, renal hilum, and lower pole) using a handheld tissue oximetry sensor device before
and after reperfusion at 3, 5, 10 and 20 min. (A) Tissue oxygen saturation level curves measured at the upper pole of the
kidney allograft. (B) Tissue oxygen saturation level curves measured at the renal hilum of the kidney allograft. (C) Tissue
oxygen saturation level curves measured at the lower pole of the kidney allograft. (D) Average tissue oxygen saturation
level curves measured at three regions of the kidney allograft. * p < 0.05 vs. before reperfusion. ** p < 0.01 vs. before
reperfusion. # p < 0.05 vs. deceased donor kidney allografts. ## p < 0.01 vs. deceased donor kidney allografts. Data are
expressed as mean ± SEM.

In the LDRT group, rSO2 levels measured at 3-, 5-, 10-, and 20-min post-reperfusion
were significantly increased compared to the levels pre-reperfusion at all three regions
(Figure 1A–C). However, these differences were not observed in the DDRT group as
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changes in rSO2 levels at all three regions from pre-reperfusion to post-reperfusion at 3, 5,
10, and 20 min were not significant (Figure 1A–C). The average rSO2 levels at three regions
in the LDRT group were significantly greater post-reperfusion at 3, 5, 10, and 20 min
compared to pre-reperfusion (Figure 1D). In the DDRT group, changes in rSO2 levels from
pre-reperfusion to post-reperfusion only reached statistical significance at 5, 10, and 20 min,
but not at 3 min (Figure 1D). Moreover, the average rSO2 levels at three regions in both
groups had no significant changes from 5 to 50 min post-reperfusion (Supplementary
Figure S1A).

To determine whether rSO2 levels were higher at a particular region of the allograft,
a comparison of measurements among three regions was performed and showed no
significant differences at all-time points in both groups (Table 2).

Table 2. Comparison of tissue oxygen saturation (rSO2) levels measured at three regions (upper pole, renal hilum, and
lower pole) of the kidney allograft in either living or deceased donor renal transplants before and after reperfusion at 3, 5,
10 and 20 min.

LDRT (n = 3) DDRT (n = 4)

Before
After-3

min
5 min 10 min 20 min Before

After-3
min

5 min 10 min 20 min

Upper
pole (%) 30.0 ± 4.2 55.7 ± 3.4 61.7 ± 4.4 61.3 ± 5.7 60.3 ± 5.0 30.0 ± 2.3 41.3 ± 5.0 46.3 ± 5.3 43.5 ± 3.6 47.0 ± 4.1

Renal
hilum (%) 30.0 ± 5.5 54.0 ± 2.0 60.0 ± 2.5 58.3 ± 4.2 59.3 ± 5.9 35.8 ± 5.6 37.5 ± 4.2 43.0 ± 3.2 44.3 ± 3.0 46.5 ± 3.2

Lower
pole (%) 29.0 ± 1.5 55.0 ± 3.0 55.7 ± 5.7 58.0 ± 2.5 57.7 ± 5.2 30.0 ± 2.8 39.5 ± 5.4 37.0 ± 2.5 41.0 ± 1.7 43.3 ± 5.3
p-value 0.980 0.918 0.631 0.840 0.940 0.503 0.865 0.275 0.711 0.801

Data are expressed as mean ± SEM. LDRT: living donor renal transplant. DDRT: deceased donor renal transplant. mins: minutes.

3.3. Linear Regression Analysis of Tissue Oxygen Saturation (rSO2) Levels of the Kidney Allograft
in Living and Deceased Donor Renal Transplant after Reperfusion

In the DDRT group, the increase in average rSO2 levels at three regions only achieved
statistical significance after 5 min of reperfusion compared to 3 min in the LDRT group
(Figure 1D). This indicated a slower reperfusion rate in the DDRT group; therefore, linear
regression analysis of the increase in rSO2 levels over 5 min of reperfusion was performed
to compare the rates of increase in rSO2 levels between two groups at all three regions
(Figure 2A–D). While all trend lines of the increase in rSO2 levels with time were positive,
only three regions of the kidney allograft in LDRT group and UP of the allograft in DDRT
group reached statistical significance (UP: p < 0.001, =0.019; RH: p < 0.001, =0.275; LP:
p = 0.004, 0.187, respectively) (Figure 2A–C). Significantly positive trend lines of the increase
in average rSO2 levels at three regions over 5 min of reperfusion were observed in both
groups (p < 0.001, = 0.003, respectively) (Figure 2D). A comparison of slopes of the trend
lines revealed that the LDRT group had 1.98, 4.46-, and 3.63-times higher rates of increase
in rSO2 levels with time at UP, RH, and LP compared to the DDRT group, respectively
(Table 3). Moreover, the rate of increase in the average rSO2 levels at three regions in the
LDRT group was 2.94 times higher than the DDRT group after 5 min of reperfusion (Table 3).
Linear regression analysis further revealed that rates of change in average rSO2 levels at
three regions from 5 to 50 min post-reperfusion did not significantly differ from zero in
both groups and were similar between these two groups (0.126%·min−1, 0.034%·min−1;
p = 0.103, 0.673, 0.431, respectively) (Supplementary Figure S1B).
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Figure 2. Linear regression analysis of tissue oxygen saturation (rSO2) levels of the kidney allograft in living (n = 3, solid
turquoise line and closed circles) and deceased donor renal transplants (n = 4, dash red line and closed triangles) over 5 min
(mins) after reperfusion. Trend lines and R2 coefficients of tissue oxygen saturation levels measured at three regions (upper
pole, renal hilum, and lower pole) of the kidney allograft over 5 min of reperfusion in living and deceased donor renal
transplants were calculated using linear regression analysis. (A) Trend lines and R2 coefficients of tissue oxygen saturation
levels measured at the upper pole of the kidney allograft. (B) Trend lines and R2 coefficients of tissue oxygen saturation
levels measured at the renal hilum of the kidney allograft. (C) Trend lines and R2 coefficients of tissue oxygen saturation
levels measured at the lower pole of the kidney allograft. (D) Trend lines and R2 coefficients of average tissue oxygen
saturation levels measured at three regions of the kidney allograft. Trend line equations, R2 coefficients, and p-values for
living and deceased donor renal transplants are displayed in matching colors. Data are expressed as mean ± SEM.

Table 3. Comparison of the rates of change in tissue oxygen saturation (rSO2) levels per minute at
three regions (upper pole, renal hilum, and lower pole) of the kidney allograft calculated from linear
regression analysis over 5 min of reperfusion in living and deceased donor renal transplants.

LDRT [95% CI] DDRT [95% CI] p-Value

Upper pole (%·min−1) 6.51 [3.70, 9.32] 3.29 [0.668, 5.91] 0.077
Renal hilum (%·min−1) 6.16 [3.58, 8.73] 1.38 [−1.29, 4.05] 0.011
Lower pole (%·min−1) 5.60 [2.49, 8.71] 1.54 [−0.879, 3.96] 0.028

Average of three regions (%·min−1) 6.09 [4.75, 7.42] 2.07 [0.734, 3.41] <0.001

LDRT: living donor renal transplant. DDRT: deceased donor renal transplant. CI: confidence interval. %·min−1:
the change in the percentage of tissue oxygen saturation levels per minute.

3.4. Correlation of Averaged Tissue Oxygen Saturation (rSO2) Levels Measured at UP, RH, LP of
Kidney Allograft with Renal Function and Hemodynamic Parameters of Living and Deceased
Donor Renal Transplants before and after Transplantation

A comparison of conventional markers related to renal function, including serum
creatinine, eGFR, BUN, and urine output, on the pre-op day and POD 1, 3, 7, 14, and 30
indicated no significant differences between the two groups (Figure 3A–D). Hemodynamic
parameters, including systolic BP and MAP, of the LDRT group, only became significantly
higher than the DDRT group on POD 3 and were similar on the pre-op day as well as POD
1, 7, 14, and 30 (Figure 3E,F). Correlation analysis showed average rSO2 levels at three
regions correlated well with markers of renal function from POD 1 to 14 (Table 4). At 5 min
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post-reperfusion, average rSO2 levels were significantly associated with a decrease in serum
creatinine on POD 1 and 3 (r = −0.93, −0.96, respectively), an increase in eGFR on POD
1, 3, and 7 (r = 0.93, 0.96, 0.89, respectively), a decrease in BUN on POD 3 and 7 (r = −0.86,
−0.93, respectively), and an increase in urine output on POD 1 (r = 0.82) (Table 4). Average
rSO2 levels at 10 min also showed a strong negative correlation with serum creatinine
on POD 3 (r = −0.89), positive correlation with eGFR on POD 3 (r = 0.89), and negative
correlation with BUN on POD 7 (r = −0.86). After 20 min of reperfusion, average rSO2
levels were significantly correlated with a decrease in serum creatinine on POD 3 (r = −0.86),
an increase in eGFR on POD 3, 7, and 14 (r = 0.86, 0.86, 0.89, respectively), a decrease in
BUN on POD 3 and 7 (r = −0.96, −0.93, respectively), and an increase in urine output
on POD 14 (r = 0.79). When correlated to hemodynamic parameters, average rSO2 levels
at three regions over 20 min of reperfusion showed a strong association from POD 1 to
14 (Table 4). At 3 min of reperfusion, average rSO2 levels were significantly correlated
with the increases in systolic BP and MAP on POD 1 (r = 0.88, 0.83) (Table 4). After 5 and
10 min of reperfusion, average rSO2 levels were strongly associated with the increases in
systolic BP and MAP on POD 3 (r = 0.84, 0.84, 0.87, 0.76, respectively) (Table 4). Moreover,
average rSO2 levels at 5- and 10-min post-reperfusion showed a strong negative correlation
with systolic BP on POD 14 (5 min: r = −0.79, −0.79, respectively) (Table 4). At 20 min
post-reperfusion, average rSO2 levels were significantly associated with the increase in
MAP on POD 3 (r = 0.85). After 30 days of KT, rSO2 levels at all-time points were not
significantly associated with any markers of renal function or hemodynamic parameters
measured in the current study (Table 4).

Figure 3. Renal function and hemodynamic parameters of living (n = 3, solid turquoise line and closed circles) and deceased
donor renal transplants (n = 4, dash red line and closed triangles) before and after transplantation. Renal function and
hemodynamic parameters of living and deceased donor renal transplants were measured preoperatively (pre-op) and on
postoperative day (POD) 1, 3, 7, 14 and 30. (A) Serum creatinine levels. (B) Estimated glomerular filtration rate (eGFR). (C)
Blood urea nitrogen levels (BUN). (D) Urine output. (E) Systolic blood pressure (BP). (F) Mean arterial pressure (MAP).
The number above each time point represents the p-value of living vs. deceased donor renal transplants. * p < 0.05. Serum
creatinine levels, eGFR, and BUN levels are expressed as median and range. Systolic BP and MAP are expressed as
mean ± SEM.
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Table 4. Correlation of averaged tissue oxygen saturation (rSO2) levels measured at three regions (upper pole, renal hilum,
and lower pole) of the kidney allograft with renal function and hemodynamic parameters before and after renal transplants.

Average rSO2 of 3 Regions After

3 min 5 min 10 min 20 min

r p-Value r p-Value r p-Value r p-Value

Serum
Creatinine

(mg/dL)

POD 1 −0.57 0.180 −0.93 ** 0.003 −0.71 0.071 −0.64 0.119
POD 3 −0.71 0.071 −0.96 ** <0.001 −0.89 ** 0.007 −0.86 * 0.014
POD 7 −0.37 0.413 −0.70 0.077 −0.70 0.077 −0.52 0.233
POD 14 −0.14 0.760 −0.39 0.383 −0.68 0.094 −0.36 0.432
POD 30 −0.31 0.504 −0.63 0.129 −0.74 0.058 −0.41 0.355

eGFR
(mL/min/1.73 m2)

POD 1 0.66 0.111 0.93 ** 0.003 0.75 0.054 0.63 0.139
POD 3 0.71 0.071 0.96 ** <0.001 0.89 ** 0.007 0.86 * 0.014
POD 7 0.71 0.071 0.89 ** 0.007 0.75 0.052 0.86 * 0.014
POD 14 0.71 0.071 0.75 0.052 0.54 0.215 0.89 ** 0.007
POD 30 0.43 0.333 0.69 0.090 0.51 0.248 0.52 0.229

BUN (mg/dL)

POD 1 −0.29 0.535 −0.64 0.119 −0.36 0.432 −0.54 0.215
POD 3 −0.68 0.094 −0.86 * 0.014 −0.71 0.071 −0.96 ** <0.001
POD 7 −0.75 0.052 −0.93 ** 0.003 −0.86* 0.014 −0.93 ** 0.003
POD 14 −0.43 0.337 −0.61 0.148 −0.75 0.052 −0.61 0.148
POD 30 −0.52 0.229 −0.22 0.641 −0.11 0.818 −0.51 0.248

Urine Output
(mL/day)

POD 1 0.75 0.052 0.82 * 0.023 0.68 0.094 0.75 0.052
POD 3 0.21 0.645 0.29 0.535 0.14 0.760 0.68 0.094
POD 7 0.29 0.535 0.43 0.337 0.29 0.535 0.68 0.094
POD 14 0.75 0.052 0.50 0.253 0.21 0.645 0.79 * 0.036
POD 30 0.36 0.427 0.02 0.969 −0.23 0.613 0.16 0.728

Systolic BP
(mmHg)

POD 1 0.88 ** 0.009 0.49 0.261 0.24 0.611 0.53 0.218
POD 3 0.42 0.343 0.84 * 0.018 0.87 * 0.011 0.47 0.288
POD 7 0.50 0.259 0.15 0.743 0.18 0.704 0.12 0.805
POD 14 −0.26 0.569 −0.79 * 0.034 −0.79 * 0.034 −0.65 0.115
POD 30 −0.54 0.209 −0.52 0.229 −0.50 0.256 −0.45 0.317

MAP (mmHg)

POD 1 0.83 * 0.020 0.57 0.181 0.36 0.425 0.68 0.094
POD 3 0.65 0.117 0.84 * 0.019 0.76 * 0.046 0.85 * 0.015
POD 7 0.65 0.114 0.42 0.350 0.47 0.290 0.47 0.286
POD 14 0.33 0.468 0.07 0.887 −0.11 0.815 0.47 0.289
POD 30 −0.23 0.615 −0.37 0.411 −0.30 0.510 0.08 0.858

eGFR: estimated glomerular filtration rate. BUN: blood urea nitrogen. BP: blood pressure. MAP: mean arterial pressure. POD: postoperative
day. * p < 0.05. ** p < 0.01.

4. Discussion

Current clinical and laboratory indices are inadequate for the early detection of slow
kidney allograft function and injury during the immediate post-transplant period [20].
NIRS monitoring has been demonstrated to be an earlier predictor of acute kidney injury
(AKI) after cardiac surgery, and, recently, used to measure the early postoperative allograft
perfusion status in pediatric KT recipients [13,14,21]. However, no studies have explored
the intraoperative application of NIRS monitoring in KT. The current pilot study examined
the feasibility of intraoperative NIRS monitoring of kidney allografts by comparing intraop-
erative rSO2 levels between LDRT and DDRT and correlating these levels to conventional
markers of renal function in the first 30 days after KT. The major finding was that allografts
from the LDRT recipients had significantly higher rSO2 levels and faster rates of increase
in rSO2 levels than the DDRT recipients after reperfusion. Moreover, intraoperative rSO2
levels were strongly correlated with renal function and hemodynamic parameters up until
POD 14.

To our knowledge, this is the first study to establish a baseline renal allograft rSO2 level
measured intraoperatively with a handheld NIRS device, which was approximately 30%
pre-reperfusion in both the LDRT and the DDRT recipients. This baseline value agrees with
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previous studies, concluding that a rSO2 level of 30% or less represents significant free flap
ischemia and requires operative correction [16,22]. The validity of this baseline value was
further confirmed by the similarity between rSO2 levels before reperfusion of KT recipients.
Our results of the increase in rSO2 levels post-reperfusion in both groups support others’
observation that rSO2 levels of rat kidneys with short and long CIT rose immediately post-
reperfusion [23]. The novel findings that kidney allografts from LDRT had significantly
higher intraoperative rSO2 levels than DDRT post-reperfusion was expected since deceased
donor kidney allografts generally suffered from prolonged ischemic injury and decreased
microvascular flow [24]. This impairment in microvascular perfusion has been attributed to
a 42% and 16% reduction of total blood flow volume and endothelial glycocalyx thickness
in the peritubular capillary network [25]. Our data are in accordance with previous findings
that kidneys with acute injury had significantly worse rSO2 levels during cardiac surgery
than those without acute injury [26]. Interestingly, Vidal et al. have shown renal allograft
rSO2 levels from POD 1 to 3 were comparable between pediatric LDRT and DDRT [14].
Furthermore, the increase in rSO2 levels from POD 1 to 3 was not significantly different
in recipients with or without delayed allograft function (DGF), indicating that the renal
perfusion status was similar between two groups during the early postoperative course
despite differences in kidney function [14]. These results suggest the slow initial allograft
function is most likely due to the ischemic damage that occurred during organ preservation
and reperfusion. As a recent study has reported a 20% decline in kidney rSO2 levels from
the baseline could predict hypoperfusion and AKI, a more than 20% difference in rSO2
levels between LDRT and DDRT groups from 30 to 50 min post-reperfusion indicated
that allografts in DDRT recipients were markedly under perfused [21]. Additionally, the
immediate postoperative rSO2 level has previously been demonstrated to be approximately
70% in kidney allografts of both pediatric LDRT and DDRT, including recipients with
DGF [14]. Using this value as the baseline, the rSO2 level of approximately 45% at 50 min
after reperfusion in DDRT recipients represents substantial hypoperfusion and inadequate
reperfusion capacity. This could explain why half of DDRT recipients in the current
study experienced slow allograft function (serum creatinine > 1.5 mg/dL and creatinine
reduction ratio < 20% between POD 1 and 3) while all LDRT recipients had immediate
allograft function [7]. Intraoperative assessment of allograft reperfusion may offer a better
objective method to evaluate the extent of ischemic injury and initial allograft function.

Allografts from LDRT recipients were observed to have faster rates of increase in rSO2
levels up until 5 min post-reperfusion compared to DDRT recipients. This finding supports
our observation that allografts in DDRT recipients required more time to reach higher rSO2
levels post-reperfusion. In accordance with these results, rat kidneys with a longer CIT
have been shown to have a slower rate of reperfusion compared to a shorter CIT [23]. Our
findings that rSO2 levels did not change significantly from 5 to 50 min and the rates of
change in rSO2 levels remained stable after 5 min of reperfusion is in line with previous
studies [23,27]. Vaughan et al. has demonstrated that a sharp increase in rSO2 levels during
the first 10 min post-reperfusion in rats with a 45-min ischemia was followed by a flat
rate of change in rSO2 levels from 10 min to 4.5 h post-reperfusion [23]. Grosenick et al.
have reported that rSO2 levels in rat kidneys rose quickly within 3 min post-reperfusion
and stayed unchanged until the end of the experiment [27]. The decrease in perfusion
rates after the first few minutes of reperfusion could be because allografts from the LDRT
recipients had significantly larger blood vessel diameter and higher microvascular blood
flow velocity than the DDRT recipients at 5 min but not at 30 min after reperfusion [25].
As the reproducibility of NIRS monitoring has been proposed to be improved by at least
two simultaneous measurements, our study found no differences in rSO2 levels between
the three regions in both groups [28]. Similarly, a previous study has shown postoperative
rSO2 levels of pediatric KT recipients were similar at the upper and lower poles [13]. Taken
together, these findings confirm the responsiveness and validity of intraoperative NIRS
monitoring to quantify changes in allograft reperfusion during the early reperfusion period.
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In various clinical studies, NIRS monitoring has been reported to be an earlier indi-
cator of renal hypoperfusion and acute injury compared to conventional makers of renal
function [21,26,29]. Our findings of no significant differences in renal function measured
between the LDRT and the DDRT recipients, except for higher intraoperative rSO2 levels
in the former group, are consistent with previous evidence, showing that infants who
developed AKI from day 2 to 7 of life had significantly higher rSO2 levels, but not serum
creatinine and urine output, during the first 24 h of life compared to those without AKI [29].
Another study has reported intraoperative NIRS monitoring was an earlier predictor of AKI
after pediatric cardiopulmonary bypass surgery than cystatin C and neutrophil gelatinase-
associated lipocalin, which have been demonstrated to increase before significant changes
in serum creatinine can be detected [26,30,31]. These findings are plausible as serum
creatinine remains within the normal range until 50% of renal function is lost [32]. In
concordance with the current results that indicated a strong association of intraoperative
rSO2 levels with renal function and hemodynamic indices, allograft rSO2 levels have been
correlated with serum creatinine, eGFR, urine output, and systolic BP during the early
postoperative period [13,14,29,33]. As a recent study has utilized renal NIRS measurements
to adjust fluid therapy in neonatal digestive surgeries, our findings strengthen the growing
evidence that NIRS monitoring of allograft perfusion will assist to improve the current
initial post-transplant management [34]. Although our pilot study demonstrated several
significant correlations between intraoperative rSO2 level with conventional markers of
renal function, post-transplant urine output remains the most common biomarker that indi-
cates improvement in allograft function at the immediate post-transplant period. Therefore,
intraoperative rSO2 level at 5 min post-reperfusion may assist clinicians to predict the signs
of regaining early allograft function and appropriately modify volume management.

The limitation of our study is its small sample size, which did not allow sensitivity
analysis by stratifying DDRT recipients based on CIT, warm ischemic time, the status of
initial allograft function, death status, and preservation with or without machine perfusion
because all these factors can impact reperfusion capacity and allograft outcomes [6,35–38].
Even though differences in intraoperative rSO2 levels and reperfusion rates between two
groups were statistically significant, evaluating intraoperative rSO2 levels of allografts with
varying severity of the ischemic injury will further validate intraoperative NIRS monitoring
and identify cutoff values for the earlier prediction of initial allograft function. Since it is
not yet feasible to reliably assess renal allograft rSO2 levels in adult recipients after closure
due to the large skin-to-kidney distance, the time required for rSO2 levels of allografts
from DDRT recipients to return to levels that are comparable to those of LDRT recipients
could not be determined [15]. As variations in fluid therapy strategies have been shown to
affect renal rSO2 levels, changes in intraoperative rSO2 levels due to different fluid and
pharmacologic treatments were also not recorded [34].

In conclusion, this pilot study, to our best knowledge, is the first to show the feasibility
of measuring renal allograft rSO2 levels intraoperatively in KT recipients with a handheld
NIRS device. Intraoperative NIRS monitoring was capable of detecting higher rSO2 levels
throughout 50 min of reperfusion and faster perfusion rates during the early reperfusion
phase in kidney allografts of LDRT recipients compared to those of DDRT recipients. These
values were similar between the three regions and strongly associated with conventional
markers of renal function up to 14 days after transplantation. Since utilizing a handheld
NIRS device offers the advantage of being able to measure renal allograft perfusion by
direct contact immediately after reperfusion, future studies will evaluate its intraoperative
use as an objective method to assess the ischemic injury and reperfusion capacity for
the optimization of preservation/reperfusion protocols and early prediction of initial
allograft function.

Supplementary Materials: The following are available online at https://www.mdpi.com/2077-0
383/10/19/4292/s1, Figure S1: Curves and linear regression analysis of average tissue oxygen
saturation (rSO2) levels measured at three regions (upper pole, renal hilum, and lower pole) of the
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kidney allograft in living (solid turquoise line and closed circles, LDRT) and deceased donor renal
transplants (dash red line and closed triangles, DDRT) from 5 min to 50 min (mins) after reperfusion.
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CIT cold ischemic time
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References

1. Tonelli, M.; Wiebe, N.; Knoll, G.; Bello, A.; Browne, S.; Jadhav, D.; Klarenbach, S.; Gill, J. Systematic review: Kidney transplantation
compared with dialysis in clinically relevant outcomes. Am. J. Transplant. 2011, 11, 2093–2109. [CrossRef]

2. Matas, A.J.; Smith, J.M.; Skeans, M.A.; Thompson, B.; Gustafson, S.K.; Schnitzler, M.A.; Stewart, D.E.; Cherikh, W.S.; Wainright,
J.L.; Snyder, J.J.; et al. OPTN/SRTR 2012 Annual Data Report: Kidney. Am. J. Transplant. 2014, 14 (Suppl. 1), 11–44. [CrossRef]
[PubMed]

3. Heilman, R.L.; Mathur, A.; Smith, M.L.; Kaplan, B.; Reddy, K.S. Increasing the Use of Kidneys from Unconventional and High-Risk
Deceased Donors. Am. J. Transplant. 2016, 16, 3086–3092. [CrossRef] [PubMed]

4. Zeraati, A.A.; Naghibi, M.; Kianoush, S.; Ashraf, H. Impact of slow and delayed graft function on kidney graft survival between
various subgroups among renal transplant patients. Transplant. Proc. 2009, 41, 2777–2780. [CrossRef]

5. Guimarães, J.; Araújo, A.M.; Santos, F.; Nunes, C.S.; Casal, M. Living-donor and Deceased-donor Renal Transplantation:
Differences in Early Outcome—A Single-center Experience. Transplant. Proc. 2015, 47, 958–962. [CrossRef]

69



J. Clin. Med. 2021, 10, 4292

6. Najarian, J.S.; Gillingham, K.J.; Sutherland, D.E.; Reinsmoen, N.L.; Payne, W.D.; Matas, A.J. The impact of the quality of initial
graft function on cadaver kidney transplants. Transplantation 1994, 57, 812–816. [CrossRef]

7. Wang, C.J.; Tuffaha, A.; Phadnis, M.A.; Mahnken, J.D.; Wetmore, J.B. Association of Slow Graft Function with Long-Term
Outcomes in Kidney Transplant Recipients. Ann. Transplant. 2018, 23, 224–231. [CrossRef]

8. Humar, A.; Ramcharan, T.; Kandaswamy, R.; Gillingham, K.; Payne, W.D.; Matas, A.J. Risk factors for slow graft function after
kidney transplants: A multivariate analysis. Clin. Transplant. 2002, 16, 425–429. [CrossRef] [PubMed]

9. Bagshaw, S.M.; Gibney, R.T. Conventional markers of kidney function. Crit. Care Med. 2008, 36 (Suppl. 4), S152–S158. [CrossRef]
[PubMed]

10. Lohkamp, L.N.; Öllinger, R.; Chatzigeorgiou, A.; Illigens, B.M.; Siepmann, T. Intraoperative biomarkers in renal transplantation.
Nephrology 2016, 21, 188–199. [CrossRef]

11. Keitel, E.; Michelon, T.; dos Santos, A.F.; Bittar, A.E.; Goldani, J.C.; D’Almeida Bianco, P.; Bruno, R.M.; Losekann, A.; Messias,
A.A.; Bender, D.; et al. Renal transplants using expanded cadaver donor criteria. Ann. Transplant. 2004, 9, 23–24. [PubMed]

12. Murkin, J.M.; Arango, M. Near-infrared spectroscopy as an index of brain and tissue oxygenation. Br. J. Anaesth 2009, 103
(Suppl. 1), i3–i13. [CrossRef] [PubMed]

13. Malakasioti, G.; Marks, S.D.; Watson, T.; Williams, F.; Taylor-Allkins, M.; Mamode, N.; Morgan, J.; Hayes, W.N. Continuous
monitoring of kidney transplant perfusion with near-infrared spectroscopy. Nephrol. Dial. Transplant. 2018, 33, 1863–1869.
[CrossRef] [PubMed]

14. Vidal, E.; Amigoni, A.; Brugnolaro, V.; Ghirardo, G.; Gamba, P.; Pettenazzo, A.; Zanon, G.F.; Cosma, C.; Plebani, M.; Murer, L.
Near-infrared spectroscopy as continuous real-time monitoring for kidney graft perfusion. Pediatr. Nephrol. 2014, 29, 909–914.
[CrossRef] [PubMed]

15. Scheeren, T.W.; Schober, P.; Schwarte, L.A. Monitoring tissue oxygenation by near infrared spectroscopy (NIRS): Background and
current applications. J. Clin. Monit. Comput. 2012, 26, 279–287. [CrossRef]

16. Lohman, R.F.; Ozturk, C.N.; Djohan, R.; Tang, H.R.; Chen, H.; Bechtel, K.L. Predicting skin flap viability using a new intraoperative
tissue oximetry sensor: A feasibility study in pigs. J. Reconstr. Microsurg. 2014, 30, 405–412.

17. Khavanin, N.; Qiu, C.; Darrach, H.; Kraenzlin, F.; Kokosis, G.; Han, T.; Sacks, J.M. Intraoperative Perfusion Assessment in
Mastectomy Skin Flaps: How Close are We to Preventing Complications? J. Reconstr. Microsurg. 2019, 35, 471–478. [CrossRef]

18. Khavanin, N.; Almaazmi, H.; Darrach, H.; Kraenzlin, F.; Safar, B.; Sacks, J.M. Comparison of the ViOptix Intra.Ox Near Infrared
Tissue Spectrometer and Indocyanine Green Angiography in a Porcine Bowel Model. J. Reconstr. Microsurg. 2020, 36, 426–431.
[CrossRef] [PubMed]

19. Hameed, A.M.; Pleass, H.C.; Wong, G.; Hawthorne, W.J. Maximizing kidneys for transplantation using machine perfusion: From
the past to the future: A comprehensive systematic review and meta-analysis. Medicine 2016, 95, e5083. [CrossRef] [PubMed]

20. Levey, A.S.; Stevens, L.A.; Schmid, C.H.; Zhang, Y.L.; Castro, A.F., III; Feldman, H.I.; Kusek, J.W.; Eggers, P.; van Lente, F.; Greene,
T.; et al. A new equation to estimate glomerular filtration rate. Ann. Intern. Med. 2009, 150, 604–612. [CrossRef]

21. Malyszko, J.; Lukaszyk, E.; Glowinska, I.; Durlik, M. Biomarkers of delayed graft function as a form of acute kidney injury in
kidney transplantation. Sci. Rep. 2015, 5, 11684. [CrossRef]

22. Ortega-Loubon, C.; Fernández-Molina, M.; Fierro, I.; Jorge-Monjas, P.; Carrascal, Y.; Gómez-Herreras, J.I.; Tamayo, E. Postoperative
kidney oxygen saturation as a novel marker for acute kidney injury after adult cardiac surgery. J. Thorac. Cardiovasc. Surg. 2019,
157, 2340–2351.e3. [CrossRef]

23. Keller, A. Noninvasive tissue oximetry for flap monitoring: An initial study. J. Reconstr. Microsurg. 2007, 23, 189–197. [CrossRef]
24. Vaughan, D.L.; Wickramasinghe, Y.A.B.D.; Russell, G.I.; Thorniley, M.S.; Houston, R.F.; Ruban, E.; Rolfe, P. Near infrared

spectroscopy: Blood and tissue oxygenation in renal ischemia-reperfusion injury in rats. Int. J. Angiol. 1995, 4, 25–30. [CrossRef]
25. Ponticelli, C.E. The impact of cold ischemia time on renal transplant outcome. Kidney Int. 2015, 87, 272–275. [CrossRef] [PubMed]
26. 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.-Ren. Physiol. 2010, 299, F1134–F1140. [CrossRef]

27. Ruf, B.; Bonelli, V.; Balling, G.; Hörer, J.; Nagdyman, N.; Braun, S.L.; Ewert, P.; Reiter, K. Intraoperative renal near-infrared
spectroscopy indicates developing acute kidney injury in infants undergoing cardiac surgery with cardiopulmonary bypass:
A case-control study. Crit. Care 2015, 19, 27. [CrossRef] [PubMed]

28. Grosenick, D.; Cantow, K.; Arakelyan, K.; Wabnitz, H.; Flemming, B.; Skalweit, A.; Ladwig, M.; Macdonald, R.; Niendorf, T.;
Seeliger, E. Detailing renal hemodynamics and oxygenation in rats by a combined near-infrared spectroscopy and invasive probe
approach. Biomed. Opt. Express 2015, 6, 309–323. [CrossRef] [PubMed]

29. Hyttel-Sorensen, S.; Sorensen, L.C.; Riera, J.; Greisen, G. Tissue oximetry: A comparison of mean values of regional tissue
saturation, reproducibility and dynamic range of four NIRS-instruments on the human forearm. Biomed. Opt. Express 2011, 2,
3047–3057. [CrossRef] [PubMed]

30. Bonsante, F.; Ramful, D.; Binquet, C.; Samperiz, S.; Daniel, S.; Gouyon, J.B.; Iacobelli, S. Low Renal Oxygen Saturation at
Near-Infrared Spectroscopy on the First Day of Life Is Associated with Developing Acute Kidney Injury in Very Preterm Infants.
Neonatology 2019, 115, 198–204. [CrossRef]

31. Herget-Rosenthal, S.; Marggraf, G.; Hüsing, J.; Göring, F.; Pietruck, F.; Janssen, O.; Philipp, T.; Kribben, A. Early detection of acute
renal failure by serum cystatin C. Kidney Int. 2004, 66, 1115–1122. [CrossRef]

70



J. Clin. Med. 2021, 10, 4292

32. Haase-Fielitz, A.; Bellomo, R.; Devarajan, P.; Story, D.; Matalanis, G.; Dragun, D.; Haase, M. Novel and conventional serum
biomarkers predicting acute kidney injury in adult cardiac surgery–a prospective cohort study. Crit. Care Med. 2009, 37, 553–560.
[CrossRef]

33. Najafi, M. Serum creatinine role in predicting outcome after cardiac surgery beyond acute kidney injury. World J. Cardiol. 2014, 6,
1006–1021. [CrossRef] [PubMed]

34. Lau, P.E.; Cruz, S.; Garcia-Prats, J.; Cuevas, M.; Rhee, C.; Cass, D.L.; Horne, S.E.; Lee, T.C.; Welty, S.E.; Olutoye, O.O. Use of
renal near-infrared spectroscopy measurements in congenital diaphragmatic hernia patients on ECMO. J. Pediatr. Surg. 2017, 52,
689–692. [CrossRef] [PubMed]

35. Beck, J.; Loron, G.; Masson, C.; Poli-Merol, M.L.; Guyot, E.; Guillot, C.; Bednarek, N.; François, C. Monitoring Cerebral and
Renal Oxygenation Status during Neonatal Digestive Surgeries Using Near Infrared Spectroscopy. Front. Pediatr. 2017, 5, 140.
[CrossRef] [PubMed]

36. Debout, A.; Foucher, Y.; Trébern-Launay, K.; Legendre, C.; Kreis, H.; Mourad, G.; Garrigue, V.; Morelon, E.; Buron, F.; Rostaing, L.;
et al. Each additional hour of cold ischemia time significantly increases the risk of graft failure and mortality following renal
transplantation. Kidney Int. 2015, 87, 343–349. [CrossRef] [PubMed]

37. Tennankore, K.K.; Kim, S.J.; Alwayn, I.P.; Kiberd, B.A. Prolonged warm ischemia time is associated with graft failure and mortality
after kidney transplantation. Kidney Int. 2016, 89, 648–658. [CrossRef]

38. Gill, J.; Rose, C.; Lesage, J.; Joffres, Y.; Gill, J.; O’Connor, K. Use and Outcomes of Kidneys from Donation after Circulatory Death
Donors in the United States. J. Am. Soc. Nephrol. 2017, 28, 3647–3657. [CrossRef]

71





Journal of

Clinical Medicine

Article

Pretransplant Serum Uromodulin and Its Association with
Delayed Graft Function Following Kidney Transplantation—A
Prospective Cohort Study

Stephan Kemmner 1,2,*,†, Christopher Holzmann-Littig 1,†, Helene Sandberger 1, Quirin Bachmann 1,

Flora Haberfellner 1, Carlos Torrez 1, Christoph Schmaderer 1, Uwe Heemann 1, Lutz Renders 1, Volker Assfalg 3,

Tarek M. El-Achkar 4, Pranav S. Garimella 5, Jürgen Scherberich 6 and Dominik Steubl 1

Citation: Kemmner, S.;

Holzmann-Littig, C.; Sandberger, H.;

Bachmann, Q.; Haberfellner, F.;

Torrez, C.; Schmaderer, C.; Heemann,

U.; Renders, L.; Assfalg, V.; et al.

Pretransplant Serum Uromodulin and

Its Association with Delayed Graft

Function Following Kidney

Transplantation—A Prospective

Cohort Study. J. Clin. Med. 2021, 10,

2586. https://doi.org/10.3390/

jcm10122586

Academic Editors: Eytan Mor and

Michael Stöckle

Received: 26 April 2021

Accepted: 7 June 2021

Published: 11 June 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 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 (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Nephrology, Klinikum rechts der Isar, Technical University of Munich,
81675 Munich, Germany; christopher.holzmann-littig2@mri.tum.de (C.H.-L.);
h.sandberger@gmx.net (H.S.); quirin.bachmann@tum.de (Q.B.); flora.haberfellner@tum.de (F.H.);
carlos.at@live.de (C.T.); Christoph.Schmaderer@mri.tum.de (C.S.); Uwe.Heemann@mri.tum.de (U.H.);
lutz.renders@tum.de (L.R.); dominik.steubl@gmx.de (D.S.)

2 Transplant Center, University Hospital Munich, Ludwig-Maximilians-University (LMU),
81377 Munich, Germany

3 Department of Surgery, Klinikum rechts der Isar, Technical University of Munich, 81675 Munich, Germany;
Volker.assfalg@tum.de

4 Department of Medicine, Division of Nephrology, Indiana University School of Medicine,
Indianapolis, IN 46202-5188, USA; telachka@iu.edu

5 Division of Nephrology-Hypertension, University of California San Diego, San Diego, CA 92093-9111, USA;
pgarimella@health.ucsd.edu

6 Department of Nephrology and Clinical Immunology, Klinikum München-Harlaching, Teaching Hospital of
the Ludwig-Maximilians-University, 81545 Munich, Germany; j.scherberich@web.de

* Correspondence: stephan.kemmner@tum.de
† These authors contributed equally to this work.

Abstract: Delayed graft function (DGF) following kidney transplantation is associated with increased
risk of graft failure, but biomarkers to predict DGF are scarce. We evaluated serum uromodulin
(sUMOD), a potential marker for tubular integrity with immunomodulatory capacities, in kidney
transplant recipients and its association with DGF. We included 239 kidney transplant recipients
and measured sUMOD pretransplant and on postoperative Day 1 (POD1) as independent variables.
The primary outcome was DGF, defined as need for dialysis within one week after transplantation.
In total, 64 patients (27%) experienced DGF. In multivariable logistic regression analysis adjusting
for recipient, donor and transplant associated risk factors each 10 ng/mL higher pretransplant
sUMOD was associated with 47% lower odds for DGF (odds ratio (OR) 0.53, 95% confidence interval
(95%-CI) 0.30–0.82). When categorizing pretransplant sUMOD into quartiles, the quartile with the
lowest values had 4.4-fold higher odds for DGF compared to the highest quartile (OR 4.41, 95%-CI
1.54–13.93). Adding pretransplant sUMOD to a model containing established risk factors for DGF
in multivariable receiver-operating-characteristics (ROC) curve analysis, the area-under-the-curve
improved from 0.786 [95%-CI 0.723–0.848] to 0.813 [95%-CI 0.755–0.871, p = 0.05]. SUMOD on
POD1 was not associated with DGF. In conclusion, higher pretransplant sUMOD was independently
associated with lower odds for DGF, potentially serving as a non-invasive marker to stratify patients
according to their risk for developing DGF early in the setting of kidney transplantation.

Keywords: uromodulin; Tamm-Horsfall-protein; kidney transplantation; delayed graft function;
ischemia-reperfusion injury

1. Introduction

Delayed graft function (DGF), commonly defined as need for dialysis within the first
week after kidney transplantation, affects around 25–50% of patients, and is associated
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with a higher risk for acute rejection episodes and reduced long-term graft survival [1–4].
DGF presents histologically mainly as severe ischemia-reperfusion injury (IRI) with inflam-
matory tubular damage [5]. IRI triggers a long-term inflammation leading to interstitial
fibrosis and tubular atrophy and reduces overall graft survival [6–8]. Therefore, under-
standing and potentially targeting the pathophysiology of IRI might improve long-term
kidney graft survival [9]. However, measures to ameliorate IRI and markers predicting
DGF before transplantation are scarce and still have limited diagnostic value [10].

Uromodulin (also known as Tamm-Horsfall protein), is a kidney derived glycoprotein
with a molecular weight of around 100 kDa, exclusively expressed by epithelial cells of the
thick ascending limb of the loop of Henle and the distal tubule [11–13]. The molecule is
secreted both into the urine as well as the interstitium and circulation [14–16]. Thereby,
interstitial uromodulin largely corresponds to serum concentrations in different forms
of kidney disease [16]. Uromodulin is encoded by the UMOD gene, and mice lacking
the UMOD gene showed more inflammation and tubular injury compared to wild type
following renal IRI. In addition, they also demonstrate a greater necrotic and inflammatory
phenotype of cell death rather than apoptotic, suggesting that interstitial uromodulin may
have immunomodulating and anti-inflammatory capacities [17–19]. Uromodulin deficiency
is also associated with delayed and in part incomplete kidney recovery following renal IRI
in mice [14]. These data suggest that higher serum uromodulin (sUMOD) in the acute phase
of kidney transplantation may be protective against IRI. Furthermore, higher sUMOD post-
transplant is associated with lower risk for long-term kidney transplant failure [20,21].
However, the role of sUMOD in the early setting of transplantation and IRI remains to
be investigated.

Here, we propose that recipient’s sUMOD plays an important role in the recovery
from IRI after kidney transplantation, and thus sUMOD might be of predictive value for
the incidence of DGF after kidney transplantation. In this study we evaluated recipient’s
sUMOD pretransplant and on postoperative Day 1 (POD1) as a marker for prediction/early
detection of DGF in kidney transplant recipients.

2. Materials and Methods

2.1. Study Participants and Study Design

In this single-center prospective observational cohort study, we recruited 239 patients
undergoing kidney or combined kidney-pancreas transplantation following deceased or
living donation in our tertiary care hospital. All patients who were able to provide informed
consent were included in the study. Local institutional review boards of the Technical
University of Munich, Germany approved the study methods. The study adheres to the
declaration of Helsinki and the declaration of Istanbul.

2.2. Exposure

Serum samples for measuring sUMOD in the recipients were obtained 24 h prior to
kidney transplantation in living organ donations and up to 5 h pretransplant in deceased
donations, again on the first postoperative day (POD1) and subsequent time points later.
Since all patients were hospitalized during the sample collection and no patient withdrew
from the study, no patients were lost to follow-up for the primary endpoint (see below).

The samples were stored at −80 ◦C until they were thawed. sUMOD analyses were
performed in singlicate using a commercial enzyme-linked immunosorbent assay (ELISA,
Euroimmun, Medizinische Labordiagnostika AG, Lübeck, Germany) based on the manu-
facturer’s instructions. This assay is based on a colorimetric sandwich immunoassay using
a polyclonal antibody against human uromodulin as the capture antibody and a biotiny-
lated polyclonal antibody against human uromodulin as the detection antibody. Quality
characteristics of the ELISA are as follows: intra-assay coefficient of variation 1.8–3.2%,
inter-assay coefficient of variation 6.6–7.8%, mean linearity recovery 97%, and lower limit
of detection 2.0 ng/mL.
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2.3. Outcomes

The primary outcome was DGF, defined as the need for more than one dialysis
within one week after transplantation as has been defined in prior clinical studies [22,23].
For example, one dialysis due to potassium lowering was not considered as DGF. Notably,
in our tertiary center we avoid pretransplant dialysis to reduce cold ischemia time whenever
reasonable, which leads to postoperative dialysis for hyperkalemia in some cases.

2.4. Statistical Analysis

We describe the population using mean (± standard deviation) for continuous vari-
ables and number with percentages for binary and categorical variables.

Multivariable logistic regression models were used to evaluate the association of
sUMOD pretransplant and on POD1 as independent variables and DGF as the dependent
variable. We applied a series of nested models: (i) unadjusted; (ii) adjusted for age,
body-mass index (BMI) and dialysis vintage; (iii) Model 1 plus serum creatinine on POD1
(“Model 2”; we adjusted serum creatinine on POD1 as it appears to be an important
variable for the decision to apply kidney replacement therapy postoperatively); (iv) Model
2 plus cold ischemia time (CIT), living vs. deceased donor transplantation, and expanded
criteria donors (ECD) vs. standard criteria donors (“Model 3”). ECD are donors that
are either older than 60 years, or 50–59 years old and meet at least two of the following
criteria: cerebrovascular death, history of hypertension, and/or last serum creatinine
greater than 1.5 mg/dL [24]. Due to the number of endpoints, we limited the analysis to
these co-variables. Of note, we use the ECD classification for the adjustment because it
covers donor age, donor serum creatinine and the donor cardiovascular cause of death.
All variables were selected based on their clinical relevance for the outcomes of interest and
are known risk factors for the primary endpoint DGF [2,5,25]. We performed multivariable
receiver-operating-characteristic (ROC) curve analyses to evaluate the diagnostic value
of preoperative sUMOD in addition to established risk factors (recipient age and BMI,
dialysis vintage, CIT, deceased vs. living donation, ECD, “Model A”) for the prediction of
DGF (“Model B”). All analyses were conducted using R, version 3.5.1 (R Core Team (2018),
Vienna, Austria).

3. Results

3.1. Population Characteristics

The mean age of the cohort was 51 ± 14 years, 31.4% were female, 90 (37.7%) received
an organ from a living donor, 79 (33.1%) had cardiovascular disease at baseline. Mean serum
creatinine concentration was 6.0 ± 2.3 mg/dL on POD1. Demographics of the entire cohort
and stratified by preoperative sUMOD quartiles are shown in Table 1.

A total of 64 (26.8%) renal allograft recipients experienced DGF. Patients who expe-
rienced DGF were older, more often male, had a higher BMI and a greater prevalence
of cardiovascular disease (Table 2). The time on dialysis before transplantation (dialysis
vintage) was significantly longer in recipients who developed DGF (2208 ± 1456 days vs.
1321 ± 1331, p < 0.001). The mean serum creatinine on POD1 was significantly higher
in patients with DGF (7.1 ± 2.4 mg/dL vs. 5.6 ± 2.1 mg/dL, p < 0.001). Referring to
donor characteristics, kidney transplants with subsequent DGF were derived from donors
who were more often male, had a higher BMI, a higher prevalence of diabetes and had
a significantly higher serum creatinine before donation. Furthermore, cold and warm
ischemia time were significantly longer for donor kidneys who developed DGF. Further
information on DGF vs. non-DGF patients can be found in Table 2.

75



J. Clin. Med. 2021, 10, 2586

Table 1. Overall baseline characteristics (n = 239) and baseline characteristics of participants stratified by quartiles distributed
according to pretransplant serum uromodulin (sUMOD).

Characteristics Total
Quartile 1
sUMOD:

<2.59 ng/mL)

Quartile 2
sUMOD:

2.59–7.04 ng/mL

Quartile 3
sUMOD:

>7.04–14.66 ng/mL

Quartile 4
sUMOD:

>14.66 ng/mL
p-Value

Number (no.) of patients 239 60 60 59 60

Recipient demographics
Age [years] 51 ± 14 50 ± 14 54 ± 13 52 ± 14 49 ±16 0.185

Female, no. (%) 75 (31.4) 17 (28.3) 20 (33.3) 15 (25.4) 23 (38.3) 0.443
Body-mass index [kg/m2] 25.3 ± 4.8 25.0 ± 5.1 25.6 ± 5.1 26.0 ± 4.8 24.8 ± 4.3 0.525

Diabetes, no. (%) 48 (20.1) 4 (6.7) 18 (30.0) 15 (25.4) 11 (18.3) 0.009
Hypertension, no. (%) 194 (81.2) 46 (76.7) 51 (85.0) 50 (84.7) 47 (78.3) 0.536

Cardiovascular disease, no. (%) 79 (33.1) 18 (30.0) 25 (41.7) 22 (37.3) 14 (23.3) 0.151
Dialysis vintage [days] 1559 ± 1418 2137 (1469) 1921 ± 1392 1220 ± 1267 953 ± 1215 <0.001

Preemptive transplant, no. (%) 29 (12.1) 3 (5.0) 1 (1.7) 7 (11.9) 18 (30.0) <0.001
Pretransplant sUMOD [ng/mL] 14.9 ± 23.8 0.9 ± 0.8 4.5 ± 1.3 10.1 ± 2.0 44.2 ± 32.8 <0.001
Recipient laboratory measures on postoperative Day 1 (POD1)

sUMOD [ng/mL] 52.3 ± 50.2 56.0 ± 65.1 50.6 ± 51.1 36.4 ± 24.5 65.3 ± 48.7 0.014
Serum creatinine [mg/dL] 6.0 ± 2.3 6.0 ± 2.1 6.7 ± 2.4 6.1 ± 2.4 5.2 ± 2.2 0.004

Hemoglobin [g/dL] 10.3 ± 1.6 10.3 ± 1.8 10.6 ± 1.6) 10.5 ± 1.4 10.0 ± 1.6 0.223
Leucocyte count [G/L] 11.6 ± 4.2 10.6 ± 3.8 11.7 ± 3.8 11.6 ± 4.5 12.6 ± 4.5 0.095

C-reactive protein [mg/dL] 3.4 ± 2.3 2.6 ± 1.4 6.0 ± 3.6 3.2 ± 1.7 2.8 ± 1.6 <0.001
Sodium [mmol/L] 141 ± 4 140 ± 4 141 ± 4 141± 5 141 ± 4 0.093

Potassium [mmol/L] 4.9 ± 0.8 5.1 ± 0.7 5.0 ± 0.8 4.7 ± 0.7 4.6 ± 0.8 <0.001
Donor characteristics

Age [years] 54.4 ±15.5 51 ± 16 55 ±16) 55 ± 15) 52 ± 15 0.256
Female, no. (%) 118 (49.4) 25 (41.7) 32 (53.3) 29 (49.2) 32 (53.3) 0.536

Body-mass index [kg/m2] 26.4 ± 4.4 27.0 ± 5.2 26.0 ± 3.7 26.5 ± 4.5 26.1 ± 3.8 0.574
Diabetes, no. (%) 0.131

No 166 (69.5) 37 (61.7) 46 (76.7) 35 (59.3) 48 (80.0)
Yes 15 (6.3) 4 (6.7) 4 (6.7) 5 (8.5) 2 (3.3)

Unknown 58 (24.3) 19 (31.7) 10 (16.7) 19 (32.2) 10 (16.7)
Hypertension, no. (%) 0.071

No 119 (49.8) 29 (48.3) 30 (50.0) 23 (39.0) 37 (61.7)
Yes 79 (33.1) 16 (26.7) 22 (36.7) 27 (45.8) 14 (23.3)

Unknown 41 (17.2) 15 (25.0) 8 (13.3) 9 (15.3) 9 (15.0)
Serum creatinine [mg/dL] 1.0 ± 0.7 1.0 ± 0.8 0.9 ± 0.5) 1.1 ± 0.8 1.0 ± 0.7 0.740

Expanded criteria donor, no (%) 97 (40.6) 20 (33.3) 28 (46.7) 28 (47.5) 21 (35.0) 0.245
Transplant related variables

Living donation, no. (%) 90 (37.7) 14 (23.3) 14 (23.3) 27 (45.8) 35 (58.3) <0.001
Cold ischemic time [hours] 8 ± 6 10 ± 6 10 ± 6 7 ± 5 6 ± 6 <0.001

Warm ischemic time [minutes] 25 ± 13 26 ± 12 27 ± 13 27 ± 16 23 ± 7 0.313
Primary non-function, no. (%) 8 (3.3) 1 (1.7) 2 (3.3) 3 (5.1) 2 (3.3) 0.783

No. of HLA-mismatches 4 ± 2 4 ± 2 4 ± 2 3 ± 2 3 ± 2 0.410

Continuous variables presented as mean ± standard deviation, categorical variables presented in percentage of referring population.
The p-value will compare variables between quartiles calculated by parametric testing. sUMOD, serum uromodulin.

Table 2. Baseline characteristics of participants stratified by status regarding delayed graft func-
tion (DGF).

Characteristics Without DGF With DGF p-Value

Number (no.) of patients 175 64
Recipient demographics

Age [years] 50 ± 14 56 ± 13 0.003
Female, no. (%) 61 (34.9) 14 (21.9) 0.079

Body-mass index [kg/m2] 24.5 ± 4.4 27.8 ± 5.2 <0.001
Diabetes, no. (%) 30 (17.1) 18 (28.1) 0.090

Hypertension, no. (%) 141 (80.6) 53 (82.8) 0.837
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Table 2. Cont.

Characteristics Without DGF With DGF p-Value

Cardiovascular disease, no. (%) 45 (25.7) 34 (53.1) <0.001
Dialysis vintage [days] 1321 ± 1331 2208 ± 1456 <0.001

Preemptive transplant, no. (%) 28 (16.0) 1 (1.6) <0.001
Pretransplant sUMOD [ng/mL] 18.3 ± 26.8 5.9 ± 6.4 <0.001

Recipient laboratory measures on postoperative Day 1 (POD1)
sUMOD [ng/mL] 51.7 ± 50.3 54.0 ± 50.4 0.747

Serum creatinine [mg/dL] 5.6 ± 2.2 7.1 ± 2.4 <0.001
Hemoglobin [g/dL] 10.3 ± 1.6 10.4 ± 1.8 0.687

Leucocyte count [G/L] 11.5 ± 4.2 12.0 ± 4.2 0.479
C-reactive protein [mg/dL] 3.5 ± 2.6 3.2 ± 1.3 0.585

Sodium [mmol/L] 141 ± 4 139 ± 5 0.005
Potassium [mmol/L] 4.7 ± 0.7 5.4 ± 0.6 <0.001

Donor characteristics
Age [years] 52 ± 15 57 ± 15 0.021

Female, no. (%) 96 (54.9) 22 (34.4) 0.008
Body-mass index [kg/m2] 25.8 ± 3.7 28.1 ± 5.5 <0.001

Diabetes, no. (%) <0.001
No 131 (74.9) 35 (54.7)
Yes 5 (2.9) 10 (15.6)

Unknown 39 (22.3) 19 (29.7)
Hypertension, no. (%) 0.209

No 93 (53.1) 26 (40.6)
Yes 55 (31.4) 24 (37.5)

Unknown 27 (15.4) 14 (21.9)
Serum creatinine [mg/dL] 1.0 ± 0.6 1.1 ± 0.9 0.057

Expanded criteria donor, no (%) 64 (36.6) 33 (51.6) 0.052
Transplant related variables

Living donation, no. (%) 79 (45.1) 11 (17.2) <0.001
Cold ischemic time [hours] 7.2 ± 6.0 9.9 ± 5.5 0.002

Warm ischemic time [minutes] 24 ± 12 29 ± 14 0.006
Primary non-function, no. (%) 0 (0) 8 (12.5) <0.001

No. of HLA-mismatches 3 ± 2 3 ± 2 0.650
Continuous variables presented as means ± standard deviation, categorical variables presented in percentage of
referring population. The p-value will compare recipients with DGF and without DGF calculated by parametric
testing. sUMOD, serum uromodulin.

3.2. Course of sUMOD during the Transplant Process and Short Term Follow Up

The mean sUMOD levels in the total cohort was 14.9 ± 23.8 ng/mL preoperatively,
52.3 ± 50.2 ng/mL on POD1 and remained stable after this up to 31–120 days after trans-
plantation (Figure 1). Patients with DGF had significantly lower pretransplant sUMOD
levels compared to patients without DGF (5.9 ± 6.4 ng/mL vs. 18.3 ± 26.8 ng/mL,
p < 0.001). There was no significant difference in sUMOD levels on POD1 between patients
with and without DGF (54.0 ± 50.4 ng/mL vs. 51.7 ± 50.3 ng/mL, p = 0.888; Table 1).
However, while sUMOD levels decreased again in patients with DGF in the postoperative
period, we did see a further increase in patients without DGF (Figure 1). In contrast, serum
creatinine levels were higher in the DGF subgroup pretransplant and remained higher over
the whole postoperative period compared to the non-DGF subgroup (Figure 1).
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Figure 1. Mean serum uromodulin values [ng/mL] from pretransplant to follow-up (up to 120 days
after transplantation) compared to the mean serum creatinine [mg/dL] in the total cohort and in
patients with and without delayed graft function (DGF).

3.3. Pretransplant sUMOD and DGF

In univariable analysis, each 10 ng/mL higher preoperative sUMOD was associated
with 49% lower odds for DGF (OR 0.51, 95%-CI 0.32–0.73, Table 3). This association
remained statistically significant after multivariable adjustment (OR 0.53, 95%-CI 0.30–0.82).
When categorized into quartiles, the quartile with the lowest preoperative sUMOD levels
had 4.4-fold higher odds for DGF compared to the highest quartile in multivariable analysis
(OR 4.41, 95%-CI 1.54–13.93, Table 3).

Table 3. Associations of serum uromodulin (sUMOD) pretransplant and on postoperative Day 1 with delayed graft function
(DGF) in the kidney transplant.

Events Unadjusted Model 1 a Model 2 b Model 3 c

Pretransplant sUMOD
Per 10 ng/mL higher sUMOD 64/239 0.51 (0.32–0.73) 0.54 (0.31–0.81) 0.55 (0.31–0.83) 0.53 (0.30–0.82)

Q1 25/60 5.41 (2.21–14.80) 4.47 (1.62–13.61) 4.30 (1.53–13.31) 4.41 (1.54–13.93)
Q2 20/60 3.79 (1.52–10.46) 2.55 (0.93–7.61) 1.94 (0.68–5.93) 1.95 (0.67–6.08)
Q3 12/59 1.93 (0.72–5.58) 1.52 (0.52–4.70) 1.28 (0.42–4.06) 1.29 (0.42–4.14)
Q4 7/60 1 (ref.) 1 (ref.) 1 (ref.) 1 (ref.)

sUMOD on postoperative Day 1
Per 10 ng/mL higher sUMOD 63/237 * 1.01 (0.95–1.07) 1.01 (0.95–1.07) 1.03 (0.96–1.09) 1.03 (0.96–1.09)

Q1 16/60 0.90 (0.40–2.01) 0.71 (0.28–1.75) 0.70 (0.27–1.78) 0.71 (0.27–1.86)
Q2 14/59 0.77 (0.33–1.74) 0.72 (0.27–1.85) 0.77 (0.29–2.03) 0.79 (0.29–2.14)
Q3 16/59 0.92 (0.41–2.06) 0.84 (0.34–2.07) 0.88 (0.35–2.22) 0.86 (0.34–2.17)
Q4 17/59 1 (ref.) 1 (ref.) 1 (ref.) 1 (ref.)

Results are presented as odds ratios with 95%-confidence intervals given in parentheses. Delayed graft function is defined as the
requirement of >1 dialysis treatment within the first week after transplantation. Quartile distribution according to preoperative serum
uromodulin (sUMOD): Quartile 1 (Q1) ≤ 2.59 ng/mL, Quartile 2 (Q2) > 2.59–7.04 ng/mL, Quartile 3 (Q3) > 7.04–14.66 ng/mL, Quartile 4
(Q4) > 14.66 ng/mL. Quartile distribution according to postoperative Day 1 serum uromodulin (sUMOD): Quartile 1 (Q1) ≤ 22.00 ng/mL,
Quartile 2 (Q2) > 22.00–36.97 ng/mL, Quartile 3 (Q3) > 36.97–68.44 ng/mL, Quartile 4 (Q4) > 68.44 ng/mL. * Two patients missing
due to missing sUMOD values on postoperative Day 1. a Adjusted for recipients age, recipients body-mass-index and dialysis vintage.
b Model 1 + serum creatinine on postoperative Day 1. c Model 2 + cold-ischemia time, living vs. deceased donor transplantation, expanded
criteria donors (ECD).
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In order to rule out potential confounding through preemptive transplantation we
performed a sensitivity analysis in which we adjusted our multivariable logistic regression
Model 1 for preemptive transplantation (categorical variable yes vs. no) instead of dialysis
vintage. We did not add preemptive transplantation as another covariable in order to
avoid overfitting of the model. In this additional analysis with pretransplant sUMOD as a
continuous variable, we identified a similar OR for the association of sUMOD with DGF
(OR 0.50 (95%-CI 0.28–0.79) per 10 ng/mL higher sUMOD).

sUMOD on POD1 was not significantly associated with DGF, neither as a continuous
nor a categorical variable (Table 3).

3.4. ROC-Analysis to Evaluate Preoperative sUMOD as a Predictor for DGF

In multivariable ROC curve analysis, Model A (including risk factors for DGF without
preoperative sUMOD) worked moderately well to predict DGF (area under the curve
(AUC) 0.786 [95%-CI 0.723–0.848], Figure 2). Model B (i.e., adding sUMOD to Model A)
increased the predictive accuracy at borderline statistical significance (AUC 0.813 [95%-CI
0.755–0.871], p = 0.05) as presented in Figure 2.

Figure 2. Multivariable receiver-operating-characteristic (ROC) curve analysis evaluating models
including established risk factors (recipient age and body-mass-index (BMI), dialysis vintage, cold is-
chemia time, deceased vs. living donation, expanded criteria donors) for the prediction of delayed
graft function (DGF) without (A) and with preoperative serum uromodulin (B).

4. Discussion

In the current study, we demonstrate that a higher pretransplant sUMOD in kidney
transplant recipients is independently associated with a lower risk for DGF. Furthermore,
preoperative sUMOD was of additional predictive value when added to a model of estab-
lished risk factors for DGF. Surprisingly, we detected no association between sUMOD on
POD1 and DGF.

We further mapped the course of sUMOD before, during and in the early phase after
transplantation (up to 120 days following kidney transplantation) with and without the
occurrence of DGF. We demonstrated that over the longer course after transplantation
patients without DGF maintained higher sUMOD levels, while in patients with DGF we
detected a subsequent decline in sUMOD in the postoperative period. The subsequent
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decrease in sUMOD is consistent with a recent study showing decrease in circulating
uromodulin following AKI in a cohort of liver transplant patients undergoing surgery [26],
reflecting tubular mass and function in the longer-term, non-acute setting.

sUMOD has been positively associated with reduced risk for kidney failure, cardio-
vascular events and mortality in geriatric and chronic kidney disease populations [27,28].
In kidney transplant setting, higher sUMOD in the first year after transplantation has
also been associated with better long-term allograft survival in kidney transplant recip-
ients [20,21]. Further, decreased concentrations of sUMOD can be observed in the early
course of tubulointerstitial injury in the kidney transplant [29]. This is in line with our
observations, that a higher pretransplant sUMOD is associated with lower risk for DGF
due to IRI and subsequently higher sUMOD levels over the longer-term course following
renal transplantation. None of the previous studies performed uromodulin measurements
just before and after kidney transplantation.

Higher pretransplant sUMOD could represent the anti-inflammatory capacity of
the recipient towards the following inflammation due to IRI. Interstitial or sUMOD has
been shown to downregulate proinflammatory signaling in the kidney, reflecting its im-
munomodulatory and reno-protective capacity [30]. Recently, it was demonstrated that
uromodulin inhibits the generation of reactive oxygen species both in the kidney and
systemically [26]. In line with this, UMOD deficient mice experiencing IRI are at higher risk
for acute kidney injury with higher interstitial inflammation and cell infiltration [17,19].
Furthermore, UMOD deficient mice showed delayed and incomplete recovery from acute
kidney injury after IRI, which is explained by a lack of upregulation of uromodulin expres-
sion after IRI [14].

Although it is challenging to directly extrapolate results from murine models of IRI
to human transplantation, results from these models support our observations, that a
higher sUMOD in the recipient just before transplantation is associated with lower risk for
DGF [31]. SUMOD is hypothesized to be a molecule with abilities in modulating inflamma-
tion against an evolving IRI, which in turn is thought to be one of the main mechanisms
predisposing to DGF [32]. The findings that higher levels of preoperative sUMOD are asso-
ciated with less risk of DGF leads to the hypothesis that there is a “high uromodulin” state
before transplantation may be beneficial. However, given the observational nature of this
data, we cannot conclude on whether sUMOD has a causal role to play in the development
of DGF. Despite we detected significant differences in sUMOD levels between patients
with and without DGF, absolute differences appear to be small compared to differences
in sUMOD levels between healthy individuals and patients at different CKD stages [16].
Therefore, it remains to be validated that the differences we detected between DGF and
non-DGF translate into physiologically relevant differences in uromodulin activity.

It is interesting that sUMOD increases initially in patients with or without DGF, which
might reflect the release of “donor” sUMOD from the transplanted kidney. Patients with
DGF have a subsequent profound and persistent decrease in sUMOD. The fact that we
do not see an association between sUMOD on POD1 and delayed graft function could
reflect the dynamic pathophysiological process occurring during this early time period
in the transplanted kidney, which may be critical to the subsequent course of injury or
recovery. The initial increase could represent general reactive reno-protection-intended
induction of uromodulin production in the setting of renal IRI, which is related to its
immune-modulatory capacities in the interstitium [14,17].

While sUMOD on POD1 might be influenced by acute inflammation and hypoxic
stress, long-term sUMOD should reflect tubular function/mass [20,21]. However, as the
primary aim of our study was to evaluate sUMOD as a predictive marker or a marker
for early detection of DGF, sUMOD pre-transplant and on POD1 was the focus of our
statistical analysis.

One strength of our study is the use of both pre- as well as the post-transplant period.
While we did not directly adjust for residual kidney function in the multivariable approach,
we propose that with adjusting for dialysis vintage and kidney transplantation after living
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donation we also captured residual kidney function to some extent, as it is well known that
residual kidney function decreases along with the time spent of dialysis. In general, due to
its molecular mass of 95 kDa sUMOD is highly unlikely to be removed by both hemo- and
peritoneal dialysis.

A major limitation in the present study is that patients without DGF received kidneys
from “healthier” donors with shorter ischemia time (see Table 2), that are less vulnerable
to tubular injury. Although, we tried to account for this difference by adjusting for a
number of covariables, which are supposed to be relevant risk factors for DGF (i.e., ECD,
deceased vs. living donation, CIT) [2,5,25] there remains the potential residual confounding.
Furthermore, DGF due to renal IRI is a common problem after deceased donation [2],
but the proportion of patients after living donation in the present cohort is relatively high
at almost 38%. We included transplant patients both after deceased as well as after living
donation due to the otherwise small number of patients in a single center analysis. Further,
we adjusted for living donation in statistical analysis as mentioned above. However,
even after adjustment for deceased vs. living donation as well as dialysis vintage with
expected shorter dialysis time before transplantation after living donation due to the
large proportion of preemptive transplantations, recipients pretransplant sUMOD was
independently associated with lower risk for DGF following transplantation. Finally,
we lack data on single nucleotide polymorphisms (SNPs) that are known to influence
uromodulin concentrations [33,34], and therefore, cannot comment on how these SNPs
may affect our findings.

5. Conclusions

In conclusion, lower pretransplant sUMOD is independently associated with DGF
after kidney transplantation and might therefore function as an early non-invasive marker
to identify patients at increased risk for DGF following IRI and subsequent complicated
course after kidney transplantation.
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Abbreviations

List of Abbreviations
AUC Area under the curve
BMI Body-mass index
CIT Cold ischemia time
ECD Expanded criteria donor
eGFR Estimated glomerular filtration rate
ELISA Enzyme-linked immunosorbent assay
DGF Delayed graft function
IRI Ischemia-reperfusion injury
95%-CI 95% confidence interval
OR Odds ratio
POD1 Postoperative Day 1
ROC Receiver-operating-characteristics
sUMOD Serum uromodulin.
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Abstract: Nearly 18% of patients on a waiting list for kidney transplantation (KT) are highly sensi-
tized, which make access to KT more difficult. We assessed the efficacy and tolerance of different
techniques (plasma exchanges [PE], double-filtration plasmapheresis [DFPP], and immunoadsorption
[IA]) to remove donor specific antibodies (DSA) in the setting of HLA-incompatible (HLAi) KT. All
patients that underwent apheresis for HLAi KT within a single center were included. Intra-session
and inter-session Mean Fluorescence Intensity (MFI) decrease in DSA, clinical and biological toler-
ances were assessed. A total of 881 sessions were performed for 45 patients: 107 DFPP, 54 PE, 720 IA.
The procedures led to HLAi KT in 39 patients (87%) after 29 (15–51) days. A higher volume of treated
plasma was associated with a greater decrease of inter-session class I and II DSA (p = 0.04, p = 0.02).
IA, PE, and a lower maximal DSA MFI were associated with a greater decrease in intra-session class
II DSA (p < 0.01). Safety was good: severe adverse events occurred in 17 sessions (1.9%), more
frequently with DFPP (6.5%) p < 0.01. Hypotension occurred in 154 sessions (17.5%), more frequently
with DFPP (p < 0.01). Apheresis is well tolerated (IA and PE > DFPP) and effective at removing HLA
antibodies and allows HLAi KT for sensitized patients.

Keywords: plasmapheresis; kidney transplantation; desensitization; donor specific antibody

1. Introduction

Chronic kidney disease (CKD) and end-stage kidney disease (ESKD) are global public
health problems. Kidney transplantation (KT) provides the best results in terms of survival,
quality of life, and health-care savings compared to hemodialysis (HD) when kidney
replacement is necessary [1].

Currently, the major causes of restricting access to KT are graft shortage and a re-
cipient’s sensitization to anti-human leukocyte antigens (HLA). In France, about 30% of
patients on waiting lists for a KT are sensitized [2]. The number of newly listed patients
has increased by 35% over the past 10 years and the number of patients on waiting lists
has increased by 82% within 10 years. Pre-existing donor-specific alloantibodies (DSA),
defining HLA-incompatible (HLAi) KT, may restrict access to a living-donor transplant or
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delay access to a deceased-donor KT. Highly sensitized patients remain on a waiting list
for two to three times longer than non-sensitized candidates [3].

Options to enable access to KT for sensitized patients include acceptable mismatch
programs, paired donation, or desensitization [4]. HLA desensitization significantly im-
proves access to a deceased- or living-donor KT [5]. In 2016, Orandi et al. reported a
survival benefit in the USA for sensitized patients undergoing desensitization for HLAi
living-donor KT compared to those remaining on a waiting list [6].

The goal of desensitization is to reduce DSA mean fluorescence intensity (MFI) as
much as possible to obtain a negative cytotoxic crossmatch at the time of KT. Various desen-
sitization protocols have been used in the setting of HLAi KT: most involve plasmapheresis,
but also intravenous immunoglobulins and B-cell depleting agents [7]. Plasmapheresis
includes several types of extracorporeal therapies that can be used to remove antibodies
(anti-HLA antibodies and DSA): plasma exchange (PE), double-filtration plasmapheresis
(DFPP), and semi specific immunoadsorption (IA). To date, there is no evidence for supe-
riority of one technique over another and no study has compared the different apheresis
techniques in connection to HLA desensitization. The aim of this study was to assess the
efficacy, safety and tolerance of each apheresis technique in the setting of desensitization
for HLAi KT.

2. Materials and Methods

2.1. Study Population

In this single-center study, all adult patients that had undergone desensitization
for HLAi KT in the University Hospital of Grenoble, since January 2016, were included.
Inclusion into the desensitization protocol required being on the KT waiting list for >3 years,
having no infectious or neoplastic co-morbidities, and having optimal results from a cardiac
check-up within the previous three months. For living-donor KT, patients were included
in case of pre-existing DSA of >1500 MFI. MFI assessment was performed using a bead
assay (Luminex Single Antigen assay, Immucor, Norcross, GA, USA). For deceased donors,
recipients had to be highly sensitized (i.e., to have a historical calculated panel-reactive
alloantibody (cPRA) of ≥80%). The cPRA is calculated as the percentage of HLA antigens
out of a panel reacting with the serum of a patient. It represents the percentage of donors
expected to react with the serum of the patient. The screening for pretransplant HLA
sensitization was also performed by Luminex assay. There were 22 living-kidney and
28 deceased-donor kidney-transplant candidates in this study.

All patients signed an informed consent form. All medical data were collected from
our database (CNIL (French National committee for data protection) approval number
1987785v0).

2.2. Endpoints

The primary outcome was the efficacy of performing HLAi KT after desensitization
and to compare the efficacy to remove HLA antibodies and DSAs between the three
apheresis techniques. DSAs were monitored at least once a week during the desensitization
period until KT.

“Intra-session DSA reduction” was defined as the percentage reduction in the immun-
odominant DSA MFI between pre- and post-apheresis session.

“Inter-session DSA reduction” was defined as the percentage reduction within two
consecutive immunodominant DSA MFIs measured before an apheresis session and per-
formed using the same apheresis technique (IA, DFPP, or PE). The number of sessions
between two consecutives MFI measures varied but was taken into account within the anal-
yses.

The secondary endpoints were the safety of the apheresis techniques, based on the
number of severe adverse events, hemodynamic tolerance, and the evolution of biological
parameters (platelet, hemoglobin, leukocytes, fibrinogen). Severe adverse events were
defined in this study as occurring during an apheresis session and that led to discontinuing
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a session or that needed hospitalization. Hypotension was defined as a nadir systolic blood
pressure of ≤90 mmHg during apheresis. Technical issues were defined as the need for a
nurse’s intervention.

2.3. Procedures

Desensitization and immunosuppression protocols are summarized in Figure 1A for
living donors and Figure 1B for deceased donors and was realize in one center. Patients
received two rituximab injections (375 mg/m2 each). The immunosuppressive regimen
consisted of prednisone (0.5 mg/kg), mycophenolate mofetil (500 mg × 2 per day), and
tacrolimus (initial dose 0.1 mg/kg/day, with a target trough concentration of between 8
and 10 ng/mL).

 
Figure 1. Desensitization and immunosuppression protocol for HLA-incompatible kidney transplantation. Panel (A) shows
the protocol for living donors HLAi kidney transplantation. Panel (B) shows the protocol for deceased donors HLAi kidney
transplantation. IAss: semi-specific immunoadsorption; DFPP: double-filtration plasmapheresis; PE: plasma exchange.

Apheresis sessions were performed by IA, PE, or DFPP according to the initial MFI
(s) of DSA (s) for living-donor kidney-recipient KT or according to the immunodominant
anti-HLA alloantibody for a deceased donor’s KT. PE or DFPP was performed if MFI was
<6000 and IA was performed if MFI was >6000.

PE was performed by centrifugation using a Spectra Optia® (BCT Lakewood, Terumo,
CO, USA) or Comtec® (Fresenius Kabi, France). Filtration was carried out with a PlasmafloTM

OP-08W (Asahi Kasei Medical, Tokyo, Japan). DFPP was equipped with two filters in
series. A primary filter with large pores (PlasmafloTM OP-08W) separated cells and plasma,
followed by a specific secondary filter (CascadefloTM EC-20W) for immunoglobulin filtra-
tion. IA was performed after plasma centrifugation on two adsorber Globaffin® columns
(Fresenius Medical Care, St. Wendel, Germany) working in tandem. IA could be coupled
with membrane filtration (Monet®). Monet® filter was used to enhance the removal of
molecules possibly involved in the post-transplantation rejection risk such as IgM, C1q,
properdin, mannose-binding lectin [8]. It was associated with IA when HLA antibody titer
was high (i.e., >12,000). All patients received prophylactic antibiotherapy with phenoxy-
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methylpenicillin and sulfamethoxazole-trimethoprim. Apheresis sessions were carried
out in parallel with the hemodialysis sessions. Intravenous Immunoglobulins (IVIg) were
given at low dose (1.5 g) in case of low IgG level (<4 g/L) before the apheresis session for
substitution purposes.

2.4. Desensitization Protocol

For living-donor KT, the protocol consisted of four or five apheresis sessions per week
for 2 weeks prior to KT. If the DSA MFI was >12,000, IA was performed daily. If DSA MFI
was <6000, IA could be replaced by DFPP or PE to achieve a threshold MFI of < 3000 before
KT. KT was performed when DSAs had an MFI of <3000, i.e., a negative-flow cytometric
crossmatch in our center on the day before KT. A systematic graft biopsy was performed at
1, 3 and 12 months.

For deceased-donor KT, three to five apheresis sessions per week were carried out
until a compatible kidney graft was available. If no nationally available graft was proposed
within 45 days after starting desensitization, the first local ABO-compatible graft, matched
for age and weight, was proposed. To facilitate the purification of high MFIs HLA antibod-
ies, some patients with high level of antibodies (MFI > 12000) and waiting for a deceased
donor were primed by receiving tocilizumab injections before the start of apheresis [9].

2.5. Statistical Analyses

Quantitative data are presented as means ± standard deviations (SD), or as medians
with quartiles (Q1–Q3). Qualitative data are presented as the numbers of patients and
percentages. The chi-squared test was used for categorical variables; the Wilcoxon or
the Kruskal—Wallis test was used for continuous variables. Multiple linear-regression
analysis was performed to identify the independent factors associated with inter-session
and intra-session immunodominant DSA evolution. All parameters significantly associated
with immunodominant DSA inter-session and intra-session decrease were included in the
multivariate analyses except for the number of sessions that was closely correlated to the
total volume of treated plasma and did not provide additional relevant data. Data adjusted
in the multivariate inter-session model were the total volume of treated plasma and the
type of apheresis technique (ie PE, DFPP and IA). Data adjusted in the multivariate intra-
session model were the total volume of treated plasma, the type of apheresis technique
and the initial MFI of the immunodominant DSA. In order to assess the impact of patient’s
variability on DSA reduction, we used a mixed model that allowed to predict the fixed
effect and variability of the apheresis. A two-sided p-value of < 0.05 was considered
statistically significant. Statistical analyses were conducted using R statistical software.

3. Results

3.1. Study Population

Between August 2016 and November 2020, 45 patients were desensitized in the setting
of HLAi KT at Grenoble University Hospital (Table 1). Patients were aged 53 ± 13 years,
and 25 (55.6%) were women. Mean body-mass index was 24 ± 4 kg/m2. Seventeen patients
(44%) were desensitized in the setting of a living-donor HLAi KT. Among these, eight were
also ABO incompatible. Mean cPRA was 84.6 ± 26.3% (96 ± 5% for deceased donors and
65 ± 35% for living donors). A total of twenty-three (59%) had undergone a previous KT
and median time on dialysis before desensitization was 65 (16.5–110) months.

At the beginning of desensitization, for living donors, the median immunodominant
class I DSA MFI was 6195 (2458–11,347) and was 2191 (1180–7238) for class II DSAs. The
deceased-donor median for immunodominant class I DSA MFIs was 13,929 (5237–18,606)
and was 5508 (2079–10,872) for class II DSA. Retrospectively, 27 (60%) patients had more
than one DSA. Regarding class I DSAs, anti HLA-A was present in 77.7% of patients, anti
HLA-B in 63% of patients, and anti HLA-C in 15%. Regarding class II DSAs, anti HLA-DP
was present in 28% of patients, anti-HLA-DQ in 36%, and anti HLA-DR in 44%.
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Table 1. Baseline characteristics of patients according to kidney transplant donor type.

Desensitization with
Living Donors

Desensitization with a
Total of Deceased Donors

Total
p-Value

N = 18 N = 27 N = 45

Age at inclusion (years) 53.6 ± 15 51.9 ± 12 52.6 ± 13 0.84
Male/Female gender ratio 7/11 13/14 20/25 0.54
Body Mass index (Kg/m2) 24.5 ± 3 24.2 ± 4 24.3 ± 4 0.54

History of previous
transplantation—N (%) 6 (35.3) 17 (77.3) 23 (59) 0.02

Pre-emptive kidney trans—N (%) 1 (5.9) 0 (0) 1 (2.6) 0.25
Time on dialysis (months) 17 ± 15 150 ± 114 92 ± 108 <0.001

cPRA (%) 65 ± 35 96 ± 5 84 ± 26 <0.001
>1 class I DSA—N (%) 11 (65) 16 (59) 27 (60) 0.09
>1 class II DSA—N (%) 12 (66.6) 13 (48) 25 (55.5) 0.01

Number of class I 17 KT 22 KT 39 KT

0.31

Missmatch—N (%)
1 1 (5.8) 0 (0) 1 (2.5)
2 7 (41) 6 (27) 13 (33.3)
3 8 (47) 9 (41) 17 (43.5)
4 1 (5.8) 5 (22.7) 6 (15.3)

Number of class II

0.93

Missmatch—N (%)
0 3 (17.6) 3 (13.6) 6 (15.3)
1 3 (17.6) 5 (22.7) 8 (20.5)
2 7 (41) 8 (36.3) 15 (38.4)
3 2 (11.7) 3 (13.6) 5 (12.8)
4 2 (11.7) 1 (4.5) 3 (7.7)

Mean number of PE sessions 2 ± 1 1 ± 1 1 ± 1 0.04
Mean number of DFPP sessions 3 ± 3 2 ± 3 2 ± 3 0.61

Mean number of IA sessions 6 ± 7 22 ± 17 16 ± 15 <0.001
Trough tacrolimus level (ng/mL)

at inclusion 4.9 ± 0.5 9.8 ± 5.8 8.5 ± 5.5 0.02

cPRA: calculated Panel Reative Antigen, DSA: Donor specific antibody, DFPP: double-filtration plasmapheresis; PE: plasmatic exchange;
IA: immunoadsorption.

3.2. Characteristics of Apheresis for HLAi Kidney Transplantation

Between January 2016 and January 2020, 881 apheresis sessions were carried out for
the 45 patients in the setting of HLA-incompatible KT. The characteristics of all apheresis
sessions are summarized in Table 2. The number of sessions per patient was 15 [10–24]. IA
was the most performed technique with 720 (81.7%) sessions. The median duration between
the first and last session for each patient was 29 (15–51) days. The median duration of one
session was 3.2 h (2.6–3.9): IA sessions took significantly longer (3.5 ± 0.8 h) compared
to DFPP (2.1 ± 0.6 h) and PE (1.9 ± 0.6 h) (p < 0.001). Each patient had 9 ± 6 IA sessions,
2 ± 1 PE sessions, and 3 ± 2 DFPP sessions. The Monet® filter was added in 340 IA
sessions (47.2%). A total of thirteen patients (28.9%) had received at least one injection of
tocilizumab prior to apheresis desensitization at a dose of 8 mg/kg. A total of nineteen
(42.2%) patients received IVIg injections in 47 IA sessions (6.5%) at the dose of 140 mg/kg,
i.e., a mean dose of 9.5 ± 7 g Fibrinogen was infused after 51 sessions at a mean dose of
1.8 ± 0.8 g.
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Table 2. Characteristics of sessions according to apheresis technique.

DFPP (N = 107) PE (N = 54) IA (N = 720) Total (N = 881) p-Value

Duration of session (hours). Median [IQ] 2 (1.8–2.3) 1.7 (1.5–2.0) 3.5 (2.9–4.0) 3.2 (2.6–3.9) <0.01
Treated plasma volume (L). Median [IQ] 3675 (3000–4200) 4200 (2564–3685) 6641 (5520–7523) 6035 (4803–7286) <0.01
Blood flow (mL/min) Mean ± SD 146 ± 14 63 ± 38 54 ± 7 65 ± 32 <0.01
Substitution volume (L) Mean ± SD 259 ± 224 2857 ± 750 104 ± 53 295 ± 717 <0.01

Substitution fluid N (%)

<0.01
– Albumin 20% 10 (9.3%) 0 (0%) 720 (100%) 730 (83%)
– Albumin 20% + saline serum 88 (82.2%) 0 (0%) 0 (0%) 88 (10%)
– Albumin 4% 9 (8.4%) 20 (37%) 0 (0%) 29 (3.2%)
– FFP 0 (0%) 34 (63.0%) 0 (0%) 34 (3.9%)

DFPP: double-filtration plasmapheresis; PE: plasmatic exchange; IA: immunoadsorption; FFP: fresh frozen plasma.

3.3. Efficacy of Apheresis and Access to Kidney Transplantation

Regarding assess to KT, 39 (87%) patients received an HLAi KT at post-desensitization.
A total of six desensitized patients did not receive a transplant: this was because of failure
to remove HLA antibodies from three patients (6.6%) or intercurrent events occurring
during the desensitization period for the other three patients (6.6%). The intercurrent
events were one myocardial infarction (with death), a pulmonary infection (pneumocystis),
and a digestive perforation. One patient died during the desensitization protocol period
from acute coronary syndrome. The number of sessions was associated with the MFI level
of the immunodominant DSA before the desensitization. An MFI increase of 276 of the DSA
before the desensitization procedure was associated with an additional session needed to
access to KT (p < 0.001).

We then assessed factors associated with intra- and inter-session DSA evolution.
Intra-session analyses: For class I DSAs, the mean decrease of MFI was 13 ± 4%.

In univariate and multivariate analyses, the volume of purified plasma was significantly
associated with a higher decrease in intra-session MFI (p = 0.03). For class II DSAs, the mean
decrease in MFIs was 83 ± 22%. In univariate and multivariate analyses, IA and PE, and a
lower initial DSA MFI were significantly associated with a higher decrease in intra-session
MFI (p < 0.01) (Table 3). The mixed model used to predict patient variability impact on
the apheresis effect showed similar results to the previous model meaning that the patient
variability did not significantly impacted the antibodies removal (Tables S1 and S2).

Table 3. Uni- and multivariate analyses of factors associated with reduction in intra-session MFI of immunodominant DSAs.

DSA Class I DSA Class II

Univariate p-Value Multivariate p-Value Univariate p-Value Multivariate p-Value

Volume of treated plasma 0.01 0.03 0.07 0.37

Technique of apheresis
0.20 0.60 (IA)

0.02 (PE) <0.01 (PE)
(IA and PE vs. DFPP) 0.01 (IA) <0.01 (IA)

Duration of session 0.89 - 0.10 -
Maximum MFI of DSA 0.39 0.19 <0.01 <0.01

DFPP: double-filtration plasmapheresis; PE: plasmatic exchange; IA: immunoadsorption; DSA: donor-specific antibody; MFI: mean
fluorescence intensity.

Inter-session analyses: For class I DSAs, the mean decrease in MFI was 88 ± 50%.
In univariate and multivariate analyses, the volume of treated plasma and the IA were
associated with a higher inter-session DSA decrease, p = 0.04 and p = 0.03, respectively. For
class II DSAs, the mean decrease in MFI was 59 ± 34%. In univariate and multivariate
analyses, a higher total volume of treated plasma was significantly associated with a
decrease in inter-session MFI (p = 0.02) (Table 4).
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Table 4. Uni- and multivariate analyses of factors associated with reduction of inter-session MFI of immunodominant DSAs.

DSA Class I DSA Class II

Univariate p-Value Multivariate p-Value Univariate p-Value Multivariate p-Value

Volume of treated Plasma 0.24 0.04 0.06 0.02

Technique of apheresis 0.86 (PE) 0.83 (PE) 0.22 (PE) 0.18 (PE)
(IA and PE vs. DFPP) 0.11 (IA) 0.03 (IA) 0.76 (IA) 0.38 (IA)

Delay between sessions 0.42 - 0.49
Duration of session 0.92 - 0.78 -

DFPP: double-filtration plasmapheresis; PE: plasmatic exchange; IA: immunoadsorption.

The efficacies of the intra-session subtype immunoglobulin reduction are summarized
in Table 4. The best reduction rate of IgG was −60.6% (−46; −73) for PE sessions, followed
by −60% (−33; −69) for IA, and −40.0% (−30; −50) for DFPP (p < 0.001). Figure 2 shows
the percentages of IgG reduction according to apheresis techniques. The volume of treated
plasma is significantly associated with IgG reduction post apheresis for all techniques, but
IA needs a more important volume to remove Ig. The absolute value of IgG at post-session
was lower for IA (0.6 ± 0.7 g/L) versus EP (2.1 ± 1 g/L) and DFPP (1.4 ± 1 g/L), p < 0.001.
The use of the Monet filter was associated with a significantly higher reduction of IgG but
also IgM and IgA post session as compared to IA alone (Figure S1).

Figure 2. Post session reduction of immunoglobulin-G according to the apheresis technique. DFPP:
double-filtration plasmapheresis; PE: plasma exchange; IA: immunoadsorption; IgG: immunoglobu-
lin subtype G. IgG reduction was assessed in all sessions that did not received IV immunoglobulins.
The volume of purified plasma is significantly associated with IgG reduction.
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3.4. Apheresis Tolerance

Clinical tolerance: serious adverse events occurred in 17 (1.9%) sessions and hemody-
namic intolerance occurred in 154 (17.5%) sessions. We assessed the association of serious
adverse events with age, trough level of tacrolimus, technique of apheresis, Rituximab,
IVIg, Tocilizumab, simultaneous dialysis, vascular access, use of membranous filter, du-
ration of apheresis session, anticoagulation and blood flow rate. DFPP was significantly
less well-tolerated compared to IA and PE: serious adverse events occurred in 6.5% of
DFPP sessions versus 1.9% and 1.2% for PE and IA, respectively (p < 0.01). Trough level
of tacrolimus was also associated with serious adverse events (p = 0.02). Intrasession
hypotension occurred in 39.3% of DFPP sessions versus 20.4% and 14% for PE and IA,
respectively (p < 0.01). The number of sessions with technical issues that required a nurse’s
intervention was 88 (10%) and was similar between the three techniques (p = 0.53).

Biological tolerance (Table 5): fibrinogen decreased by −46.7% (−23; −60) with a
higher loss with DFPP: -1.5% (−55; −69) versus PE −33.3% (−28; −64) and IA −42.9%
(−22; −57) (p < 0.01). Post-session fibrinogen was lower with DFPP: 0.6 ± 0.4 g/L compared
to the other techniques (1.0 ± 0.7 g/L for IA and 1.3 ± 0.7 g/L for PE) (p < 0.01). Five (11.1%)
patients presented with asymptomatic cytomegalovirus (CMV) DNAemia and 9 (20%)
with Epstein—Barr virus (EBV) DNAemia during the desensitization period. Only one
patient developed CMV disease with digestive involvement. Red-blood cell transfusion
was performed in 82 (9.3%) sessions.

Table 5. Biological parameters according to apheresis techniques.

DFPP (N = 107) PE (N = 54) IA (N = 720) Total (N = 881) p-Value

Pre-post IgA evolution (%) Median [IQ] −55 (−45; −63) −48 (−1; −71) −14 (−7; −21) −17 (−8; −29) <0.01
Pre-post IgG evolution (%) Median [IQ] −40 (−31; −50) −61 (−46; −73) −60 (−33; −70) −56 (−33; −69) <0.01
Pre-post IgM evolution (%) Median [IQ] −37 (0; −58) −51 (60; −75) −17 (0; −54) −17 (0; −57) 0.10
Pre-post Alb evolution (%) Median [IQ] 1 (14; 2) 10 (14; −3) 9 (14; −1) 9 (15; 0) 0.73

Pre-post fibrinogen evolution (%) Median [IQ] −61 (−56; −69) −33 (−29; −64) −43 (−22; −57) −47 (23; −60) <0.01
Pre-post hemoglobin evolution (%) Median [IQ] 15 (22; −8) 2 (10; −2) 2 (9; −2) 3 (11; −2) <0.01
Pre-post leukocytes Evolution (%) Median [IQ] 65 (96; 33) 22 (60; 5) 4 (18; 8) 8 (27; 6) <0.01

Pre-post platelet evolution (%) Median [IQ] 7 (−1; 17) 14 (2; 21) 12 (3; 21) 12 (2; 21) 0.01

DFPP: double-filtration plasmapheresis; PE: plasmatic exchange; IA: immunoadsorption.

4. Discussion

In this cohort, we found that an MFI-stratified apheresis protocol associated with
rituximab and a standard immunosuppressive regimen was efficient to desensitize patients
in the setting of HLAi KT. Only six patients did not receive a transplant due to failure
of desensitization or an intercurrent event. Removal of intra-session class II DSAs was
more efficient with IA and PE than with DFPP and when the maximal DSA was lower.
The decrease in inter-session class I and II DSAs was associated with the higher volume
of treated plasma (in multivariate analyses). IA was also associated with a better class I
inter-session decrease.

The very first plasmapheresis technique was performed on dogs in 1914 [10]. In
CKD and KT, the main pathologies associated with plasmapheresis are antibody-mediated
rejection, focal segmental glomerulosclerosis, and desensitization [11]. Highly sensitized
patients without a HLA-compatible donor are difficult to manage. These patients have to
wait long periods for a compatible deceased donor, are often on hemodialysis, and have
increased morbidity-mortality [12]. Desensitization strategies have significantly improved
access to KT from deceased and living donors [5,13].

The goal of desensitization is to obtain a sustained drop in DSA MFI and to allow KT
under an acceptable immunological risk. In the 1970s, Cardella et al. considered that PE
could remove DSAs involved in acute humoral rejection [14]. In desensitization, plasma-
pheresis has shown better results compared to IVIg to achieve a negative crossmatch and
was associated with a lower rate of antibody-mediated rejection [15]. Anti-HLA antibodies
are IgG, with a half-life of 21 days, with a molecular weight about 160,000 Daltons, and
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a vascular distribution of about 40% [16]. For these reasons, apheresis can remove DSAs
from plasma.

To date, there are three different apheresis techniques: PE, DFPP, and IA. PE is a
non-selective technique that removes all plasma proteins. In our center, PE has been
mostly performed by centrifugation, which allows a decrease in blood flow and reduces
the session time [17]. DFPP and IA are more recent techniques that allow selective or
semi-selective plasma purification. Selective plasma purification avoids the unnecessary
loss of plasma proteins and reduces the need for liquid replacement and increases the
efficiency of purification [18].

Böhmig et al., in 2007, showed, in a randomized study, the efficacy of IA to remove
antibodies in a setting of acute antibody-mediated rejection post KT [19]. In our study,
the most effective apheresis technique was IA. The first use of IA in KT for highly HLA-
sensitized cases dates from 1989 [20]. IA has since been used successively as a desensitizing
therapy by many teams [21]. The most commonly used IA column in our center has been a
Globaffin® column: it uses a synthetic peptide with a high affinity for the constant fraction
(Fc) of IgG antibodies of subclasses 1, 2 and 4 [22]. By purifying a high plasmatic volume
with IA, Belàk et al. have shown a 87% drop in the initial IgG level and good affinity
for IgG 2 and 4 [23]. IA and DFPP allow higher plasma volumes to be treated without
excessive loss of plasma [24,25] whereas the main constraint of PE remains the necessary
use of a substitute solution.

To the best of our knowledge, only a few studies with very small populations have
compared apheresis techniques in the setting of HLAi KT [23,26]. In our study, the per-
centage IgG reduction was higher with PE, but the absolute value of IgG at post-session
was lower with IA. This is partly due to the pore size of DFPP filters, which allows good
elimination of IgA and IgM, but low elimination of IgG to avoid loss of albumin with a
similar molecular weight [27]. Regarding to HLA antibodies removal and monitoring, the
limitation is the measurement itself by Single-Antigen Bead assay. Indeed, high level of
HLA antibodies can be missed or underestimated because of IgG detection interference
(prozone effect). In order to prevent this, all patients of this study had a dilution test of
their serum before the desensitization procedure and none had a prozone effect. Moreover,
in our study, the initial MFI of HLA antibody was not similar for IA, PE and DFPP. We may
suspect that the reduction of MFI is partially correlated with the amount of antibody which
introduce of possible bias in our results.

Apheresis requires both medical and paramedical expertise with a team that is well-
trained in the different techniques. Plasmapheresis may be complicated by cardiovascu-
lar [28], hemorrhagic [29,30] or allergic [31] complications. In our center, the technique
with the most undesirable effects was DFPP. We also found a significant increase in the
numbers of leukocytes after DFPP. This may be explained by the bio-incompatibility of
the membranes and the frictional forces imposed on blood through these membranes [32].
This activation of the inflammatory system may be partly responsible for the excess risk of
hypotension.

Moreover, even if not assessed in this study, we suspect there is improved quality
of life for patients that receive a transplant after desensitization compared to those that
remain on dialysis.

Finally, desensitization with apheresis was effective at removing HLA antibodies
and allowed access to HLAi KT for sensitized patients. IA and EP were more effective to
remove IgG and antiHLA antibodies, especially for class II DSAs, and were better tolerated
than DFPP.

Supplementary Materials: The following are available online at https://www.mdpi.com/2077-0
383/10/6/1316/s1, Figure S1: Percentage of IgM, IgA and IgG reduction post immunoadsorption
alone or combined with membrane filtration, Table S1: Mixed model modeling the effect of session
type as a fixed and a random effect on DSA class I reduction, Table S2: Mixed model modeling the
effect of session type as a fixed and a random effect on DSA class II reduction.
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Abstract: Currently, serum creatinine and estimated glomerular filtration rate (eGFR) together with
albuminuria or proteinuria are laboratory markers used in long-term monitoring of kidney transplant
recipients. There is a need for more sensitive markers that could serve as early warning signs of graft
dysfunction. Our aim was to assess the urinary concentrations of neutrophil gelatinase-associated
lipocalin (NGAL) as a predictor of changes in kidney transplant function after the first year post-
transplantation. We prospectively recruited 109 patients with functioning graft at least one year
after the transplantation, with no acute conditions over the past three months, during their control
visits in kidney transplant ambulatory. Urinary NGAL measured on recruitment was twice higher
in patients with at least 10% decrease in eGFR over 1-year follow-up compared to those with stable
or improving transplant function. Baseline NGAL significantly predicted the relative and absolute
changes in eGFR and the mean eGFR during the follow-up independently of baseline eGFR and
albuminuria. Moreover, baseline NGAL significantly predicted urinary tract infections during the
follow-up, although the infections were not associated with decreasing eGFR. Additionally, we
assessed urinary concentrations of matrix metalloproteinase 9—NGAL complex in a subgroup of
77 patients and found higher levels in patients who developed urinary tract infections during the
follow-up but not in those with decreasing eGFR. High urinary NGAL in clinically stable kidney
transplant recipients beyond the first year after transplantation may be interpreted as a warning and
trigger the search for transient or chronic causes of graft dysfunction, or urinary tract infection.

Keywords: kidney allograft; neutrophil gelatinase-associated lipocalin; matrix metalloproteinase 9-
neutrophil gelatinase-associated lipocalin complex; glomerular filtration rate; urinary tract infections

1. Introduction

Renal transplantation is the best therapeutic option for patients with end-stage kid-
ney disease. Both donor—and recipient-related factors are associated with kidney graft
function, including metabolic and immunological factors. Acute or chronic rejection, recur-
rent or de novo nephropathies, side effects of immunosuppressive drugs, comorbidities
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(including infections), and age-related decline in renal function adversely affect long-term
survival of both kidney graft and transplant recipient. According to 2009 Kidney Disease:
Improving Global Outcomes (KDIGO) guidelines [1], the monitoring of kidney transplant
recipients is based on physical examination, urine volume, the assessment of albuminuria
or proteinuria, serum creatinine measurements, glomerular filtration rate (GFR) estimation
based on serum creatinine, and the ultrasound imaging. Kidney transplant biopsy and
histopathological examination allow precise diagnosis of graft injury. Although protocol-
specified biopsies are performed in some centers [2], the biopsy procedure is invasive and
is associated with possible adverse events. Therefore, most centers only use graft biopsy in
the patients with worsening renal function i.e., suspected acute kidney rejection episodes
or a chronic elevation in creatinine and/or the onset of persistent proteinuria (indication
or “for cause” biopsies), as recommended by the KDIGO guidelines [1]. This allows the
diagnosis of kidney graft injury. However, the indication for graft biopsy based on the
clinical assessment, including serum creatinine, eGFR, and albuminuria (proteinuria) may
in some cases be controversial.

The studies using protocol biopsies reveal the signs of chronic rejection in a signif-
icant proportion of cases without clinical signs of decreasing renal function [3,4]. Still,
even subclinical chronic rejection leads to a decrease in graft survival over long-term time
periods [4]. There is a need for novel markers that may be used in routine monitoring of
patients and would provide earlier warning signal as compared to currently recommended
markers used in clinical practice, i.e., serum creatinine, eGFR and albuminuria or pro-
teinuria. Specifically, serum creatinine concentrations, and thus eGFR, may be influenced
by extra-renal factors, leading to the intra-individual biological variability that has been
estimated for about 5–8% [5–8].

In the last 15 years, neutrophil gelatinase-associated lipocalin (NGAL) became one
of the most extensively studied marker of acute kidney injury (AKI) [9,10]. NGAL is a
25 kDa protein that has been originally isolated from the secondary granules of activated
neutrophils [11]. It is also produced by hepatocytes, the cells of alimentary and respiratory
tracts, the cells of immune system, and, notably, by the epithelial cells of distal renal
tubule [12–14]. Both toxic and ischemic kidney injury leads to increased excretion of NGAL
in urine which may be noted as soon as two hours from the initial insult [12,14,15]. Three
molecular forms of NGAL have been found in urine, namely the NGAL monomer that
has been associated with distal tubular cells injury, the NGAL homodimer that has been
associated with the presence of neutrophils in urine and urinary tract infections, and
the least studied matrix metalloproteinase 9 (MMP 9)-NGAL heterodimer [13,16]. NGAL
has been assigned the protective role during acute tubular injury, increasing autophagy
in the distal tubular cells, inhibiting apoptosis and inducing regeneration [17–19]. More
recently, NGAL has been studied as a marker of chronic kidney disease (CKD), including
diabetic kidney disease [20,21], and as a marker of cardiovascular risk [22,23]. In kidney
transplantation, NGAL (measured early post-transplant) has been extensively studied
as a predictor of delayed graft function [13,24–26]. Also, there are several reports on
urinary NGAL as a predictor of acute kidney injury later after transplantation [27,28]
and a graft loss after acute kidney injury [29]. However, the diagnostic value of NGAL
in kidney transplant patients following the first year after transplantation, in relation to
chronic processes leading to a gradual decrease in kidney allograft function, has not been
extensively studied [30,31]. Moreover, clinical utility of the published findings is hindered
by the use of diverse laboratory methods for urine NGAL measurements, which does not
allow directly comparing the measured concentrations and the proposed cut-off values.

Our aim was to assess the concentrations of urinary NGAL with an automated lab-
oratory method in kidney transplant recipients at least one year after transplantation
and to study their association with changes in kidney function observed during one-year
follow-up. Considering the intra-individual variability of serum creatinine and eGFR
that is observed in clinical practice among chronic kidney disease patients, we compared
the subgroups of patients with and without at least 10% decrease in eGFR over a 1-year

98



J. Clin. Med. 2021, 10, 43

follow-up. Additionally, we performed an exploratory analysis regarding the urinary
concentrations of MMP 9-NGAL complex in a subgroup of studied patients.

2. Methods

2.1. Study Design

This was a prospective observational study. Patients were recruited in the ward dedi-
cated to care of kidney transplant recipients, in the Chair and Department of Nephrology,
University Hospital, Kraków, Poland between May and July 2019. The inclusion criteria
were as follows: age of at least 18 years, at least one year from transplantation, functioning
kidney transplant with eGFR at least 15 mL/min/1.73 m2, and no acute kidney injury
fulfilling the definition of KDIGO 2011 [32] or any condition requiring hospital treatment
during at least three months before the inclusion into the study. Patients with the signs or
symptoms of infection, including urinary tract infection at baseline were excluded from
the study.

On recruitment, patients signed an informed consent for the study. They underwent
detailed history and physical examination. Urine and venous blood samples were collected
for the laboratory tests in the morning of the day of the study visit. The baseline clinical data
and the results of routine laboratory tests on enrollment were recorded. The data regarding
transplantation procedure (date of transplantation, deceased or living donor, first or second
transplant, induction therapy, cold and warm ischemia time, delayed graft function) and
the primary cause of kidney disease were based on the available medical records. The data
on pretransplant panel reactive antibodies (PRA) and donor/recipient human leukocyte
antigens (HLA) mismatches were based on transplantation protocols available for the
patients who had undergone transplantation procedure in University Hospital, Kraków,
Poland. In September 2020, the follow-up data were collected based on medical records
of the patients who remained in control in the kidney transplant recipients’ ambulatory,
including the clinical course during the follow-up, the serum creatinine concentrations
obtained during all control visits, and the results of laboratory tests performed at the last
visit of a patient in the kidney transplant recipients’ ambulatory.

The study protocol was approved by the Jagiellonian University Bioethical Committee
(approval no 1072.6120.46.2019 issued on 28 February 2019).

2.2. Laboratory Tests

The blood and urine samples for laboratory tests were collected in the morning hours
after an overnight fast. Routine laboratory test included complete blood count performed
in K2EDTA-anticoagulated samples, biochemical and immunochemical tests (serum creati-
nine, triglycerides, total cholesterol, uric acid, albumin, C-reactive protein, and glucose),
and urinalysis. In addition, urine protein, albumin, NGAL and creatinine concentrations
were assessed in the samples obtained at the initial study visit. Excess serum and urine
samples were aliquoted and frozen in −80 ◦C within 2 h from samples’ collection. Within
two months, the thawed samples were centrifuged and the supernatant was analyzed for
NGAL and MMP 9-NGAL complex. Urine NGAL was assessed with chemiluminescence
microparticle immunoassay (Architect urine NGAL) on Abbott Architect analyzer (Ab-
bott Laboratories, Chicago, IL, USA). The limit of detection for the test was estimated for
0.7 ng/mL by the manufacturer; the intra- and inter-assay precision were ≤5.2% and ≤6.7%,
respectively. The tests were performed in Diagnostic Department of Hospital University,
Krakow, Poland, on the day of samples’ collection. MMP 9-NGAL complex was assessed in
series in duplicate wells per sample using Quantikine ELISA Human MMP-9/NGAL Com-
plex Immunoassay (R&D Systems, McKinley Place, MN, USA). The minimum detectable
dose of human MMP 9-NGAL was 0.013 ng/mL. According to the manufacturer of the
test, the mean urine concentrations in healthy volunteers was 0.44 ng/mL (ranged from
non-detectable to 0.67 ng/mL). The measurements were performed in the Department
of Diagnostics, Chair of Clinical Biochemistry, Jagiellonian University Medical College,
Krakow, Poland.
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2.3. Statistical Analysis

The number of patients and the percentage of the respective group were reported for
categories. The contingency tables were analyzed with Pearson’s chi-squared test. The
mean ± standard deviation (SD) or median with lower and upper quartile (Q1; Q3) were
reported for quantitative variables with or without normal distribution, respectively. The
variables’ distributions were assessed for normality with the Shapiro-Wilk’s test. The
groups were compared using t-test or Mann-Whitney’s test, depending on the variables’
distributions. Time-related changes were assessed with the Wilcoxon’s matched pairs
test as the appropriate variables’ distributions differed from normal. Simple correlations
were analyzed with the Pearson’s correlation coefficient, calculated using log-transformed
variables in case of right-skewed distribution. Simple correlations between urinary NGAL,
NGAL/creatinine and the number of mismatched HLA were analyzed with the Spearman
rank coefficient. Multiple linear regression was used to identify the independent predictors
of eGFR changes and eGFR based on mean creatinine during the follow-up period. The
regression models included the independent variables that were significantly associated
with at least one dependent variable in simple analysis, and were additionally adjusted
for time from kidney transplantation (because of the considerable diversity of the time
from transplantation in the studied group). Sex-adjusted logistic regression was used to
assess the studied laboratory markers as the predictors of urinary tract infections during
follow-up. Receiver operating characteristics (ROC) curve analysis was used to assess and
compare the diagnostic accuracy of urine NGAL and albumin concentrations (raw and
corrected to urine creatinine) for the prediction of at least 10% decrease in eGFR values over
the follow-up period. The cut-off values were selected using maximum Youden index. All
tests were two-tailed; the results were considered significant at p-value < 0.05. Statistica 12
(StatSoft, Tulsa, OK, USA) and Statistica 13 software (Tibco Software Inc., Tulsa, OK, USA)
were used for computation.

3. Results

3.1. Baseline Characteristics of Patients

We recruited 109 adult kidney transplant recipients (43 women and 66 men, aged
between 19 and 78 years). The patients were recruited in a single center, the Chair and
Department of Nephrology, University Hospital in Kraków, Poland, during the control
ambulatory visits. The time from transplantation ranged from 1 year to 22 years, with a
median of 7 years. According to 2012 KDIGO guidelines on chronic kidney disease [33],
there were 5 (5%) patients in G1T, 29 (27%) in G2T, 22 (20%) in G3aT, 42 (39%) in G3bT, and
11 (10%) in G4T stage as based on baseline eGFR. Forty-nine (45%) patients had normal to
mildly increased albuminuria (A1), 39 (36%) moderately increased albuminuria (A2) and
21 (19%) severely increased albuminuria (A3).

The follow-up data were collected during planned control visits over a period of
up to 16 months from the enrollment. After a median 12.4-month observation (range 3.2
to 15.4 months; Q1; Q3: 11.2; 13.3 months), 10% or higher decrease in eGFR (i.e., final
eGFR ≤90% of initial value) was noted in 30 patients (28%; Table 1). The baseline clinical
characteristics of patients with ≥10% decrease in eGFR did not differ significantly from
the rest of the group, except for higher maximum panel reactive antibodies’ percentage in
patients with decreasing eGFR (Table 1).
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Table 1. Baseline clinical characteristics of patients according to eGFR changes during follow-up.

Characteristic
eGFR at the End of Follow-Up

p
≤90% of Initial Value (n = 30) >90% of Initial Value (n = 79)

Mean age ± SD, years 54 ± 14 54 ± 13 0.8

Male sex, n (%) 18 (60) 48 (73) 0.9

Median time from transplantation (Q1; Q3), years 8 (5; 14) 7 (3; 13) 0.5

Primary cause of kidney disease
glomerular diseases, n (%) 12 (40) 27 (34) 0.9

tubulointerstitial diseases, n (%) 4 (13) 13 (16)
vascular diseases, n (%) 1 (3) 5 (6)

cystic/congenital diseases, n (%) 3 (10) 12 (15)
unknown, n (%) 10 (33) 22 (28)

First transplant, n (%) 25 (83) 72 (91) 0.2
Second transplant, n (%) 5 (17) 7 (9)

Deceased donor, n (%) 30 (100) 78 (99) 1.0

Median number of HLA mismatches (Q1; Q3) * 3 (2; 4) 3 (3; 4) 0.8

Median peak pretransplant PRA (Q1; Q3), % * 10 (0; 30) 0 (0; 3) 0.045

Median last pretransplant PRA (Q1; Q3), % * 0 (0; 10) 0 (0; 0) 0.1

Induction therapy, n (%) 3 (10) 11 (19) 0.9
no data, n (%) 13 (43) 21 (27)

Median cold ischemia time (Q1; Q3), min ** 1320 (1170; 1566) 1100 (840; 1470) 0.06

Median warm ischemia time (Q1; Q3), min ** 35 (29; 50) 32 (27; 40) 0.3

Delayed graft function, n (%) 11 (37) 21 (27) 0.5
no data, n (%) 10 (33) 19 (24)

Immunosuppression
glucocorticoids, n (%) 30 (100) 76 (96) 0.6
MMF or MPA, n (%) 28 (93) 74 (94) 0.9
cyclosporine, n (%) 7 (23) 22 (28) 0.6
tacrolimus, n (%) 21 (70) 53 (67) 0.8

mTOR inhibitor, n (%) 2 (7) 5 (7) 0.9

Diabetes, n (%) 8 (27) 13 (16) 0.2

Hypoglycemic agents
oral, n (%) 4 (13) 9 (11) 0.8

insulin, n (%) 4 (13) 5 (6) 0.2

Use of RAA blockers, n (%) 11 (37) 35 (44) 0.5

Median daily diuresis (Q1; Q3), mL 2500 (2000; 3000) 2500 (2000; 3000) 0.4

Mean BMI ± SD, kg/m2 25 ± 5 27 ± 5 0.2

Mean systolic pressure ± SD, mmHg 138 ± 15 133 ± 13 0.1

Mean diastolic pressure ± SD, mmHg 84 ± 11 83 ± 10 0.9

* Available in 46 patients (14 with decreasing eGFR and 32 with non-decreasing eGFR) who underwent transplantation procedure in
University Hospital, Kraków, Poland; ** Available in 80 patients (19 with decreasing eGFR and 61 with non-decreasing eGFR). BMI, body
mass index; eGFR, estimated glomerular filtration rate; MMF, mycophenolate mofetil; MPA, mycophenolic acid; mTOR, mammalian
target of rapamycin; PRA, panel reactive antibodies; Q1, first quartile; Q3, third quartile; RAA, renin-angiotensin-aldosterone system; SD,
standard deviation.

Urinary albumin and albumin to creatinine ratio (uACR) were significantly higher
in patients with ≥10% decrease in eGFR over a follow-up (Table 2). Also, these patients
had lower initial eGFR values. Slightly but significantly lower serum albumin and blood
hemoglobin concentrations were associated with ≥10% eGFR decrease. Both urinary
NGAL concentration and NGAL to creatinine ratio were higher in patients with decreasing
eGFR (Table 2).

101



J. Clin. Med. 2021, 10, 43

Table 2. Baseline results of laboratory tests according to eGFR changes during follow-up. Data are shown as mean ± SD or
median (Q1; Q3).

Laboratory Test
eGFR at the End of Follow-Up

p
≤90% of Initial Value (n = 30) >90% of Initial Value (n = 79)

Urine albumin, mg/L 165 (20; 731) 21 (8; 67) 0.001
uACR, mg/g 194 (28; 1066) 26 (11; 159) 0.001

Serum creatinine, μmol/L 142 (111; 205) 127 (97; 168) 0.09
eGFR (CKD-EPICr), mL/min/1.73m2 38 (31; 54) 49 (38; 70) 0.038

Urine NGAL, μg/L 17.8 (8.0; 30.0) 8.9 (4.0; 21.6) 0.020
Urine NGAL/creatinine, μg/g 25.2 (9.8; 58.5) 13.2 (5.6; 22.7) 0.015

Urine MMP 9-NGAL complex, μg/L * 0.255 (0.141; 0.584) 0.216 (0.13; 0.681) 0.8
Urine MMP 9-NGAL/creatinine, μg/g * 0.35 (0.21; 1.71) 0.39 (0.23; 1.29) 0.9

Hemoglobin, g/dl 12.4 (11.1; 13.4) 13.2 (12.6; 14.5) 0.005
White blood count, ×103/μL 7.50 (5.80; 8.38) 7.07 (5.97; 8.51) 0.8

Platelet count, ×103/μL 196 ± 53 211 ± 56 0.2
Triglycerides, mmol/L 1.64 (1.28; 2.12) 1.58 (1.21; 2.12) 0.9

Total cholesterol, mmol/L 5.17 (4.20; 5.66) 4.91 (4.21; 5.73) 0.7
Uric acid, mmol/L 378 (342; 431) 379 (334; 431) 0.9

C-reactive protein, mg/L 1.84 (1.00; 4.44) 1.41 (1.00; 2.99) 0.5
Serum albumin, g/L 42 (40; 44) 44 (43; 46) 0.002

Glucose, mmol/L 5.55 (5.16; 6.06) 5.44 (5.07; 6.02) 0.7

* Available in 77 patients (19 with decreasing eGFR and 55 with non-decreasing eGFR). eGFR, estimated glomerular filtration rate;
CKD-EPICr [33], Chronic Kidney Disease—Epidemiology Collaboration equation based on serum creatinine; NGAL, neutrophil gelatinase-
associated lipocalin; MMP 9, matrix metalloproteinase 9; uACR, urinary albumin to creatinine ratio.

3.2. Changes in eGFR over a Follow-Up Period

During the follow-up, we observed both increases and decreases in eGFR values
(Figure 1). In the whole studied cohort, this resulted in no difference between initial and
final eGFR values (p = 0.8; Figure 1A). In patients with final to baseline eGFR ratio ≤90%,
the eGFR values decreased by a median of 19% (Q1; Q3: 16; 25%) or by 9 mL/min/1.73 m2

(Q1; Q3: 6; 14 mL/min/1.73 m2). On the contrary, we observed a significant increase in
eGFR values in the subgroup with final eGFR >90% of baseline eGFR (p < 0.001; Figure 1B),
resulting in a highly significant difference in final eGFR values between the studied sub-
groups: median final eGFR was 30 mL/min/1.73 m2 in patients with final eGFR ≤90% of
the baseline values, and 56 mL/min/1.73 m2 in patients with final eGFR >90% baseline
(p < 0.001).

Moreover, we analyzed eGFR values calculated based on the arithmetic mean of all
serum creatinine measurements performed during the follow-up (excluding the initial
eGFR value recorded on enrollment; Figure 1A,B). The median number of visits during the
follow-up period was 4 (range 1–7; Q1; Q3: 3; 5) and did not differ significantly between
patients with ≥10% decrease in eGFR and the rest of the group (p = 0.2). The median
eGFR based on mean creatinine during the follow-up period was 48 (Q1; Q3: 37; 68)
mL/min/1.73 m2 and was significantly lower among patients with ≥10% decrease in eGFR
as compared to the rest of the group (median 33 and 53 mL/min/1.73 m2, respectively;
p < 0.001; Figure 1B).

During the studied period, the attending physicians of kidney transplant ambulatory
diagnosed the clinically relevant and sustained decrease in kidney transplant function
in nine patients, i.e., 30% of the group with ≥10% decrease in eGFR. It was attributed to
chronic rejection in two patients, recurrence of glomerulonephritis in one patient, urological
complications with recurrent urinary tract infections in one patient, and due to unknown
causes in the remaining five patients (two of them refused to undergo kidney transplant
biopsy). Two of these patients progressed to stage G5 CKD and were referred to hemodial-
ysis treatment. Further four patients were diagnosed with urinary tract infection, two with
other infections, one with recurrent glomerulonephritis, two with cardiovascular complica-
tions, and one with adverse drug reaction that were recognized as resulting in a transient
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decrease of the transplant function. In the remaining 11 patients, there was no entry in
their medical records about the (suspected) cause of eGFR decrease in medical records.

Figure 1. Baseline (blue points), final (black points) eGFR values and eGFR values based on mean creatinine during
follow-up (“mean”; green points) in the whole studied cohort of kidney transplant recipients (A) and in the subgroups
defined by final to baseline eGFR ratio below or above 90% of baseline value (B). Data on panels A and B are shown as
median (central line), interquartile range (box) and raw data (points). The histograms showing percentage (C) and absolute
(D) changes in eGFR values over the follow-up period in the whole studied group of kidney transplant recipients.

3.3. Associations between Urinary NGAL Concentrations and the Baseline Characteristics of
Studied Patients

The baseline urinary concentrations of NGAL (log-transformed: R = −0.06; p = 0.5)
and NGAL to creatinine ratios (log-transformed: R = −0.09; p = 0.4) did not correlate with
the baseline eGFR values either in the total cohort and in the subgroups defined by final to
baseline eGFR ratio below or above 90% of the baseline value. Urine NGAL concentration
and NGAL to creatinine ratio were significantly correlated with urine albumin and uACR
at baseline (R equaled from 0.36 to 0.48 for log-transformed variables; p ≤ 0.001). Urinary
NGAL and NGAL/creatinine were not associated with age (p > 0.7), sex (p > 0.1), or time
from transplantation (p > 0.5). Among the patients who had undergone transplantation
procedure in our center, there was a marginally significant positive correlation between
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the urine NGAL concentration and the number of donor/recipient HLA mismatches
(Spearman R = 0.31; p = 0.049). Other variables listed in Table 1 showed no associations
with urinary NGAL and NGAL/creatinine.

3.4. Associations between Clinical and Laboratory Characteristics and the Changes in eGFR over a
Follow-Up Period

Baseline eGFR values, urinary albumin, and albumin to creatinine ratios, urinary
NGAL and NGAL to creatinine ratios (but neither MMP 9-NGAL complex concentrations
nor MMP 9-NGAl/creatinine ratios), as well as serum uric acid and albumin concentra-
tions were significantly correlated with either the percentage or the absolute changes in
eGFR values during the observation (Table 3). Moreover, baseline eGFR, urinary albumin
concentration, uACR, urinary NGAL concentration and NGAL/creatinine ratio as well
as serum uric acid correlated significantly with eGFR values based on the mean of all
serum creatinine results obtained during the follow-up period (Table 3). No significant
correlations were observed between the percentage or absolute changes in eGFR and the
clinical characteristics, including age, time from transplantation, cold or warm ischemia
time, blood pressure values, or daily diuresis (p > 0.1 in all cases). Neither the ratio of
follow-up to baseline eGFR (R = 0.15; p = 0.1) nor the absolute difference between the
follow-up and the baseline eGFR values (R = 0.14; p = 0.1) correlated with the length of
observation. Also, neither the changes in eGFR nor mean follow-up eGFR were associated
with sex.

In multiple regression, urine NGAL and serum albumin were identified as the inde-
pendent predictors of eGFR changes and eGFR values based on mean serum creatinine
during the follow-up (Table 3). When uACR and NGAL to creatinine ratio were included
in the models instead of uncorrected urine albumin and NGAL concentrations, very similar
results were obtained (beta ± SE for NGAL to creatinine ratio: −0.24 ± 0.11; p = 0.025
for final to baseline eGFR ratio as the dependent variable; −0.30 ± 0.10; p = 0.004 for
final—baseline eGFR; and −0.12 ± 0.04; p = 0.005 for eGFR based on mean creatinine
during the follow-up as the dependent variable, respectively). This results were observed
despite the significant correlations of urinary NGAL concentration and NGAL/creatinine
ratio with urine albumin and uACR.

ROC curve analysis (Figure 2) showed a weak diagnostic accuracy of baseline urinary
NGAL concentration and NGAL/creatinine ratio in the prediction of ≥10% decrease in
eGFR values during the follow-up. However, the area under the ROC curve (AUC) values
for urine NGAL concentration and NGAL/creatinine ratio were not significantly different
from the AUC values obtained for urine albumin concentration and uACR (p = 0.7 in all
comparisons). The cut-off values selected using maximum Youden index were 9.3 μg/L for
urine NGAL concentration (associated with diagnostic sensitivity of 70% and specificity of
54%) and 24.1 μg/g for NGAL/creatinine (sensitivity 53% and specificity 76%), respectively.

We further analyzed the association between the baseline urinary NGAL and the
changes in eGFR observed during the study in the subgroups of patients based on the
time from transplantation: the correlations were weaker in the patients who were re-
cruited between the end of the first and sixth year post-transplant as compared to those
who had longer post-transplant history (Table 4). Moreover, in patients recruited more
than six years post-transplantation, we observed significant correlation between urinary
NGAL/creatinine (log-transformed) and eGFR at baseline (R = −0.28; p = 0.035).

104



J. Clin. Med. 2021, 10, 43

T
a

b
le

3
.

Si
m

pl
e

co
rr

el
at

io
ns

an
d

m
u

lt
ip

le
m

od
el

s
sh

ow
in

g
th

e
as

so
ci

at
io

ns
be

tw
ee

n
st

u
d

ie
d

va
ri

ab
le

s
an

d
th

e
ch

an
ge

s
in

eG
FR

va
lu

es
ov

er
th

e
fo

llo
w

-u
p

pe
ri

od
(d

efi
ne

d
ei

th
er

as
th

e
fo

llo
w

-u
p

to
ba

se
lin

e
eG

FR
ra

tio
or

as
th

e
di

ff
er

en
ce

be
tw

ee
n

fo
llo

w
-u

p
an

d
ba

se
lin

e
eG

FR
)a

nd
m

ea
n

eG
FR

du
ri

ng
th

e
fo

llo
w

-u
p.

Th
e

m
ul

tip
le

m
od

el
s

w
er

e
ad

ju
st

ed
fo

r
ti

m
e

fr
om

ki
dn

ey
tr

an
sp

la
nt

at
io

n.

In
d

e
p

e
n

d
e

n
t

V
a

ri
a

b
le

D
e

p
e

n
d

e
n

t
V

a
ri

a
b

le

F
in

a
l/

B
a

se
li

n
e

e
G

F
R

F
in

a
l—

B
a

se
li

n
e

e
G

F
R

e
G

F
R

B
a

se
d

o
n

M
e

a
n

C
re

a
ti

n
in

e
d

u
ri

n
g

F
o

ll
o

w
-U

p

S
im

p
le

C
o

rr
e

la
ti

o
n

M
u

lt
ip

le
R

e
g

re
ss

io
n

S
im

p
le

C
o

rr
e

la
ti

o
n

M
u

lt
ip

le
R

e
g

re
ss

io
n

S
im

p
le

C
o

rr
e

la
ti

o
n

M
u

lt
ip

le
R

e
g

re
ss

io
n

R
p

b
e

ta
±

S
E

p
R

p
b

e
ta

±
S

E
p

R
p

b
e

ta
±

S
E

p

Ba
se

lin
e

eG
FR

−0
.0

9
0.

3
−0

.0
4
±

0.
11

0.
7

−0
.2

2
0.

02
0

−0
.1

3
±

0.
11

0.
2

0.
92

<0
.0

01
0.

98
±

0.
04

<0
.0

01

lo
g

(u
A

lb
)

−0
.2

6
0.

00
6

−0
.0

8
±

0.
12

0.
5

−0
.1

6
0.

08
−0

.0
1
±

0.
11

0.
9

−0
.3

6
<0

.0
01

0.
04

±
0.

04
0.

4

lo
g

(u
A

C
R

)
−0

.2
4

0.
01

2
no

ti
nc

lu
de

d
−0

.1
4

0.
1

no
ti

nc
lu

de
d

−0
.3

6
<0

.0
01

no
ti

nc
lu

de
d

lo
g

(u
N

G
A

L)
−0

.3
1

0.
00

1
−0

.2
2
±

0.
10

0.
03

9
−0

.3
2

0.
00

1
−0

.2
8
±

0.
10

0.
00

6
−0

.1
9

0.
04

5
−0

.1
1
±

0.
04

0.
00

8

lo
g

(u
N

G
A

L/
C

r)
−0

.3
1

0.
00

2
no

ti
nc

lu
de

d
−0

.2
9

0.
00

3
no

ti
nc

lu
de

d
−0

.2
2

0.
02

2
no

ti
nc

lu
de

d

lo
g

(u
ri

c
ac

id
)

0.
21

0.
02

8
0.

15
±

0.
10

0.
2

0.
19

0.
05

1
0.

08
±

0.
10

0.
4

−0
.3

3
0.

00
1

0.
10

±
0.

04
0.

01
4

Se
ru

m
al

bu
m

in
0.

34
<0

.0
01

0.
24

±
0.

10
0.

01
8

0.
36

<0
.0

01
0.

29
±

0.
10

0.
00

4
0.

06
0.

6
0.

11
±

0.
04

0.
00

7

eG
FR

,e
st

im
at

ed
gl

om
er

ul
ar

fil
tr

at
io

n
ra

te
;u

A
lb

,u
ri

na
ry

al
bu

m
in

;u
A

C
R

,u
ri

ne
al

bu
m

in
to

cr
ea

ti
ni

ne
ra

ti
o;

uN
G

A
L,

ur
in

e
ne

ut
ro

ph
il

ge
la

ti
na

se
-a

ss
oc

ia
te

d
lip

oc
al

in
;u

N
G

A
L/

C
r,

ur
in

e
N

G
A

L
to

cr
ea

ti
ni

ne
ra

ti
o;

SE
,s

ta
nd

ar
d

er
ro

r.

105



J. Clin. Med. 2021, 10, 43

Figure 2. Receiver operating characteristic (ROC) curves for baseline urine NGAL concentration
(uNGAL; solid green line) and urine NGAL/creatinine ratio (uNGAL/Cr; solid black line) in the
prediction of ≥10% decrease of eGFR during the one-year follow-up. The cut-off values are reported
on the graph. For comparison, ROC curves for urine albumin concentration (uAlb) and urine
albumin/creatinine ratio are presented using dashed lines. The values of area under the ROC curves
(AUC) are shown with 95% confidence intervals in brackets.

Table 4. Correlations between the baseline urine NGAL concentrations (uNGAL) and NGAL to creatinine ratios (uN-
GAL/Cr) and the changes in eGFR observed during the study as well as the eGFR based on mean serum creatinine during
the follow-up.

Variable

Time from Transplantation at the Start of the Study

1–6 Years (n = 49) 7–22 Years (n = 60)

uNGAL uNGAL/Cr uNGAL uNGAL/Cr

Final/baseline eGFR R = −0.28; p = 0.06 R = −0.27; p = 0.07 R = −0.34; p = 0.008 R = −0.36; p = 0.007

Final–baseline eGFR R = −0.34; p = 0.023 R = −0.29; p = 0.05 R = −0.31; p = 0.020 R = −0.31; p = 0.019

eGFR based on mean creatinine
during follow-up R = −0.08; p = 0.6 R = −0.06; p = 0.7 R = −0.29; p = 0.029 R = −0.35; p = 0.007

3.5. Associations between Urinary NGAL and Persistent or Increasing Proteinuria

We analyzed the laboratory records of studied patients with respect to urine albumin
or protein concentrations measured during the one-year follow-up. During the observation,
proteinuria persisted or increased in 6 (15%) of 39 patients with A2 albuminuria and 15
(71%) of 21 patients with A3 albuminuria recorded at baseline. In the remaining patients,
urine protein concentrations decreased during the observation. The patients with baseline
uACR <30 mg/g did not develop increased proteinuria during the study. Among patients
with persistent or increasing proteinuria, there were 6 (29%) recipients of second renal
transplant, a significantly higher percentage as compared to the rest of the studied group
(6 of 88; 7%; p = 0.004). Eleven (52%) of the 21 patients were diagnosed with glomerular
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disease versus 28 (32%) in the rest of the group (p = 0.08). Age, time from transplantation,
number of donor/recipient HLA mismatches, pretransplant PRA, the use of induction ther-
apy, or transplant ischemia times did not differ between the groups. Persistent proteinuria
was associated with higher decline in eGFR during the observation (median final/baseline
eGFR 85% versus 101%; p < 0.001). The 21 patients with persistent or increased proteinuria
were characterized by significantly higher baseline urine NGAL concentrations: median
(Q1; Q3) 23.0 (9.25; 45.2) versus 8.75 (3.95; 19.7) μg/L (p = 0.002) and NGAL/creatinine
ratios: 35.1 (14.7; 84.9) versus 13.1 (5.91; 23.4) μg/g (p = 0.005).

3.6. Associations between Urinary NGAL and MMP 9-NGAL Complex and the Incidence of
Bacterial Urinary Tract Infections during the Follow-Up Period

During the follow-up, bacterial urinary tract infections were diagnosed in 20 patients:
four (14%) in the group that experienced ≥10% decrease in eGFR and 16 (20%) in the
group with final eGFR >90% of initial value. The incidence of urinary tract infections
did not differ significantly between the groups (p = 0.4). Also, eGFR values based on
the mean serum creatinine during the follow-up did not differ between patients who
developed urinary tract infections during the follow-up and those who did not (median 51
and 47 mL/min/1.73 m2, respectively; p = 0.9).

Baseline urine NGAL concentration, NGAL/creatinine ratio, MMP 9-NGAL complex
and the complex to creatinine ratio were all significantly associated with bacterial urinary
tract infections during the follow-up (Figure 3). The urinary tract infections were more
common in women than in men (32% versus 9%, respectively; p = 0.002) while they were
not associated with diabetes (p = 0.6) or immunosuppressive treatment modality (p > 0.4).
In logistic regression analysis, log-transformed urinary NGAL concentration (odds ratio
per unit change 3.46; 95% confidence interval 1.29–9.21; p = 0.012) or log-transformed
NGAL/creatinine ratio (odds ratio per unit change 3.10; 95% confidence interval 1.20–7.97;
p = 0.018) predicted urinary tract infections during the follow-up independently of sex. On
the contrary, urinary concentration of MMP 9-NGAL complex was significantly associated
with sex (median 0.162 in men and 0.552 in women; p < 0.001) and did not prove sex-
independent predictor of urinary tract infections. Urinary albumin and uACR were not
associated with urinary tract infections during the follow-up (p = 0.3 for both comparisons).

4. Discussion

In our sample of kidney transplant recipients recruited at least one year after the
transplantation, without acute conditions diagnosed before and on enrollment, baseline
urinary NGAL measured with the automated laboratory method significantly predicted
the changes in eGFR values observed during the following year independently of other
predictors, most importantly the baseline eGFR and albuminuria. Although the diagnostic
accuracy of urine NGAL in the prediction of eGFR decline was low (the AUC of 0.65 in
ROC curve analysis), it was statistically significant and did not differ significantly from
the diagnostic accuracy of urine albumin. Higher baseline NGAL was also associated with
persistent or increasing proteinuria during one-year observation of the studied patients.
Moreover, higher baseline urinary NGAL and MMP 9-NGAL complex were observed in
patients who developed urinary tract infections during the follow-up.

Although we recruited “clinically stable” patients, i.e., without any acute conditions
(including infections and kidney injury) before and on enrollment, we observed significant
changes in eGFR values during the follow-up: the final eGFR values were in the range of
40–170% of the initial values or −30 to +25 mL/min/1.73 m2. Serum creatinine concen-
trations (and thus GFR estimate) is dependent of non-renal factors, e.g., water balance,
nutritional status, physical exercise, other metabolic factors, or diet [34]. Together with
the laboratory imprecision, these factors lead to the variability in serum creatinine and
eGFR that must be considered when monitoring the patients with chronic kidney disease.
As stated in KDIGO guidelines for the care of kidney transplant recipients [1], because of
within-subject variation of serum creatinine, a 25–50% increase of creatinine concentrations
over baseline is predictive of the subsequent graft failure and should be considered an
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indication for graft biopsy (after excluding acute causes such as dehydration or blocked
urine output). Considering the well-known inverse hyperbolic association between serum
creatinine and GFR, the 50% increase in creatinine may be translated into roughly 25%
decrease in GFR [35]. On the other hand, a decrease in GFR of 5 mL/min/1.73 m2 per year
is considered a rapid progression of chronic kidney disease [33]. We believe that a 10%
decrease in eGFR over a year should be clinically interpreted as a warning sign, despite the
variability observed in clinical practice, and the causes of such a decrease should be sought.

Figure 3. Baseline urine NGAL concentration (uNGAL; (A)), urine NGAL to creatinine ratio (uNGAL/Cr; (B)), urine MMP
9-NGAL complex concentration (uMMP 9-NGAL; (C)) and urine MMP 9-NGAL complex to creatinine ratio (uMMP 9-
NGAL/Cr; (D)) among studied kidney transplant recipients who did or did not experience bacterial urinary tract infections
during the follow-up period. Data are shown as median (central line), interquartile range (box) and raw data (points);
p-values are given for the differences between groups. To increase readability of the graphs, we omitted the highest results
of urine NGAL (528; 1275; 1401 μg/L; panel (A)) and NGAL/creatinine (1251; 1656; 2183 μg/g; panel (B)) obtained in three
patients who experienced urinary tract infection during follow-up.
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According to the recent studies, chronic graft dysfunction is mainly caused by chronic
antibody-mediated rejection, interstitial fibrosis, and tubular atrophy (IF/TA) induced
by various chronic inflammatory processes, and BK polyoma virus (BKV) nephropathy.
In protocol biopsies done in 1000 transplant recipients at 3, 12, 24, 48, and 60 months
post-transplant, the signs of chronic rejection were detected in 17% of patients, and IF/TA
in 30% [3]. The long-term function of kidney transplant and the risk of graft loss may be
predicted based on serum creatinine and proteinuria at one year following kidney trans-
plantation [36]. Moreover, anemia and high systolic blood pressure have been associated
with higher risk of graft loss [36]. While overt proteinuria (detectable by urine dipstick)
occurring in a kidney transplant recipient is a serious adverse predictor of graft survival,
we need a non-invasive biomarker (or markers) that would allow detecting the injury at an
earlier stage, before it leads to significant decrease in GFR or overt proteinuria.

Most studies evaluating urinary NGAL in kidney transplant recipients used NGAL
concentrations measured early (hours till days) after transplantation procedure. Urinary
NGAL measured between 6 and 48 h from the surgery predicted delayed graft function in
most studies (although the diagnostic accuracy of serum/plasma NGAL in this context has
been better in some studies) [26,37–41]. Consistently, urinary NGAL measured early post-
transplant was shown to predict graft function at one year [39,41]. Recently, Maier et al. [42]
assessed serum and urine NGAL in 170 kidney transplant recipients during the first week
following transplantation and showed the best diagnostic utility of day 2 measurements
for the delayed graft function. Both serum and urine NGAL concentrations on day 2
after transplantation predicted delayed graft function independently of serum creatinine
and urine output; however, NGAL as an independent variable did not reach statistical
significance in the models predicting graft loss or recipient’s death at 2 or 5 years post-
transplant [42].

We were able to identify only several reports where NGAL has been measured in kid-
ney transplant recipients after the peri-transplantation period. Ramirez-Sandoval et al. [27]
measured several tubular biomarkers including urinary NGAL in kidney transplant re-
cipients with acute kidney injury: the median time from transplantation was 3.5 years.
The urinary concentrations of NGAL were significantly higher in kidney transplant recipi-
ents with AKI as compared to kidney transplant controls with normal eGFR and normal
transplant histology. Moreover, urine NGAL/creatinine ratios were higher in patients with
immunological rejection as compared to those with prerenal or other causes of acute kidney
injury [27]. In a prospective observation of kidney transplant recipients admitted with AKI
that occurred after median period of three years from the transplantation, high urinary
NGAL (>210 ng/mL) at admission significantly predicted graft loss during subsequent year,
independently of baseline eGFR, serum creatinine on admission and time from transplanta-
tion [29]. We cannot directly compare our results to that of Ramirez-Sandoval [27,29], as our
group did not include patients with clinically detectable acute kidney injury on enrollment.
However, their results indicate that urinary NGAL measurements performed years after
transplantation may be diagnostically and prognostically useful. In another study, Kaufeld
et al. [28] measured urinary NGAL concentration six weeks, three months and six months
after kidney transplantation and compared the concentrations between patients with or
without acute tubular injury as verified by protocol transplant biopsies done in the same
time points. At six weeks, but not at six months, urinary NGAL was higher in patients with
tubular injury as compared to those without injury; moreover, women and patients with uri-
nary tract infections on the day of sample collection had higher NGAL concentrations [28].
Kaufeld et al. [28] used enzyme-linked immunosorbent assay for NGAL determination,
and, although the total number of patients in the analysis was 140, the measurements in
individual time points were available in smaller subgroups (44 patients with tubular injury
and 23 patients without tubular injury at six weeks post-transplant; 55 and 16 at six months,
respectively). The study design of Kaufeld et al. [28] differed from ours in several aspects
(much longer times from transplantation in our patients, automated method of NGAL
determination in our study, and no protocol biopsies in our center), thus, the results cannot
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be directly compared. Most importantly, we were not able to verify the association be-
tween morphological changes in kidney and NGAL excretion. However, the association of
NGAL with urinary tract infections was shown in both studies. In 2015, Cassidy et al. [30]
measured NGAL as one of several urine biomarkers in 34 patients recruited more than
one year after kidney transplantation and analyzed the measured concentrations in the
context of histologically proven chronic fibrosis and a similar number of kidney transplant
recipients with normal renal function. They observed significantly higher urinary NGAL
concentrations in patients with chronic allograft nephropathy [30]. Our results remain in
line with the findings of Cassidy et al. [30], although the methods of NGAL determination
differed (Cassidy et al. used Western-blot and ELISA). Lacquaniti et al. [31] recruited 84
renal transplant recipients one year or more after renal transplantation. They observed
higher baseline serum and urine NGAL concentrations (measured by ELISA) in the patients
in whom serum creatinine concentrations doubled or who progressed to end-stage kidney
failure during five years’ observation [31]. Urine NGAL above 71.8 μg/L was predictive
of transplant function worsening during the observation (AUC of 0.889) [31]. This cut-off
value is higher as compared to our results; however, the “worsening of kidney function”
was more severe in the study of Lacquaniti et al. [31]; still, our results are in line with the
findings. Finally, Schaub et al. [43] measured urinary concentrations of several renal tubu-
lar markers (retinol-binding protein, α1-microglobulin and NGAL) in kidney transplant
recipients with median time from transplantation >90 days, who underwent either protocol
or indication graft biopsy and were divided into four groups based on the biopsy findings
regarding tubular pathology. Patients with clinical tubulitis and other tubular pathology
had higher concentrations of measured proteins including NGAL. Moreover, subclinical
tubulitis was associated with non-significantly (p = 0.06) higher NGAL as compared to
transplant recipients with normal histology [43]. The results of Schaub et al. [43] show that
urinary NGAL measured late after the transplantation (median time from transplantation
was 158 days in the group with clinical tubulitis and 1163 days in patients with other
tubular pathology) is indicative of tubular pathology in kidney transplant recipients.

In non-transplanted chronic kidney disease patients, higher urinary NGAL was as-
sociated with a chronic decline in kidney function [21,44]. Moreover, in renal transplant
recipients, the presence of tubular proteinuria with increase in urinary concentrations of
retinol-binding protein or α1-microglobulin (i.e., low molecular weight proteins that are
normally reabsorbed in proximal tubule) after the first year post kidney transplantation
has been associated with decline in transplant function during long-term follow-up [45,46],
which is in line with our results.

While the NGAL monomer has been associated with tubular injury, and neutrophils
seem the main source of NGAL dimer in urine [13,16,47], the complex of MMP 9 (gelatinase
B) with NGAL has not been extensively studied in the context of kidney diseases. The
135 kDa complex of MMP 9 (gelatinase B) with NGAL has been originally described and
purified from neutrophils isolated from blood and activated with phorbol myristate acetate.
Later, the „high molecular weight metalloproteinase”, present in urine of patients with
cancer, has been characterized as a 125 kDa complex of MMP 9 and NGAL [48]. The
MMP 9-NGAL complex has been found in urine of breast cancer patients [49]. According
to Yan et al. [48], the complex may be formed in urine from NGAL and MMP 9 that
are separately filtered or secreted into urine. Alternatively, the neutrophils present in
urine may be a source of the MMP 9-NGAL complex. In our sample of kidney transplant
recipients, the latter is consistent with higher concentrations of the MMP 9-NGAL complex
among patients who subsequently developed bacterial urinary tract infections as well as in
women, more prone to urinary tract infections. Previously, the MMP 9-NGAL complex has
been detected in dogs with pyuria and azotemia [50]. Of note, NGAL has been shown to
prevent MMP 9 from proteolysis and a complex of MMP 9 with NGAL found in human
urine has been shown to exert the gelatinase enzymatic activity [48,49]. This may have
pathophysiological implications in kidney disease, as matrix metalloproteinases play a role
in IF/TA affecting the transplanted kidney [51,52]. We measured MMP 9-NGAL complex in
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a subgroup of 77 patients, of whom only 19 had decreasing eGFR, and it is possible that our
study was underpowered to find a weak association of the complex urinary concentrations
with transplant function.

In our study, in addition to urinary NGAL, serum albumin and uric acid were also
associated with the changes in eGFR and mean eGFR during the follow-up. Serum albumin
is an indicator and predictor of poor nutritional status in kidney disease, moreover, it is a
known negative acute phase protein [53,54]. The association of low serum albumin concen-
trations with decreasing eGFR and lower mean eGFR in our patients may reflect subclinical
inflammatory states or worse nutritional status of the patients with subsequently decreas-
ing kidney function. Of note, NGAL has been associated with low-grade inflammation
in kidney disease [55,56]. Serum uric acid has been previously shown to predict adverse
outcomes in kidney transplant patients [57].

Our study has several limitations: first, although we included more than 100 patients,
the decrease in kidney function was detected in below one third of them, resulting in limited
number of such patients. Furthermore, the data on donor/recipient HLA mismatches and
PRA were available in a subgroup of patients, and we were not able to report the data on
donor-specific antibodies, as these started to be measured in Poland only recently. The
causes of decline in transplant function were not verified in histopathological examination
because the protocol biopsies are not practiced in our center, and because there were
patients who did not agree to indication biopsy. A longer follow-up time would allow
studying the association of baseline NGAL with subsequent graft loss, a more robust
end-point as compared to the one chosen in our study. In our group only two patients
started dialysis treatment due to the end-stage graft failure. However, it was our aim to
seek for the predictors of less severe decline in transplant function.

The strength of our study is that we measured urinary NGAL with a robust automated
method that may be used in routine clinical practice (and indeed it is available in many
centers). Although several studies show the diagnostic utility of urine NGAL for the
prediction of adverse outcomes in kidney transplant recipients, the lack of standardization
between the assays hinders the use of NGAL in clinical practice. We believe that the
automated methods should be used in the studies if we want to translate the studies’
results into practice.

In summary, our study indicates that the urinary NGAL and NGAL to creatinine
ratio predicts changes in kidney graft function over subsequent year in kidney transplant
recipients with long-term functioning graft. The association between urinary NGAL
concentration and the follow-up graft function is moderate but independent of baseline
eGFR and albuminuria. To which extent this prognostic utility of NGAL may be associated
with the prediction of urinary tract infections, remains to be elucidated. Based on our
observation, we may hypothesize that a high urinary NGAL measured as an additional
marker in a clinically stable kidney transplant recipient should be interpreted as a warning
sign, leading to detailed evaluation of a patient in search of either transient or chronic
causes of graft dysfunction, or urinary tract infection. Low urinary NGAL is associated
with a low risk of kidney graft dysfunction over a subsequent year. However, this clinical
hypothesis must be verified in larger studies, at best involving the detailed characterization
of graft state with the use of protocol biopsies.
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Gelatinase-Associated Lipocalin Is Complementary to Albuminuria in Diagnosis of Early-Stage Diabetic Kidney Disease in Type
2 Diabetes. BioMed Res. Int. 2017, 2017, 4691389. [CrossRef] [PubMed]
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Abstract: The number of patients placed on kidney transplant waiting lists is rapidly increasing,
resulting in a growing gap between organ demand and the availability of kidneys for transplantation.
This organ shortage has forced medical professionals to utilize marginal kidneys from expanded
criteria donors (ECD) to broaden the donor pool and shorten wait times for patients with end-stage
renal disease. However, recipients of ECD kidney grafts tend to have worse outcomes compared to
those receiving organs from standard criteria donors (SCD), specifically increased risks of delayed
graft function (DGF) and primary nonfunction incidence. Thus, representative methods for graft-
quality assessment are strongly needed, especially for ECDs. Currently, graft-quality evaluation is
limited to interpreting the donor’s recent laboratory tests, clinical risk scores, the visual evaluation
of the organ, and, in some cases, a biopsy and perfusion parameters. The last few years have
seen the emergence of many new technologies designed to examine organ function, including new
imaging techniques, transcriptomics, genomics, proteomics, metabolomics, lipidomics, and new
solutions in organ perfusion, which has enabled a deeper understanding of the complex mechanisms
associated with ischemia-reperfusion injury (IRI), inflammatory process, and graft rejection. This
review summarizes and assesses the strengths and weaknesses of current conventional diagnostic
methods and a wide range of new potential strategies (from the last five years) with respect to donor
graft-quality assessment, the identification of IRI, perfusion control, and the prediction of DGF.

Keywords: kidney transplantation; graft quality assessment; biomarkers; machine perfusion; IRI; DGF

1. Introduction

Kidney transplantation (KTx) is a life-saving treatment for patients with end-stage
renal dysfunction that is characterized by higher survival rates and greater quality of
patient life compared to dialysis treatment [1]. Unfortunately, the number of patients
placed on kidney transplant waiting lists is rapidly increasing, resulting in a growing gap
between organ demand and the availability of kidneys for transplantation. Standard criteria
donors (SCD) are preferred for kidney transplants because organs from these individuals
typically result in more favourable outcomes compared to other donor types [2]. However,
the shortage of available kidneys has forced medical professionals to utilize marginal
kidneys from expanded criteria donors (ECD) to broaden the donor pool and shorten
wait times for patients with end-stage renal disease. Nonetheless, it is well known that
donor organ quality affects long-term outcomes for renal transplant recipients, and ECD
kidney grafts have been shown to have worse outcomes compared to SCD grafts, including
an increased risk of delayed graft function (DGF) and primary nonfunction incidence
(PNF) [2,3]. Thus, representative methods of assessing graft-quality are urgently needed,
especially for ECDs. Currently, the surgeon decides whether to accept or decline a kidney
based on their interpretation of the donor’s recent laboratory tests and a visual evaluation
of the organ, with a biopsy being employed in some cases for direct tissue analysis [4,5].
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Notably, the rapid emergence of techniques such as imaging, omics, and organ perfusion
has provided surgeons with a wide range of new potential tools and biomarkers that could
be used to evaluate graft quality.

In this paper, we review and evaluate the limits and advantages of current conventional
diagnostic methods and a range of new potential tools (from the last five years) with respect
to donor graft-quality assessment, the identification of ischemia-reperfusion injury (IRI),
perfusion control, and the prediction of DGF (Figure 1).

Figure 1. Emerging techniques and biomarkers in graft quality assessment, the identification of
ischemia-reperfusion injury, perfusion control, and the prediction of DGF.

2. Current Conventional Diagnostic Methods

2.1. Visual Assessment

A visual evaluation of the kidney by the transplant team is a critical step in determining
whether it will be accepted for transplantation or rejected. Macroscopic examination is
useful for identifying kidney tumors, anatomical changes, damage, fibrosis, and scars that
indicate the quality of the graft. However, this method is subjective and depends on the
transplant team’s level of experience [4]. Recent findings showed that surgeons were able
to reliably predict the occurrence of postperfusion syndrome through visual assessments of
liver graft quality, thus emphasizing the importance of visual appraisals by the surgical
team [6]. However, no prior studies have evaluated intra-observer variability and the
predictive value of visual kidney assessment. Thus, there is a need for new standardized
diagnostic solutions for graft-quality assessment.

2.2. Clinical Risk Scores

Clinical information and laboratory results for a potential donor are crucial for an
initial assessment of organ quality. Consequently, several scoring systems have been created
to comprehensively analyse the risk of long-term graft failure or DGF [7–10]. At present,
the Kidney Donor Risk Index (KDRI) and the Kidney Donor Profile Index (KDPI) are
recognized as the most effective systems for scoring kidney graft quality. The KDRI was
created by Rao et al., to quantify the risk of graft failure from deceased donors (DDs) based
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on donor and transplant variables, such as age, serum creatinine (CR), diabetes, HCV
status, and cause of death [10]. The KDPI is a percentile measure based on the KDRI that
was designed to assess how long a kidney from a DD is expected to function relative to
all kidneys recovered in the U.S. during the previous year. The KDPI score is calculated
based on ten variably weighted donor parameters that relevantly affect organ quality,
with an emphasis on nephron mass. Lower KDPI scores are linked with longer estimated
organ function, while higher KDPI scores are associated with a shorter estimated organ
lifespan [11,12]. The KDRI and KDPI are regarded as reliable predictors of graft outcomes,
and they are expected to increase the prevalence of marginal kidney grafting and reduce
the unnecessary discard rate [11,13]. However, these indexes are not intended to be used
as the only metric for determining donor suitability; rather, they should be utilized as a
part of a comprehensive assessment along with other factors, including pre-implant biopsy
histopathology and hypothermic mechine perfusion (HMP) parameters [11,14]. Because
age is the most influential factor in calculating the KDRI and KDPI scores, it is unclear
whether the scores for these indexes can be applied to elderly and pediatric DDs. Recent
studies suggest that the KDPI does not precisely predict pediatric kidney graft survival,
while the KDRI has been found to be more reliable for elderly DDs. Overall, more research
is needed to assess how reliably KDPI and KDRI scores predict postoperative renal function
for grafts using kidneys from pediatric and elderly donors [13,15].

2.3. Biopsy

Pretransplant biopsy is currently one of the most widely used diagnostic methods and
is recognized as the gold standard for confirming allograft injury. However, the frequency
with which biopsies are performed varies between medical facilities and countries. In the
United States, up to 85% of higher-risk kidneys are biopsied, whereas pretransplant biopsies
are rarely conducted in European medical facilities. Histological evaluation is usually
applied selectively, predominantly in ECD and donor after cardiac death (DCD) kidneys,
and can help surgeons decide whether a kidney should be selected for transplantation or
rejected [4,5,16].

In contrast to most laboratory data, histopathological assessments of biopsies do
not yield a single value; rather, they produce comprehensive diagnoses that consider
all available information. Although glomerulosclerosis, vascular disease, and interstitial
fibrosis are the most frequently reported kidney parameters associated with worse graft
outcomes [4,16], there is no consensus on the relative importance of each factor and which
threshold values should be used to define the acceptable limit values. A further difficulty is
the low reproducibility of kidney biopsy evaluations between on-call pathologists and renal
pathologists described in many prior studies. The clear need to improve reproducibility
and to objectivize the procedure and reporting of results prompted the development of
several new composite histopathological scoring systems, including the Remuzzi score, the
Maryland Aggregate Pathology Index, Banff criteria, and the Chronic Allograft Damage
Index. Nevertheless, even with all these scoring systems, there are still doubts relating to
the sampling, processing, and evaluation of biopsies [4,5,16].

In daily practice, it may be necessary to obtain quick results. In such circumstances,
frozen section (FS) evaluation is often used for decision making. Producing paraffin sections
(PS) is time consuming, which can cause histological evaluations to require up to 3 h to
complete, even with the use of high-speed processing methods [5,17,18]. However, reports
of reproducibility and prognostic value are based on paraffin-embedded tissue [18]. Recent
studies have shown discrepancies in the results obtained with the use of FS and PS, but
these variances had no significant impact on the outcomes for the transplanted organs [18].
Observed changes could be subtler in frozen sections than in paraffin sections, which may
be a limitation, particularly in the hands of inexperienced pathologists [17,19]. On the other
hand, it is also critical to consider logistics when choosing an optimal biopsy technique.
For instance, FS is able to provide a diagnosis in less than 30 min, whereas PS requires at
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least 3 h. In selecting the proper technique, it is important to strike a balance between the
benefits and risks associated with increased cold ischemia [4,18].

A lack of uniformity with respect to procedural standards has resulted in the use of
a variety of biopsy techniques. The majority of medical facilities seem to prefer wedge
biopsy (WB) over needle biopsy (NB) because NB carries a greater risk of injuring larger
blood vessels, potentially resulting in uncontrolled bleeding after reperfusion. However,
most recent reports comparing WB and NB have found that NB provides a much better
evaluation of vascular lesions and has a higher overall correlation with the state of the
whole kidney [5,16,17].

Ultimately, the most crucial factor is how the histopathological results correlate with
long-term graft survival. Many studies have attempted to address the predictive value
of renal biopsy with respect to graft outcomes, but the results of these studies have been
predominantly inconclusive [20–23]. For instance, Traynor et al., conducted a retrospective
study that examined kidney transplants over a 10-year period to determine whether
pretransplant histology is able to predict graft outcomes at 5 years, and whether donor
histology adds incremental data to the current clinical parameters. While the results of
these reports suggest that that histological assessment adds little additional prognostic
information aside from clinical parameters [20], Yap et al., found that the histological
evaluation of ECD kidneys was associated with improved long-term graft survival. Their
results suggest that pretransplant biopsy assessment can enable ECD kidneys to be used as
a safe and viable option during persistent shortages of kidney donors [21]. The divergence
between recent studies highlights the need for a prospective controlled trial to evaluate
the predictive value of pretransplant biopsies. Until a standardized and comprehensive
evaluation protocol has been developed, biopsy findings remain only one component of
a donor organ assessment and should not be taken as the sole determinant in deciding
whether to discard or transplant donor kidneys [19,24,25].

2.4. Perfusion Control

Static cold storage (SCS) and HMP are the main techniques of kidney graft preser-
vation [26]. HMP has become a frequently and widely used procedure in kidney trans-
plantation over the past few years [26–28]. Indeed, several reports have shown that the
HMP reconditioning effect results in better postoperative outcomes with respect to reduc-
ing DGF and better long-term graft survival after transplantation [29–31]. An important
benefit of HMP is that it enables the monitoring of perfusion parameters that could predict
post-transplant organ viability. In particular, flow rate and renal resistance (RR) have
been among the most frequently used perfusion parameters in predicting post-transplant
function [27,32–34]. Previous studies have produced findings suggesting that real-time
RR detection provides good predictive value. As Bissolati et al., showed, the RR trend
during HMP can be used to predict post-transplantation outcomes, especially in relation to
kidneys procured from ECD [28]. Patel et al., conducted a retrospective study that included
190 kidneys in order to evaluate the prognostic utility of HMP in DD transplantation. Their
findings showed that resistances at two hours and beyond predicted DGF, while initial
resistance to machine perfusion predicted one-year graft survival post-transplantation [35].
On the other hand, some studies found no association between hemodynamic parameters
during HMP and the development of DGF [27]. Thus, due to these inconclusive results, the
perfusion parameters cannot be regarded as stand-alone criteria. However, the undoubted
advantage of perfusion parameters is that they are easy to obtain in a non-invasive manner.
As such, Jochmans et al., and Zheng et al., have suggested that HMP parameters should be
included as part of a comprehensive graft assessment [14,32]. DGF has a complex patho-
genesis and cannot be predicted with precision using the HMP parameters as a stand-alone
assessment tool. However, RR represents an additional source of information that can
help clinicians in their decision-making process. Attaining more accurate predictions of
graft outcomes will require integrating the perfusion parameters into multifactorial graft
quality scoring systems. A combination of the donor’s clinical data, kidney pre-implant
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histopathology, and HMP parameters may provide a more effective prediction of DGF than
any of the measures alone [14,32].

2.5. Microbiological Analysis of Preservation Fluid

Organ transplant recipients are prone to infectious complications, and despite many
advances, post-operative infections remain associated with significant morbidity and mor-
tality [36–38]. Early post-transplant infections among kidney transplant recipients may be
transmitted via the donor, or the donated organ may be contaminated during the transplan-
tation procedure [36,38]. Moreover, pathogens can be transmitted via preservation solution,
which is required to maintain kidney viability, but due to its biochemical characteristics,
it can also keep microorganisms alive and serve as an infection vector [36,38,39]. For that
reason, some transplant centres collect preservation fluid for microbiological analysis in
addition to standard screening for donor infections. However, there are no widely accepted
recommendations for managing positive preservation fluid cultures [36,38]. Moreover, it
remains unanswered whether intra-operative preservation fluid routine screening should
be performed because the clinical impact of this practice is still not well established. Some
studies have evaluated the risk factors associated with culture-positive preservation fluid
and determined the benefit of routine screening of preservation solutions for the man-
agement of kidney transplant recipients [36–38,40]. Corbel et al., demonstrated that 24%
of DD preservation fluid cultures were positive, and these contaminations were mainly
a consequence of procurement procedures [37]. Reticker et al. [36] and Oriol et al. [38]
showed that the prevalence of culture-positive preservation fluid was up to 60%; however,
the vast majority of microbial growth was consistent with skin flora or low-virulence
pathogens. In addition, Oriol et al., indicated that pre-emptive antibiotic therapy for recipi-
ents with high-risk culture-positive preservation fluid might improve the outcomes and
help to avoid preservation-fluid-related infections [38]. Moreover, Stern et al., reported that
fungal contamination of preservation fluid was infrequent, although yeast contamination
of preservation solutions was associated with high mortality [40]. In parallel, Reticker et al.,
suggested that antibiotic therapy for recipients with preservation solutions contaminated
by low virulence pathogens may not be necessary, reducing antibiotic overuse [36]. In
conclusion, routine screening of preservation solutions could improve graft outcomes and
pre-emptive antibiotic therapy and be helpful to avoid preservation-fluid-related infec-
tions. However, future studies are needed to establish guidelines for preservation fluid
microbiological analysis and handling culture-positive preservation fluid.

3. Emerging Techniques

3.1. Imaging

Diagnostic imaging methods are mainly used to evaluate kidneys from living donors
(LD) prior to acceptance for transplantation, as well as for assessing post-renal transplant
complications. In the case of living donor surgeries, non-invasive preoperative evaluation
of the quality of the graft organ is especially critical, which allows surgeons to assess certain
vital features, such as size, the presence/absence of focal cystic or solid lesions, and the
condition of vascular structures, to establish whether it is appropriate for transplanta-
tion. While most of these features can be visualized via Doppler ultrasound, computed
tomography angiography (CTA) is usually necessary for a more accurate assessment of
the vascular anatomy [41–43]. However, given the critical role of careful evaluation and
suitable preparation when dealing with living donor transplantation, it will be imperative
to continue to conduct new research aimed at improving transplantation outcomes.

Sarier et al., conducted a retrospective study wherein they compared pretransplant
CTA images to intraoperative findings to evaluate renal artery variations in a large sample
of LD. They found that laparoscopic donor nephrectomy enabled the detection of the same
number of renal arteries as CTA in 97.9% of the analysed kidneys, but less than CTA in the
remaining 2.1%. Notably, a greater number of renal arteries were not detected in any of
the studied kidneys via nephrectomy compared to CTA. These results indicate that CTA
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is more accurate than intraoperative findings, and is an effective method for evaluating
candidate donors for living donor kidney transplantation (LDKT), as well as for identifying
renovascular variations [42].

Al-Adra et al., employed computed tomography (CT) scans to assess the influence of
donor kidney volume on recipient estimated glomerular filtration rate (eGFR) in a large
cohort of patients undergoing LDKT. The resultant statistical models showed a significant
correlation between donor kidney volume and recipient eGFR at 1, 3, and 6 months
(p < 0.001). These findings indicate that donor kidney volume is a strong independent
predictor of recipient eGFR in LDKT and may therefore be a valuable addition to predictive
models of eGFR after transplantation. Further research could examine whether addition of
donor kidney volume in matching algorithms can improve recipient outcomes [43].

Although the ability to monitor graft status intraoperatively is limited at present,
several novel solutions have been proposed over the past few years to evaluate graft quality
during transplantation and predict DGF.

In 2019, Fernandez et al., proposed a novel approach that utilized infrared imaging to
monitor the reperfusion phase during kidney transplantation in real-time. To this end, they
used a long-wave infrared camera (FLIR One) with a visual resolution of 1440 × 1080 pixels
and a thermal resolution of 160 × 120 to study the grafts in 10 pediatric patients undergoing
kidney transplantation. During the study, images were acquired at several key time points.
The authors observed a correlation between changes in intraoperative graft temperature
and decreases in postoperative creatinine levels in all of the analysed subjects. Given these
results, Fernandez et al., concluded that infrared thermal imaging could be a promising
option for non-invasive graft perfusion monitoring. However, additional work is required
to confirm Fernandez et al.’s results because they were somewhat limited due to the
relatively small number of patients included and the short follow-up period [44].

In another study, Sucher et al., employed Hyperspectral Imaging (HSI) as a noncontact,
non-invasive, and non-ionizing method of acquiring quantitative information relating to
kidney viability and performance during transplantation. Specifically, they used HSI to
study seventeen consecutive deceased donor kidney transplants prior to transplantation,
while stored on ice, and again at 15 and 45 min after reperfusion. After computation time
of less than 8 s, the analysis software was able to provide an RGB image and 4 false color
images representing the physiological parameters of the recorded tissue area, namely, tissue
oxygenation, perfusion, organ hemoglobin, and tissue water index. The obtained results
revealed that allograft oxygenation and microperfusion were significantly lower in patients
with DGF. Future applications might also utilize HSI during donor surgery to assess kidney
quality prior to cold perfusion and procurement. However, HSI can only be used intraoper-
atively and requires a direct view of the kidney because the maximum penetration depth
for microcirculation measurements is currently 4–6 millimetres, making transcutaneous
applications impossible. Thus, this technique’s main limitations are its inability to provide
continuous or intermittent transcutaneous follow-up measurements, as well as its small
sample size. Thus, further studies are required to confirmed these results [45].

In the recent article, Gerken et al., documented a prospective diagnostic study that they
had conducted in two German transplantation centres wherein allograft microperfusion
was assessed intraoperatively via near-infrared fluorescence angiography with indocyanine
green (ICG). While previous studies have shown that ICG fluorescence angiography can be
applied safely during kidney transplantation, none have provided a quantitative assessment
of the use of fluorescence video. To fill this gap, Gerken et al., evaluated the benefits of
coupling quantitative intraoperative fluorescence angiography with ICG to predict post-
operative graft function and the occurrence of DGF. Their findings indicated that the
impairment of intraoperative microperfusion in the allograft cortex is a risk factor for the
occurrence of DGF, and that ICG Ingress is an independent predictor of DGF. Further
studies are warranted to analyse the effect of applying early therapeutic approaches to
prevent DGF in kidney transplant recipients, thus improving long-term graft success [46].
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The use of imaging techniques to diagnose post-renal transplant complications has
been discussed extensively in recent reviews [47–49]; therefore, the present work will only
examine a few of the most recent studies in this field. Promising results have been reported
with respect to combining positron emission tomography (PET) with CT or magnetic
resonance imaging (MRI) using the glucose analogue radiotracer, 2-deoxy-2-fluoro-D-
glucose (FDG), to detect acute kidney allograft rejection, for diagnostic applications, for the
functional assessment of grafts, and for therapeutic monitoring [50,51]. In another study,
the utility of arterial spin labeling (ASL) magnetic resonance imaging was evaluated for its
ability to identify kidney allografts with underlying pathologies. ASL uses endogenous
water as a tracer, and it has previously been used in applications relating to the brain.
Moreover, there have been reports demonstrating that ASL can be used to categorize stages
of chronic kidney disease [52]. Wang et al., demonstrated that ASL might be a non-invasive
tool for differentiating kidneys with subclinical pathology from those with stable graft
function. However, more research should be performed to verify these findings [53].

3.2. Omics

The last few years has seen the emergence of many new technologies that examine
organ function on a molecular level, which has enabled the discovery of numerous potential
biomarkers of renal injury. High-throughput omics technologies allow researchers to obtain
a large amount of data about specific types of molecules, providing a holistic picture
that captures the complex and dynamic interactions within a biological system. These
innovative methods, including transcriptomics, genomics, proteomics, metabolomics, and
lipidomics, provide a deeper understanding of the complex mechanisms associated with
IRI, inflammatory processes, and graft rejection [5,54]. This section surveys some promising
methods and techniques that could be successfully translated to clinical settings in the
foreseeable future (Table 1).

3.2.1. Transcriptomics/Genomics

Several studies have examined how graft quality and donor category impact graft and
patient survival. Giraud et al., proposed an open-ended approach based on microarray
technology to understand IRI occurring in DCD kidneys in a preclinical porcine model
that had been subjected to warm ischemia (WI) followed by cold ischemia. Giraud et al.’s
findings indicated that hundreds of cortex and corticomedullary junction genes were
significantly regulated after WI or after WI followed by cold storage compared to healthy
kidneys. In addition, they also analysed the kinetics of the most differentially expressed
genes. They hypothesized that these genes played a key role in IRI and could be divided
into eight categories: mitochondria and redox state regulation; inflammation and apoptosis;
and protein folding and proteasome; cell cycle, cellular differentiation and proliferation;
nucleus genes and transcriptional regulation; transporters; metabolism regulation; mitogen-
activated protein kinase and GTPase (guanosine triphosphate, GTP) activity [55].

Boissier et al., performed a comparative study of cellular components, transcriptomics,
and the vasculogenic profiles obtained from 22 optimal donors and 31 deceased ECDs.
They hypothesized that as an easily accessible source of donor-derived material, perirenal
adipose tissue (PRAT) can be used to assess the quantitative and functional features that
characterize donor cells. In addition, adipose tissue can be enzymatically processed to
obtain stromal vascular fraction (SVF), which is a heterogeneous cellular mixture free of
adipocytes. In their study, Bossier et al., performed a transcriptomic analysis in order to
differentiate the PRAT-SVF molecular transcript in ECD and other donors. The upregulated
genes demonstrated a strong association with the inflammatory response, cytokine secre-
tion, and circulatory system development, while the downregulated genes were associated
with regulating metabolic processes and circulatory system development. Importantly,
Bossier et al.’s findings provide new evidence that PRAT-SVF serves as a non-invasive
source of donor material that can be highly valuable in the assessment of inflammatory
features affecting the quality and function of the graft [56].
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The midterm outcomes of kidney transplant recipients with early borderline changes
between ECD, SCD, and LD were compared in a retrospective observational study. In the
ECD group, microarray analysis showed a higher expression of 244 transcripts than the
SCD group, and 437 more than the LD group. Compared to both the SCD and LD groups,
gene annotation analysis of transcripts with elevated expression in ECD group revealed en-
hancement in the inflammatory response, the response to wounding, the defence response,
and the ECM-receptor interaction pathway. ECD-related transcripts were likely increased
by already occurred vascular changes compared to SCD group, and, similarly in SCD
group, by longer ischemia compared with LD group. Therefore, chronic vascular changes
and cold ischemia time enhance inflammation and thus contribute to poor outcomes for
these grafts [57].

Another novel organ-evaluation tool was proposed in a retrospective open-cohort
study that examined donors’ plasma mitochondrial DNA (mtDNA), which can be easily
and non-invasively assayed in the pre-transplant period, and may be a promising pre-
dictive biomarker for allograft function [58]. The mtDNA levels in the plasma of DCD
were determined via real-time polymerase chain reaction (RT-PCR) and then statistically
analysed in relation to the recipient’s mtDNA levels and DGF. The linear prediction model,
which included plasma mtDNA, donor serum creatinine, and warm ischemia time (WIT),
showed high predictive value for reduced graft function. Moreover, the findings indicated
that plasma mtDNA might be a novel non-invasive predictor of DGF and allograft func-
tion at six months after transplantation, in addition to correlating to allograft survival.
Furthermore, mtDNA may serve as a surrogate predictive marker for PNF [58].

The vast majority of studies aiming to identify novel biomarkers involved in IRI
have used murine or rat models. A growing body of evidence indicates that the aberrant
expression of microRNAs (miRNA/miR) is closely associated with IRI pathogenesis [59–64].
MiRNAs are small, noncoding RNAs that mediate mRNA cleavage, translational repression,
or mRNA destabilization [59]. For instance, Chen et al.’s findings suggest that miR-16
may serve as a potential biomarker of IRI-induced acute kidney injury (AKI) [59], while
Zhu et al., found that miR-142-5p and miR-181a might be responsible for modulating renal
IRI development [63]. On the other hand, some studies have pointed that miR-17-92, miR-
139-5p, and miR-27a may play a protective role in IRI [61,62,64]. For example, Song et al.,
suggest that the overexpression of miR-17-92 could partly reverse the side-effects of IRI
on the proximal tubules in vivo [61]. Furthermore, Wang et al., have reported that the
overexpression of miR-27a results in the downregulation of toll-like receptor 4 (TLR4),
which in turn inhibits inflammation, cell adhesion, and cell death in IRI [62].

Other murine-model-based studies have explored new candidate genes associated
with renal IRI. In one such study, Su et al., found that IRI caused the upregulation of
SPRR2F, SPRR1A, MMP-10, and long noncoding RNA (lncRNA) Malat1 in kidney tissues.
These genes are involved in keratinocyte differentiation, regeneration, and the repair of
kidney tissues; extracellular matrix degradation and remodeling; inflammation; and cell
proliferation in renal IRI [64]. In a separate study, Liu et al., investigated the role of BRG1
in IRI-induced AKI with a focus on its role in regulating IL-33 expression in endothelial
cells. Their findings revealed that endothelial BRG1 deficiency reduces renal inflammation
following ischemia-reperfusion in mice with a simultaneous reduction in IL-33 levels [65].

Comparisons of IRI in murine-based models and clinical studies have yielded valuable
results [66,67]. For instance, Cippà et al., employed RNA-sequencing-mediated transcrip-
tional profiling and machine learning computational approaches to analyse the molecular
responses associated with IRI, which emphasized early markers of kidney disease progres-
sion and outlined transcriptional programs involved in the transition to chronic injury [66].
Other studies have demonstrated that Corin is downregulated in renal IRI and may be
associated with DGF after kidney transplantation. Researchers have also screened dif-
ferentially expressed genes in a murine model of IRI, with findings identifying Corin as
one of the most relevant downregulated genes among 2218 differentially expressed genes.
Moreover, 11 recipients with complications due to DGF and 16 without DGF were recruited
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for an ELISA to determine their plasma Corin concentrations. The findings of this study
showed downregulation of plasma Corin concentrations in transplant recipients with DGF
complications, indicating that Corin could be a potential biomarker of DGF [67]. DGF may
result from early ischemic injury and potentially contribute to poor long-term survival
following kidney transplantation [68,69]. For this reason, much research has been devoted
to devising reliable methods for predicting the extent of IRI, and hence, DGF.

Hence, as with the IRI, miRNA was evaluated as a biomarker of DGF. In one study,
Khalid et al., quantified microRNAs in urine samples from kidney transplant patients to
determine whether this approach can be used to predict who will develop DGF following
kidney transplantation. To this end, they used unbiased profiling to identify microRNAs
that are predictive of DGF following kidney transplantation (i.e., miR-9, -10a, -21, -29a, -221,
and -429), and afterward confirmed their findings by measuring specific microRNAs via
RT-PCR. The biomarker panel was then assessed using an independent cohort at a separate
transplant centre, with urine samples being collected at varying times during the first week
after transplantation. When considered individually, all miRs in the panel showed a trend
towards an increase or relevant increase in patients with DGF [68].

Wang et al., used high-throughput sequencing to investigate the miRNA expression
profiling of exosomes in the peripheral blood of kidney recipients with and without DGF,
and explain the regulation of miRNAs in the DGF pathogenesis [69]. Exosomes are cell-
derived membrane vesicles present in numerous bodily fluids that play a crucial role in
processes such as the regulation of cellular activity, intercellular communication, and waste
management [69,70]. Wang et al., identified 52 known and 5 conserved exosomal miR-
NAs specifically expressed in transplant recipients with DGF. Additionally, their findings
showed that transplant recipients with DGF also exhibited the upregulation of three co-
expressed miRNAs: hsa-miR-33a-5p R-1, hsa-miR-98-5p, and hsa-miR-151a-5p. Moreover,
hsa-miR-151a-5p was positively correlated with the kidney recipients’ serum CR, blood
urea nitrogen (BUN), and uric acid (UA) levels in the first week post-transplantation [69].

MicroRNA expression in kidney transplant recipients with DGF has also been assessed
in another recently published study [71]. In this work, the researchers employed RT-PCR to
analyse the expression of miRNA-146-5p in peripheral blood and renal tissue obtained from
kidney transplant recipients who had undergone a surveillance graft biopsy during the
DGF period. In the renal tissue, the expression of miR-146a-5p was significantly increased
among the DGF patients compared to the stable and acute rejection (AR) patients. Similarly,
microRNA 146a-5p had heightened expression in the peripheral blood samples from the
DGF group compared to those of the acute rejection and stable groups; however, these
differences were not statistically significant (p = 0.083) [71].

Overall, all these reports indicate that miRNAs are emerging as essential biomarkers
in the molecular diagnosis of DGF. The above-discussed findings identify biomarkers that
could contribute to the development of tools for predicting DGF and, as such, represent an
important area of focus for future research.

Zmonarski et al., applied PCR to nonstimulated peripheral blood mononuclear cells
(PBMCs) to examine the averaged mRNA toll-like receptor 4 expression (TLR4ex). The
sample for this study consisted of 143 kidney transplant patients, 46 of whom had a history
of DGF, and a control group of 38 healthy volunteers. The patients with a history of DGF
were divided into two subgroups based on the median TLRex: low-TLR4 expression and
high-TLR expression. Zmonarski et al.’s findings showed that patients with DGF had
a much lower TLR4ex and worse parameters of kidney function. In addition, while a
comparison of the DGF patients with low and high TLR4ex revealed no initial differences
in kidney transplant function, differences were observed in the post-follow-up period. Fur-
thermore, regression analysis showed that TLR4ex was related to recipient age, tacrolimus
concentration, and uremic milieu. Consequently, the authors concluded that the low TLR4
expression in patients with DGF may be associated with poor graft-capacity prognosis,
and that analysis of changes in TLR4ex may be valuable for assessing immunosuppression
efficacy [72].
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Another study aiming to identify potential biomarkers of DGF and AKI was recently
conducted by Bi et al. [73]. In this study, the authors obtained two mRNA expression
profiles from the National Center of Biotechnology Information Gene Expression Omnibus
repository, including 20 DGF and 68 immediate graft function (IGF) samples. Differentially
expressed genes (DEGs) in the DGF and IGF groups were identified, and pathway analysis
of these DEGs was conducted using the Gene Ontology and Kyoto Encyclopedia of Genes
and Genomes. Next, a protein–protein interaction analysis extracted hub genes. The
essential genes were then searched in the literature and cross-validated based on the
training dataset. In total, 330 DEGs were identified in the DGF and IGF samples, including
179 upregulated and 151 downregulated genes. Of these, OLIG3, EBF3, and ETV1 were
transcription factor genes, while LEP, EIF4A3, WDR3, MC4R, PPP2CB, DDX21, and GPT
served as hub genes in the PPI network. In addition, the findings suggested that EBF3 may
be associated with the development of AKI following renal transplantation because it was
significantly upregulated in the validation dataset (GSE139061), which is consistent with
the initial gene differential expression analysis. Moreover, the authors found that LEP had
a good diagnostic value for AKI (AUC = 0.740). Overall, these findings provided more
profound insights into the diagnosis of AKI following kidney transplantation [73].

Elsewhere, McGuinness et al., combined epigenetic and transcriptomic data sets to
determine a molecular signature for loss of resilience and impaired graft function. Notably,
at a translational level, this study also provided a platform for developing a universal IRI
signature and the ability to link it to post-transplant outcomes. Furthermore, McGuin-
ness et al.’s findings relate DNA methylation status to reperfusion injury and DGF outcome.
In this study, 24 paired pre- and post-perfusion renal biopsies defined as either meeting
the extreme DGF phenotype or exhibiting IGF were selected for analysis. The findings
of this analysis showed that the molecular signature contained 42 specific transcripts, re-
lated through IFNγ signaling, which, in allografts displaying clinically impaired function
(DGF), exhibited a major change in transcriptional amplitude and increased expression
of noncoding RNAs and pseudogenes, which is consistent with increased allostatic load.
This phenomenon was attended by an increase in DNA methylation within the promoter
and intragenic regions of the DGF panel in pre-perfusion allografts with IGF. Overall,
McGuinness et al.’s findings suggest that kidneys exhibiting DGF suffer from an impaired
ability to restore physiological homeostasis in response to stress that is commensurate to
their biological age and associated allostatic load. This outcome is reflected in changes in
the epigenome and transcriptome, as well as in the dysregulation of RNA metabolism [3].

3.2.2. Proteomics

Proteomics approaches have also been used to identify donor biomarkers that may
predict graft dysfunction in order to alleviate organ shortages and address the lack of repre-
sentative methods for assessing graft quality. To date, several studies have focused on iden-
tifying novel proteomic biomarkers of graft quality in donor urine [74–77]. Koo et al.’s study
aimed to investigate the viability of using the levels of neutrophil gelatinase-associated
lipocalin (NGAL), kidney injury molecule-1 (KIM-1), and L-type fatty acid binding protein
(L-FABP) in donor urine samples to predict reduced graft function (RGF). In addition,
Koo et al., also created a prediction model of early graft dysfunction based on these donor
biomarkers. This model, which includes donor urinary NGAL, L-FABP, and serum CR,
has been shown to provide better predictive value for RGF than donor serum CR alone.
Based on this model, a nomogram for a scoring method to predict RGF was created to help
guide the allocation of DD and maximize organ utilization [74]. On the other hand, another
large prospective study has shown that donor injury biomarkers such as microalbumin,
NGAL, KIM-1, IL-18, and L-FABP have limited utility in predicting outcomes among
kidney transplant recipients [75]. This study evaluated the associations between injury
biomarkers in the urine of DD and donor AKI, recipient DGF, and recipient six-month
eGFR. Each of the tested biomarkers was strongly associated with donor AKI in the ad-
justed analyses. However, although the levels of all five donor biomarkers were higher in
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recipients with DGF than in those without DGF, the fully adjusted analyses revealed an
association between higher donor urinary NGAL concentrations and a modest increase
in the relative risk of recipient DGF. Moreover, the results of this study indicated that
donor urinary biomarkers add minimal value in predicting recipient allograft function at
six months post-transplantation [75]. In both studies, the tested biomarkers were strongly
associated with donor AKI, while NGAL concentration was associated with DGF. A po-
tential explanation for the different conclusions of these studies may be that Koo et al.,
used RGF as an outcome in their study, while Reese et al., used DGF due to different
donor characteristics. Furthermore, it is worth emphasizing that, while these proteins are
upregulated and secreted in urine in response to tubular injury, they were reported to have
low specificity for tubular epithelial cell injury and were observed to increase in patients
with urinary tract infections and sepsis [78,79].

In another study, the potential utility of C3a and C5a in DD urine samples as biomark-
ers for early post-transplant outcomes was investigated [76]. The results of this large,
prospective, observational cohort study indicated a three-fold increase in C5a concentra-
tions in urine samples from donors with stage 2 and 3 AKI compared to donors without
AKI. In addition, donor C5a was positively correlated with the occurrence of DGF in recip-
ients. In adjusted analyses, C5a remained independently correlated with recipient DGF
only for donors without AKI. Moreover, the authors observed a tendency to indicate better
12-month organ functioning from donors with the lowest urinary C5a [76].

Monocyte chemoattractant protein-1 (MCP-1) has also been proposed as a potential
biomarker of donor kidney quality. For example, Mansour et al., evaluated the association
between graft outcomes and levels of MCP-1 in urine from DD at the time of organ
procurement. In particular, they measured MCP-1 concentration to determine its correlation
to donor AKI, recipient DGF, six-month estimated eGFR, and graft failure. Unfortunately,
Mansour et al.’s results suggested that urinary MCP-1 has minimal clinical utility. Although
median urinary MCP-1 concentrations were elevated in donors with AKI compared to those
without AKI, higher MCP-1 levels were independently associated with a higher six-month
eGFR in those without DGF. However, MCP-1 was not independently associated with DGF,
and no independent associations between MCP-1 and graft failure were observed over
a median follow-up of ~two years [77].

Recently, Braun et al., demonstrated the potential of using small urinary extracellular
vesicles (suEVs) as a non-invasive source of data regarding early molecular processes
in transplant biology. Their unbiased proteomic analysis revealed temporal patterns
in the signature of suEV proteins, as well as cellular processes involved in both early
response and longer-term graft adaptation. In addition, a subsequent correlative analysis
identified potential prognostic markers of future graft function, such as phosphoenol
pyruvate carboxykinase (PCK2). However, while Braun et al.’s study showed the potential
of suEVs as biomarkers, the small number of patients in their sample did not allow for a
conclusive statement on the predictive value of suEV PCK2. Therefore, the potential use of
this biomarker will depend on larger trials in the future [80].

Studies focusing on the use of kidney tissue as a sample matrix to evaluate donor
organ quality have also been performed. Using a rabbit model of brain death (BD),
Li et al., employed two-dimensional gel electrophoresis and Matrix Assisted Laser Desorp-
tion/Ionization Time-of-Flight Mass Spectrometry (MALDI-TOF-MS)-based comparative
proteomic analysis to profile the differentially-expressed proteins between BD and renal
tissue collected from a control group. The authors were able to acquire five downregu-
lated proteins and five upregulated proteins, which were then classified according to their
function, including their association with proliferation and differentiation, signal transduc-
tion, protein modification, electron transport chain, and oxidation-reduction. Moreover,
immunohistochemical analysis indicated that the expression of prohibitin (PHB) gradu-
ally elevated in a time-dependent manner. These data showed alterations in the levels of
certain proteins in the organs from the BD group, even in the case of non-obvious func-
tional and morphological changes. Given their results, Li et al., suggested that PHB may
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be an innovative biomarker for the primary assessment of the quality of kidneys from
BD donors [81].

Conversely, van Erp et al., used a multi-omics approach and a rat model to investigate
organ-specific responses in the kidneys and liver during BD. The application of proteomics
analysis enabled them to quantify 50 proteins involved in oxidative phosphorylation, tri-
carboxylic acid (TCA) cycle, fatty acid oxidation (FAO), substrate transport, and several
antioxidant enzymes in isolated hepatic and renal mitochondria. The most relevant changes
were observed in the reduced peptide levels in the kidneys, which were related to complex I
(Ndufs1), the TCA cycle (Aco2, Fh, and Suclg2), FAO (Hadhb), and the connection between
FAO and the electron transport chain (Etfdh). The expression of two renal proteins, which
were associated with substrate transport (Ucp2) and the TCA cycle (Dlat), was signifi-
cantly increased in samples from the BD group compared to the sham-operated group.
Interestingly, van Erp et al.’s findings showed that BD pathophysiology affects systemic
metabolic processes, alongside organ-explicit metabolic changes, manifest in the kidneys
by metabolic shutdown and suffering from oxidative stress, and a shift to anaerobic energy
production, while kidney perfusion decreases. Ultimately, van Erp et al., concluded that an
organ-specific strategy focusing on metabolic changes and graft perfusion should be part
of novel procedures for assessing graft quality in organs from brain-dead donor, and may
be the key to improving transplantation outcomes [82].

The vast majority of studies focusing on IRI have used animal models. In one proteo-
metabolomics study using rat models, coagulation, complement pathways, and fatty acid
(FA) signaling were observed following the elevation of proteins belonging to acute phase
response due to IRI. Moreover, after 4 h of reperfusion, analysis of metabolic changes
showed an increase in glycolysis, lipids, and FAs, while mitochondrial function and adeno-
sine triphosphate (ATP) production were impaired after 24 h [83]. The authors of another
study that used a porcine model of IRI found that integrative proteome analysis can provide
a panel of potential—and predominantly renal—biomarkers at many levels, as changes
occurring in the tissue are reflected in serum and urine protein profiles. This conclusion
was based on the use of urine, serum, and renal cortex samples. In the renal cortex pro-
teome, the authors observed an elevation in the synthesis of proteins in the ischemic kidney
(vs. the contralateral kidney), which was highlighted by transcription factors and epithelial
adherens junction proteins. Intersecting the set of proteins up- or downregulated in the
ischemic tissue with both serum and urine proteomes, authors identified six proteins in the
serum that may provide a set of targets of kidney injury. In addition, four urinary proteins
with predominantly renal gene expression were also identified: aromatic-L-amino-acid
decarboxylase (AADC), S-methylmethionine–homocysteine S-methyltransferase BHMT2
(BHMT2), cytosolic beta-glucosidase (GBA3), and dipeptidyl peptidase IV (DPPIV) [84].
Recent research by Moser et al., has examined kidney preservation injury and the nephro-
protective activity of doxycycline (Doxy). In this work, rat kidneys were cold perfused with
and without Doxy for 22 h, followed by the extraction of proteins from the renal tissue.
Subsequent analysis showed a significant difference in eight enzymes involved in cellular
and mitochondrial metabolism. Interestingly, the levels of N(G),N(G)-dimethylarginine
dimethylaminohydrolase and phosphoglycerate kinase 1 decreased during cold perfusion
on its own but increased during cold perfusion with Doxy [85]. The influence of perfu-
sion type on graft quality has also been evaluated by Weissenbacher et al., who applied
proteomics analysis to determine the differences between normothermically perfused (nor-
mothermic machine perfusion, NMP) human kidneys with urine recirculation (URC) and
urine replacement (UR). Their findings revealed that damage-associated patterns in the
kidney tissue decreased after 6 h of NMP with URC, suggesting decreased inflammation.
Furthermore, they also observed that vasoconstriction in the kidneys was also attenuated
with URC, as indicated by a reduction in angiotensinogen levels. The kidneys became
metabolically active during NMP, which could be improved and prolonged by applying
URC. The application of URC also enhanced mitochondrial succinate dehydrogenase en-
zyme levels and carbonic anhydrase, which contributed to pH stabilization. Key enzymes
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involved in glucose metabolism increased after 12 and 24 h of NMP with URC, including mi-
tochondrial malate dehydrogenase and glutamic-oxaloacetic transaminase, predominantly
in DCD tissue. The authors concluded that NMP with URC can prolong organ preservation
and revitalize metabolism to possibly better mitigate IRI in discarded kidneys [86].

Ischemic injury may result in DGF, which is associated with a more complicated
post-operative course, including a higher risk of AR [87]. Therefore, the early evaluation of
kidney function following transplantation is essential for predicting graft outcomes [88].
Several studies have applied proteomic analysis to recipient urine samples in an attempt to
identify protein biomarkers of DGF [87–89]. For instance, Lacquaniti et al., evaluated the
usefulness of NGAL levels both for the early detection of DGF and as a long-term predictor
of graft outcome. Their findings revealed that serum and urine samples from DGF patients
contained high levels of NGAL beginning the first day after transplantation. Moreover, in
patients who had received a kidney from a living related donor with excellent allograft
function, NGAL concentrations lowered quickly during the first 24 h post-transplant period,
reflecting a more pronounced reversible short-term injury. Importantly, NGAL levels in
urine provided a better diagnostic profile than serum NGAL. Hence, urinary biomarkers
on day 1 post-transplant may not only be useful in predicting who will need dialysis
within one week, but they may also allow clinicians to discriminate between more subtle
allograft recovery patterns [88]. However, as mentioned above, NGAL is characterized by
low specificity; hence, its clinical application is limited due to inconclusive results [78,79].
Williams et al., used a Targeted Urine Proteome Assay (TUPA) to identify biomarkers
of DGF following kidney transplantation. After employing data quality consideration
and rigorous statistical analysis, they identified a panel of the top 4 protein biomarkers,
including the C4b-binding protein alpha chain, serum amyloid P-component, guanylin, and
immunoglobulin superfamily member 8, which had an AUC of 0.891, a specificity of 82.6%,
and a sensitivity of 77.4% [87]. Similarly, urinary tissue inhibitor of metalloproteinases-2
(TIMP-2) and insulin-like growth factor binding protein-7 (IGFBP7) have been evaluated
as biomarkers for DGF [89]. The findings of these studies indicated that TIMP-2 was
able to adequately identify patients with DGF and prolonged DGF (AUC 0.89 and 0.77,
respectively), whereas IGFBP7 was not. Moreover, correcting TIMP-2 for urine osmolality
improved predictability (AUC 0.91 for DGF, AUC 0.80 for prolonged DGF), and 24-h
urinary CR excretion and TIMP-2/mOsm were found to be significant predictors of DGF,
with an AUC of 0.90. Hence, the obtained results indicated that TIMP-2 might be a
promising, non-invasive indicator for predicting the occurrence and duration of DGF in
individual patients [89].

3.2.3. Metabolomics and Lipidomics

In the absence of good quantitative biomarkers correlating to pre-transplantation
organ quality, van Erp et al., examined metabolic alterations during BD using hyperpolar-
ized magnetic resonance (MR) spectroscopy and ex vivo graft glucose metabolism during
normothermic isolated perfused kidney (IPK) machine perfusion [90]. To this end, they
employed hyperpolarized 13C-labeled pyruvate MR spectroscopy to quantify pyruvate
metabolism in the kidneys and liver at three time points during BD in a rat model. Follow-
ing BD, glucose oxidation was measured using tritium-labeled glucose (D-6-3H-glucose)
during IPK reperfusion. In addition, enriched 13C-pyruvate was injected repetitively to
evaluate the metabolic profile at T = 0, T = 2, and T = 4 h via the relative conversion of
pyruvate into lactate, alanine, and bicarbonate. The rats showed significantly higher lactate
levels immediately following the induction of BD, with alanine production decreasing in
the kidneys 4 h post-BD. However, it should be emphasized that this study’s results did
not assess whether these metabolic alterations can be associated with graft quality, or if
they are suitable predictors of transplant outcome [90].

Another study using a rodent model of IRI examined the potential of using Hyperpo-
larized 13C-labeled pyruvate to evaluate the metabolic profile directly in the kidneys [91].
The in vivo responses observed at 24 h and 7 d following ischemic injury demonstrated a
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similar trend towards a general decrease in the overall metabolism in the ischemic kidney
and a compensatory increase in anaerobic metabolism, which is evidenced by elevated
lactate production, compared to aerobic metabolism. In addition, a correlation was found
between the intra-renal metabolic profile 24 h after reperfusion and 7 d after injury induc-
tion, as well as a correlation with the plasma CR. As a result, the authors suggest that using
hyperpolarized 13C-labeled pyruvate to identify the balance between anaerobic and aerobic
metabolism has great future potential as a prognostic biomarker [91].

Increased lactate levels due to IRI were also observed in another study [92]. However,
analysis of urine samples via nuclear magnetic resonance (NMR) spectroscopy showed
higher levels of valine and alanine and decreased levels of metabolites such as trigonelline,
succinate, 2-oxoisocaproate, and 1-methyl-nicotinamide following IRI, which was likely
due to altered kidney function or metabolism [92].

A novel and minimally invasive metabolomic and lipidomic diagnostic protocol
based on solid-phase microextraction (SPME) has been proposed to address the lack of
representative methods of assessing graft quality [93,94]. The small size of the SPME probe
allows the performance of chemical biopsy, which enables metabolites to be extracted
directly from the kidney without any tissue collection. Furthermore, SPME’s minimally
invasive nature permits multiple analyses over time. For instance, ischemia-induced
alterations in the metabolic profile of the kidneys and oxidative stress as a function of cold
storage were observed in one study that used an animal model, with the most pronounced
alterations being observed in the levels of essential amino acids and purine nucleosides [93].
However, more work is required to discriminate a set of characteristic compounds that
could serve as biomarkers of graft quality and indicators of possible development of
organ dysfunction.

In response to reports that the pharmacological inhibition of kynurenine 3-monooxygenase
(KMO), and, separately, the transcriptional blockage of the Kmo gene, reduces
3-hydroxykynurenine formation and protects against secondary AKI, Zheng et al., in-
vestigated whether mice lacking functional KMO (Kmonull mice) are protected from AKI
experimentally induced by the direct induction of renal IRI [95]. KMO plays a crucial
role in kynurenine metabolism. Kynurenine metabolites are generated by tryptophan
catabolism and are involved in the regulation of various biological processes, including host-
microbiome signaling, immune cell response, and neuronal excitability. The kynurenine
pathway diverges into two distinct branches, which are regulated by kynurenine amino-
transferases (KATs) and KMO, respectively. KMO is the only route of 3-hydroxykynurenine
production that is known to be injurious to cells and tissue. Kynurenine may also be metab-
olized into kynurenic acid by KATs and to anthranilic acid by kynureninase [95]. Following
the experimental induction of AKI via renal IRI, Zheng et al., observed that the Kmonull

mice had kept renal function, decreased renal tubular cell injury, and fewer infiltrating
neutrophils than the wild-type control mice. Given these results, they suggested that KMO
is a critical regulator of renal IRI. Moreover, higher levels of kynurenine and kynurenic
acid were observed in the Kmonull IRI mice compared to the Kmonull sham-operated mice.
This result may indicate that these metabolites help to protect against AKI after renal IRI,
particularly because kynurenic acid has been demonstrated to have protective properties in
other inflammatory situations due to its activity at glutamate receptors [95].

A 12.5-fold increase in the lysine catabolite saccharopine in IRI kidneys was observed
in a recent study examining the differences between renal allograft acute cellular rejection
(ACR) and IRI. The findings of this work indicated that the accumulation of saccharopine
causes mitochondrial toxicity and may contribute to IRI pathophysiology. Moreover,
similar to other reports, increased levels of itaconate and kynurenine were also observed
in ACR kidneys. However, the detected changes in metabolites seemed to be unique
for IRI and ACR, respectively, indicating that these two conditions have distinct tissue
metabolomic signatures [96].

Several reports have also demonstrated that IRI can alter the lipidome. For example,
Rao et al., evaluated lipid changes in an IRI mouse model using sequential window acqui-
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sition of all theoretical spectra-mass spectrometry (SWATH-MS) lipidomics. Their findings
indicated that four lipids increased significantly at 6 h after IRI: plasmanyl choline, phos-
phatidylcholine (PC) O-38:1 (O-18:0, 20:1), plasmalogen, and phosphatidylethanolamine
(PE) O-42:3 (O-20:1, 22:2). As anticipated, statistically significant changes were observed in
many more lipids at 24 h after IRI. Interestingly, elevated levels of PC O-38:1 persisted at
24 h post-IRI, while renal levels of PE O-42:3 decreased alongside all ether PEs detected
by SWATH-MS at this later time point. Overall, the authors found that coupling SWATH-
MS lipidomics with MALDI-IMS (Imaging Mass Spectrometry, IMS) for lipid localization
provided a better understanding of the role played by lipids in the pathobiology of acute
kidney injury [97].

Researchers have also tested whether oxidized phosphatidylcholine (OxPC) molecules
are generated following renal IRI. Solati et al., identified fifty-five distinct OxPC molecules
in rat kidneys following IRI, including various fragmented (aldehyde and carboxylic-acid-
containing species) and nonfragmented products. Among these, 1-stearoyl-2-linoleoyl-
phosphatidylcholine (SLPC-OH) and 1-palmitoyl-2-azelaoyl-sn-glycero-3-phosphocholine
(PAzPC) were the most abundant after 6 h and 24 h IRI, respectively. The total number
of fragmented aldehyde OxPC molecules was significantly elevated in the 6 h and 24 h
IRI groups compared to the sham-operated group, while an increase in the level of frag-
mented carboxylic acid was observed in the 24 h group compared to the sham and 6 h
groups. In addition, fragmented OxPC levels were found to be significantly correlated with
CR levels [98].

In their recent paper, van Smaalen et al., introduced and employed an interesting
new approach based on IMS to rapidly and accurately evaluate acute ischemia in kidney
tissue from a porcine model. First, ischemic tissue damage was systematically evaluated by
two pathologists; this was followed by the application of MALDI-IMS to study the spatial
distributions and compositions of lipids in the same tissues. Whereas the histopathological
analysis revealed no significant difference between the tested groups, the MALDI-IMS anal-
ysis provided detailed discrimination of severe and mild ischemia based on the differential
expression of characteristic lipid-degradation products throughout the tissue. In partic-
ular, elevated levels of lysolipids, including lysocardiolipins, lysophosphatidylcholines,
and lysophosphatidylinositol, were present after severe ischemia. This data shows IMS’s
potential for use in differentiating and identifying early ischemic injury molecular patterns,
and as a future tool that can be deployed in kidney assessment [99].

Because ischemia and reperfusion are inevitable consequences of kidney transplan-
tation, and because DGF is a manifestation of IRI, Wijermars et al., used kidney trans-
plantation as a clinical model of IRI to evaluate the role of the hypoxanthine-xanthine
oxidase (XO) axis in human IRI. The sample group for this study consisted of patients
undergoing renal allograft transplantation (n = 40), who were classified into three groups
based on the duration of ischemia: short, intermediate, and prolonged. The results of
the analysis confirmed the progressive accumulation of hypoxanthine during ischemia.
However, differences in arteriovenous concentrations of UA and an in situ enzymogra-
phy of XO did not indicate relevant XO activity in IRI kidney grafts. Moreover, renal
malondialdehyde and isoprostane levels and allantoin formation were assessed during
the reperfusion period to determine whether a putative association exists between hy-
poxanthine accumulation and renal oxidative stress. The absence of the release of these
markers indicated the lack of an association between ischemic hypoxanthine accumulation
and post-reperfusion oxidative stress. Based on these results, the authors suggest that the
hypoxanthine-xanthine oxidase axis is not involved in the initial phase of clinical IRI [100].
In their clinical study, Kostidis et al., employed NMR spectroscopy to analyse the urinary
metabolome of DCD transplant recipients at multiple time points in an attempt to identify
markers that predict the prolonged duration of functional DGF [79]. To this end, urine
samples were collected at 10, 42, 180, and 360 days post-transplantation. Their analysis
revealed that samples collected on day 10 had a different profile than samples obtained at
the other time points. At day 10, D-glucose, 2-aminobutyrate, valine, p-hydroxyhippurate,

129



J. Clin. Med. 2022, 11, 487

fumarate, 2-ethylacrylate, leucine, and lactate were significantly elevated in patients with
DGF compared to those without DGF, while asparagine, DMG, 3-hydroxyisobutyrate,
3-hydroxyisovalerate, 2-hydroxy-isobutyrate, and histidine were significantly reduced in
the DGF group. Urine samples from patients with prolonged DGF (≥21 days) showed
increased levels of lactate and lower levels of pyroglutamate compared to participants
with limited DGF (<21 days). Moreover, the ratios of all metabolites were analysed via
logistic regression analysis in an attempt to further distinguish prolonged DGF from limited
DGF. The results of this analysis showed that the combination of lactate/fumarate and
branched chain amino acids (BCAA)/pyroglutamate provided the best outcome, predicting
prolonged DGF with an AUC of 0.85. Given these results, the authors concluded that
it is possible to identify kidney transplant recipients with DGF based on their altered
urinary metabolome, and that it may also be possible to use these two ratios to predict
prolonged DGF [79].

In another study, Lindeman et al., examined possible metabolic origins of clinical IRI
by integrating data from 18 pre- and post-reperfusion tissue biopsies with 36 sequential
arteriovenous blood samplings from grafts in three groups of subjects, including LD
and DD grafts with and without DGF. The integration of metabolomics data enabled
Lindeman et al., to determine a discriminatory profile that can be used to identify future
DGF. This profile was characterized by impaired recovery of the high-energy phosphate-
buffer, phosphocreatine, in DGF grafts post-reperfusion, as well as by persistent post-
reperfusion ATP/GTP catabolism and significant ongoing tissue damage. The impaired
recovery of high-energy phosphate occurred despite the activation of glycolysis, fatty acid
oxidation, glutaminolysis, autophagia and was found to be related to a defect at the level
of the oxoglutarate dehydrogenase complex in the Krebs cycle. Hence, Lindeman et al.’s
findings suggest that DGF is preceded by a post-reperfusion metabolic collapse, leading to
an inability to sustain the organ’s energy requirements. Thus, efforts aimed at preventing
DGF should aim to preserve or restore metabolic competence [101].

3.3. New Solutions in Perfusion Control

Organ-preservation technologies have been garnering significant interest for graft
quality assessment, advanced organ monitoring, and treating transplanted kidneys during
machine perfusion. As mentioned above, SCS and HMP are two of the more common
methods of hypothermic preservation applied in clinical settings at present. In SCS, the
kidney is submerged in a cold preservation fluid and placed on ice in an icebox; in HMP,
a device pumps cold preservation fluid through the renal vasculature, which has been
revealed to improve post-transplant outcomes [102]. NMP is another dynamic preservation
strategy that involves the circulation of a perfusion solution through the kidney. The
NMP conditions are designed to nearly replicate physiological conditions, which makes
a real-life assessment of the graft possible prior to transplantation [103,104]. NMP has been
recently translated into clinical practice, but this application is still at an experimental stage.
However, early clinical results are promising [103,105]. Because preservation/perfusion
solutions serve as a non-invasive source for the analysis of biomarkers, numerous studies
have employed it for the purposes of graft quality assessment. In this section of this paper,
we summarize the latest findings and studies that have used preservation/perfusion fluid
and perfusion control in kidney transplantation (Table 1).

Coskun et al., used proteomic techniques to analyse the protein profiles of preservation
fluid used in SCS kidneys. Their findings revealed significant correlations between protein
levels and donor age (23 proteins), cold ischemia time (5 proteins), recipients’ serum
BUN (12 proteins), and CR levels (7 proteins). The identified proteins belonged to groups
related to the structural constituent of the cytoskeleton, serine-type endopeptidase inhibitor
activity, peptidase inhibitor activity, cellular component organization or biogenesis, and
cellular component morphogenesis, among others [106]. In another proteomic study of
preservation fluid, five potential biomarkers (leptin, periostin, granulocyte-macrophage
colony-stimulating factor (GM-CSF), plasminogen activator inhibitor-1, and osteopontin)
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were identified in a discovery panel for differentiating kidneys with immediate function
from those with DGF. Further analysis yielded a prediction model based on leptin and GM-
CSF. Receiver-operating characteristic analysis revealed an AUC of 0.87, and the addition of
recipient BMI significantly increased the model’s predictive power, resulting in an AUC of
0.89 [107]. The metabolomic study compared the level of metabolites in perfusate samples
collected prior to transplantation, during static cold storage, and between the allografts
exhibiting DGF and IGF, while an integrated NMR-based analysis revealed a significant
elevation in α-glucose and citrate levels, and significant decreases in taurine and betaine
levels in the perfusate of DGF allografts [108].

In the last few years, several studies have documented the benefits of HMP over SCS,
including improved short-term outcomes and reduced risk of DGF [109–111]. However,
reports suggesting that HMP improves long-term graft function are inconclusive [102,111].
Some research groups have compared HMP with SCS to evaluate HMP’s potential to
improve kidney-graft outcomes [109,112] and to better understand the long-term benefits
associated with its use [111,113]. At the same time, other groups have investigated how the
use of oxygenated HMP impacts post-transplant outcomes, and how it can be used to fur-
ther optimize kidney preservation, thereby expanding the number of organs available for
transplant [102,114]. Furthermore, perfusion solution has been used in the search for useful
biomarkers of graft quality and potential therapeutic targets. The analysis of perfusates
from donor after brain death (DBD), DCD, and LD kidneys showed that DCD kidneys
contained the highest levels of matrix metalloproteinase-2 (MMP-2), lactate dehydrogenase
(LDH), and NGAL, followed by DBD and LD kidneys, respectively, suggesting a greater
amount of injury in the DCD kidneys. Moreover, the DCD kidney perfusate contained
significantly higher levels of protein compared to the DBD and LD perfusates, with quan-
titative analysis of the protein spots revealing significant differences between the groups
in relation to seven spots: peroxiredoxin-2, FABP, A1AT, heavy chain of immunoglobulin,
serum albumin, fragment of collagen 1, and protein deglycase (DJ-1) [115]. In another
proteomic study, perfusate analysis of DBD kidneys preserved via HMP was performed
to identify differences between the proteomic profiles of kidneys with good (GO) and
suboptimal outcomes (SO) one-year post-transplantation. Analysis of samples collected
15 min after the start of HMP (T1) and before the termination of HMP (T2) indicated that
the 100 most abundant proteins demonstrated discrimination between grafts, with a GO
and SO at T1. Increased proteins were involved in classical complement cascades at both T1
and T2, while a decreased abundance of lipid metabolism at T1 and cytoskeletal proteins at
T2 in GO (vs. SO) was also observed. Perfusate analysis at T1 revealed a predictive value of
91% for ATP-citrate synthase and fatty acid-binding protein 5, and analysis at T2 showed
a predictive value of 86% for immunoglobulin heavy variable 2–26 and desmoplakin. In
summary, HMP perfusate profiles for DBD kidneys can distinguish between outcomes
one-year post-transplantation, providing a potential non-invasive method of assessing
donor organ quality [2].

MicroRNAs in kidney machine perfusion solutions have also been considered as
new biomarkers for graft function. For instance, Gómez dos Santos et al., conducted a
prospective cohort study to investigate graft dysfunction in kidney transplantation from
ECD. To this end, they employed a mean expression value approach, which confirmed
the significance of a subset of the miRNAs previously identified with the development
of delayed graft function, namely, miR-486-5p, miR-144-3p, miR-142-5p, and miR-144-5p.
These results confirmed that perfusion fluid can be a valuable pre-transplantation source of
organ-viability biomarkers [116].

In another study, Tejchman et al., assessed oxidative stress markers from the hy-
pothermic preservation of transplanted kidneys. In particular, they sought to analyse
the activity of enzymes and levels of non-enzymatic compounds involved in antioxidant
defense mechanisms. These compounds, which included glutathione (GSH), glutathione
peroxidase (GPX), catalase (CAT), superoxide dismutase (SOD), glutathione reductase (GR),
glutathione transferase (GST), thiobarbituric acid reactive substances (TBARS), malondi-
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aldehyde (MDA), were measured in preservation solutions before the transplantation of
human kidneys grafted from DBD. The study group was divided into two groups based
on the method of kidney storage, with Group 1 consisting of HMP kidneys (n = 26) and
Group 2 consisting of SCS kidneys (n = 40). There were aggregations of significant correla-
tions between kidney function parameters after KTx and oxidative stress markers, namely:
diuresis and CAT; Na+ and CAT; K+ and GPX; and urea and GR. Moreover, there were
aggregations of correlations between recipient blood count and oxidative stress markers,
including CAT and monocyte count; SOD and white blood cell count; and SOD and mono-
cyte count. However, there was an issue of unequivocal interpretation because none of
the observed aggregations constituted conditions that supported the authors’ hypothe-
sis that kidney function after KTx can be predicted based on oxidative stress markers
measured during preservation. Moreover, it would be hard to conclude that the blood
count alterations observed in the repeated measurements after KTx were unrelated to
factors other than oxidative stress or acidosis. As the authors suggest, many other fac-
tors may modify blood count, including operative stress, bleeding, immunosuppression,
and microaggregation [117].

Longchamp et al., presented an interesting and non-invasive method of assessing graft
quality during perfusion based on the use of 31P pMRI spectroscopy to detect high-energy
phosphate metabolites, such as ATP. Thus, pMRI can be used to predict the energy state
of a kidney and its viability before transplantation. In addition, Longchamp et al., also
performed gadolinium perfusion sequences, which allowed them to observe the internal
distribution of the flow between the cortex and the medulla. pMRI showed that warm
ischemia caused a reduction in ATP levels, but not its precursor, adenosine monophosphate
(AMP). Moreover, they found that ATP levels and cortical and medullary gadolinium
elimination were inversely correlated with the severity of kidney histological injury. Thus,
the measured parameters may be considered as biomarkers of kidney injury after warm
ischemia, and Longchamp et al.’s method provides an innovative non-invasive approach
to assessing kidney viability prior to transplantation [118].

Other researchers have examined whether a correlation exists between the level of
extracellular histones in machine perfusates and the viability of DD kidneys. Extracellular
histone levels were significantly elevated in the perfusates of kidneys with post-transplant
graft dysfunction, and they were considered an independent risk factor for DGF and
one-year graft failure, but not for PNF. One-year graft survival was 12% higher in the
low-histone-concentration group (p = 0.008) compared to the higher-histone-concentration
group. Hence, the quantitation of extracellular histones might contribute to the evaluation
of post-transplant graft function and survival [119].

NMP is an emerging approach for donor organ preservation and functional improve-
ments in kidney transplantation. However, methods for evaluating organs via NMP have
yet to be developed, and the development of novel graft quality assessment solutions has
only recently come into focus.

Kaths et al., used a porcine model to investigate whether NMP is suitable for graft
quality assessment prior to transplantation. They found that intra-renal resistance was
lowest in the HBD group and highest in the severely injured DCD group (60 min of
warm ischemia), and that the initiation of NMP was correlated with post-operative renal
function. Markers of acid-base homeostasis (pH, HCO3

–, base excess) correlated with
post-transplantation renal function. Furthermore, concentrations of lactate and aspartate
aminotransferase were lowest in perfusate from non-injured grafts (vs. DCD kidneys)
and were correlated with post-transplantation kidney function. Kaths et al., found that
perfusion characteristics and clinically available perfusate biomarkers during NMP were
correlated with post-transplantation kidney graft injury and function. However, further
research is needed to identify perfusion parameter thresholds for DGF and PNF [120].

HSI combined with NMP was introduced as a novel approach for monitoring physio-
logical kidney parameters. The experimental results of an HSI-based oxygen-saturation
calculation indicated that HSI is useful for monitoring oxygen saturation distribution
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and identifying areas with a reduced oxygen supply prior to transplantation. Moreover,
camera-based measurements are easy to integrate with a perfusion setup and allow the
fast and non-invasive measurement of tissue characteristics [121]. Subsequent research
has explored how to improve algorithms for determining kidney oxygen saturation [122].
Unfortunately, the application of HSI is limited by the propagating light’s low penetration
depth, which makes it impossible to detect deeper tissue injuries. However, based on the
fact that most metabolic activity occurs in the kidney cortex, the combined use of HSI and
NMP offers a promising and easy-to-use method for assessing the status of the organ and
for chemical imaging [121,122].

Hyperpolarized MRI and spectroscopy (MRS) using pyruvate and other 13C-labeled
molecules offers a novel approach to monitoring the state of ex vivo perfused kidneys.
In one study, the state of a porcine kidney was quantified using acquired anatomical,
functional, and metabolic data. The findings showed an apparent reduction in pyruvate
turnover during renal metabolism compared with the typical in vivo levels observed in
pigs, while perfusion and blood gas parameters were found to be in the normal ex vivo
range. Mariager et al.’s findings demonstrate the applicability of these techniques for
monitoring ex vivo graft metabolism and function in a large animal model that resembles
human renal physiology [123].

In another study, researchers sought to investigate the link between the urinary
biomarkers, endothelin-1 (ET-1), NGAL, and KIM-1, and NMP parameters in order to
improve kidney assessment prior to transplantation. Fifty-six kidneys from DD were used
in this work, with each kidney being subjected to 1 h of NMP, followed by assessment based
on macroscopic examination, renal blood flow, and urine output. The levels of ET-1 and
NGAL measured in the urine samples after 1 h of NMP were significantly associated with
perfusion parameters during NMP. These biomarkers and NMP perfusion parameters were
also significantly associated with terminal graft function in the donor. However, KIM-1
was not correlated with the perfusion parameters or the donor’s renal function. Larger
studies are required to determine the usefulness of using these biomarkers with NMP to
predict transplant outcomes. Despite this limitation, this study undoubtedly demonstrates
that measuring urinary biomarkers during NMP provides additional information about
graft quality [124].

Table 1. Emerging trends in donor graft quality assessment techniques.

Application Category Model
Type of
Sample

Main Conclusions Author

Evaluation of gene expression
profile of kidney submitted to
ischemic injury

Donor graft
quality Pig Tissue

• ischemia leads to the full
reprogramming of the
transcriptome of major pathways
such those related to oxidative
stress responses, cell
reprogramming, cell-cycle,
inflammation and cell metabolism

Giraud et al.
[55]

Investigation of the features
of perirenal adipose tissue as
an indicator of the
detrimental impact of the
ECD microenvironment on a
renal transplant

Donor graft
quality Human

Perirenal
adipose
tissue

• ↑ genes associated with the
inflammatory response, cytokine
secretion, and circulatory
system development

• ↓ genes associated with regulating
metabolic processes and
regulating the circulatory
system development

Boissier et al.
[56]

Evaluation of donor category
influence on borderline
changes in kidney allografts
by molecular fingerprints

Donor graft
quality Human Tissue

• early borderline changes in ECD
kidneys were characterized by the
most increased regulation of
inflammation, extracellular matrix
remodeling, and AKI transcripts
compared to SCD and LD groups

Hruba et al.
[57]
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Table 1. Cont.

Application Category Model
Type of
Sample

Main Conclusions Author

Exploration of the association
between plasma mtDNA
levels and post-transplant
renal allograft function

Donor graft
quality Human Plasma

• plasma mtDNA may be a
non-invasive predictor of DGF
and allograft function at 6 months
after transplantation, and it also
correlates with allograft survival

• mtDNA may serve as a surrogate
predictive marker for PNF

Han et al. [58]

Searching for urinary miRs
that can be a biomarker
for AKI

IRI
• Mouse
• Human

• Urine;
Tissue

• Urine;
Serum

• urinary miR-16 may serve as a
valuable indicator for AKI patients Chen et al. [59]

Determination of the role of
miR-17- 92 in
IRI-induced AKI

IRI Mouse Tissue
• overexpression of miR-17-92 may

antagonize the side-effects of IRI
on the proximal tubules in vivo

Song et al. [61]

Investigation of the
expression of renal miRNAs
following renal IRI

IRI Rat Tissue

• ↑ miR- 27a downregulated the
expression of TLR 4, which
resulted in inhibition of
inflammation, cell adhesion and
cell death in IRI

Wang et al.
[62]

Identification of candidate
genes involved in renal IRI IRI Mouse Tissue

• IRI induces changes in the
expression of SPRR2F, SPRR1A,
MMP-10, Malat1, and miR-139-5p
in the kidney, suggesting the
utility of this panel as a biomarker
of the renal IRI

Su et al. [64]

Examination of a link
between activation of IL-33
transcription by BRG1 in
endothelial cells and renal IRI

IRI Mouse Tissue

• endothelial BRG1 deficiency
alleviates renal inflammation
following IRI in mice with a
concomitant reduction in IL-33
levels

Liu et al. [65]

Screening for differentially
expressed genes in renal
IR-injured mice using a
high-throughput assay

IRI; DGF • Mouse
• Human

• Tissue,
Serum

• Plasma

• plasma Corin was downregulated
in kidney transplantation
recipients complicated with DGF

• Corin might be a potential
biomarker that is associated with
DGF of kidney transplantation

Hu et al. [67]

Unbiased urinary microRNA
profiling to identify DGF
predictors after
kidney transplantation.

DGF Human Urine

• combined measurement of six
microRNAs (miR-9, mIR-10a,
miR-21, miR-29a, miR-221,
miR-429) had predictive value for
DGF following KT

Khalid et al.
[68]

High-throughput sequencing
to expression profiling of
exosomal miRNAs obtained
from the peripheral blood of
patients with DGF

DGF Human Plasma
• ↑ hsa-miR-33a-5p R-1,

hsa-miR-98-5p, hsa-miR-151a-5p
in kidney recipients with DGF

Wang et al.
[69]

Examination of miR-146a-5p
expression in kidney
transplant recipients
with DGF

DGF Human Tissue;
Whole blood

• miR-146a-5p expression has a
unique pattern in the renal tissue
and perhaps in a blood sample in
the presence of DGF

Milhoransa
et al. [71]

Evaluation of PBMC TLR4
expression of renal graft
recipients with DGF

DGF Human Tissue;
Whole blood

• low TLR4 expression in patients
with DGF may be related to a poor
prognosis for graft capability

• analysis of TLR4 expression
change may be a valuable
parameter for the evaluation of
immunosuppression effectiveness

Zmonarski
et al. [72]
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Table 1. Cont.

Application Category Model
Type of
Sample

Main Conclusions Author

Profiling of molecular
changes associated with
decreased resilience and
impaired function of human
renal allografts

DGF Human Tissue

• identified 42 transcripts associated
with IFNγ signaling, which in
allografts with DGF exhibited a
greater magnitude of change in
transcriptional amplitude and
higher expression of noncoding
RNAs and pseudogenes identified

McGuinness
et al. [3]

Searching for urinary
biomarkers that predict
reduced graft function after
DD kidney transplantation

RGF Human Urine

• utility of donor urinary NGAL,
KIM-1, L-FABP levels in
predicting RGF

• the model including donor
urinary NGAL, L-FABP, and
serum CR showed a better
predictive value for RGF than
donor serum CR alone

Koo et al. [74]

Evaluation of associations
between DD urine injury
biomarkers and kidney
transplant outcomes

DGF Human Urine

• higher urinary NGAL and L-FABP
levels correlated with slightly
decreased 6-month eGFR only
among patients without DGF

• donor urine injury biomarkers
correlate with donor AKI but have
poor predictive value for
outcomes in kidney
transplant recipients

Reese et al. [75]

Assessment of C3a and C5a in
urine samples as biomarkers
for post-transplant outcomes

DGF Human Urine

• urinary C5a was associate with
the degree of donor AKI

• in the absence of clinical donor
AKI, donor urinary C5a
concentrations associate with
recipient DGF

Schröppel et al.
[76]

Assessment of urinary and
perfusate concentrations of
MCP-1 from kidneys on HMP
as an organ function indicator

AKI; DGF Human Urine;
Perfusate

• higher concentrations of uMCP-1
are independently associated with
donor AKI

• donor uMCP-1 concentrations
were modestly associated with
higher recipient six-month eGFR
in those without DGF

• donor uMCP-1 has low clinical
utility due to the lack of
correlation with graft failure

Mansour et al.
[77]

Evaluation of the proteome of
suEVs and its
changes throughout
LD transplantation

Donor graft
quality Human Urine; Tissue

• the abundance of PCK2 in the
suEV proteome 24 h after
transplantation may have a
predictive value for overall kidney
function one year
after transplantation

Braun et al.
[80]

Proteomic study of
differentially expressed
proteins in BD
rabbits kidneys

Donor graft
quality Rabbit Tissue;

Serum

• the results indicated alterations in
levels of several proteins in the
kidneys of those with BD, even if
the primary function and the
structural changes were
not obvious

• PHB may be a novel biomarker for
primary quality evaluation of
kidneys from DBD

Li et al. [81]

Investigation of the influence
of BD on systemic and
specifically hepatic and renal
metabolism in a rodent
BD model

Donor graft
quality Rat Plasma;

Urine; Tissue

• the kidneys undergo metabolic
arrest and oxidative stress, turning
to anaerobic energy generation as
renal perfusion diminishes

Van Erp et al.
[82]
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Table 1. Cont.

Application Category Model
Type of
Sample

Main Conclusions Author

Unbiased integrative
proteo-metabolomic study in
combination with
mitochondrial function
analysis of kidneys exposed
to IRI to investigate its effects
at the molecular level

IRI Rat Tissue

• proteins belonging to the acute
phase response, coagulation and
complement pathways, and FA
signaling were elevated after IRI

• metabolic changes showed
increased glycolysis, lipids, and
FAs after 4 h reperfusion

• mitochondrial function and ATP
production were impaired after
24 h

Huang et al.
[83]

Integrative proteome analysis
of potential and
predominantly renal injury
biomarkers considering
changes occurring in the
tissue and echo in serum and
urine protein profiles

IRI Pig Serum;
Urine; Tissue

• four urinary proteins with
primarily renal gene expression
were changed in response to
managed kidney IRI and may be
biomarkers of kidney dysfunction:
aromatic-L-amino-acid
decarboxylase (AADC), S-
methylmethionine–homocysteine
S-methyltransferase BHMT2
(BHMT2), cytosolic
beta-glucosidase (GBA3), and
dipeptidyl peptidase IV (DPPIV)

Malagrino et al.
[84]

Evaluation of the changes in
the proteome of kidney
subjected to ischemia during
machine cold perfusion with
doxycycline

IRI Rat Tissue;
Perfusate

• analysis showed a significant
difference in 8 enzymes, all
involved in cellular and
mitochondrial metabolism

• N(G),N(G)-dimethylarginine
dimethylaminohydrolase and
phosphoglycerate kinase 1 were
decreased by cold perfusion, and
perfusion with Doxy led to an
increase in their levels

Moser et al.
[85]

Proteomics analysis
determinating the molecular
differences between NMP
human kidneys with URC
and UR

IRI Human Tissue

• NMP with URC permits
prolonged preservation and
revitalizes metabolism to possibly
better cope with IRI in
discarded kidneys

Weissenbacher
et al. [86]

TUPA to identify protein
biomarkers of delayed
recovery following KTx

DGF Human Urine

• C4b-binding protein alpha chain,
serum amyloid P-component,
Guanylin, and Immunoglobulin
Super-Family Member 8 were
identified that together
distinguished DGF with a
sensitivity of 77.4%, specificity
of 82.6%

Williams et al.
[87]

Assessment of the diagnostic
and prognostic role of NGAL
in DGF and chronic
allograft nephropathy

DGF Human Serum; Urine

• high levels of NGAL characterized
DGF patients since the first day
after transplantation in urine
and serum

• urine NGAL presented a better
diagnostic profile than
serum NGAL

Lacquaniti
et al. [88]

Investigation of changes of
urinary TIMP-2 and IGFBP7
in the first days after KTx and
their diagnostic utility for
predicting DGF outcomes

DGF Human Urine

• urinary TIMP-2, but not IGFBP7,
is a potential biomarker to predict
the occurrence and duration of
DGF in DCD kidney
transplant recipients

Bank et al. [89]
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Sample
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Investigation of
organ-specific metabolic
profiles of the liver and
kidney during BD and
afterwards during NMP of
the kidney

Donor graft
quality Rat

Tissue;
Plasma;
Urine

• immediately following BD
induction, BD animals
demonstrated significantly
increased lactate levels, and after
4 h of BD, alanine production
decreased in the kidney

• during IPK perfusion, renal
glucose oxidation was decreased
following BD vs sham animals

van Erp et al.
[90]

Investigation of the acute and
prolonged metabolic
consequences associated with
IRI, and elucidation whether
the early injury mediated
metabolic reprogramming
can predict the outcome of
the injury

IRI Rat Tissue;
Plasma

• significant correlation between the
intra-renal metabolic profile 24 h
after reperfusion and 7 d after
injury induction

• identifying the balance between
the anaerobic and aerobic
metabolism with the use of
hyperpolarized 13C-labeled
pyruvate has a great potential to
be used in the future as
a prognostic biomarker

Nielsen et al.
[91]

NMR identification of
metabolic alterations to the
kidney following IRI

IRI Mouse
Urine;
Serum;
Tissue

• higher levels of valine and alanine
and decreased metabolites such as
trigonelline, succinate,
2-oxoisocaproate, and
1-methyl-nicotinamide were
found in urine following IRI due
to altered kidney function
or metabolism

Chihanga et al.
[92]

Monitoring of the effect of
oxidative stress and
ischemia on the condition of
kidneys using
SPME-LC-HRMS platform

Organ
ischemia Rabbit Tissue

• pronounced alterations in
metabolic profile in kidneys
induced by ischemia and
oxidative stress as a cold storage
function were reflected in levels of
essential amino acids and
purine nucleosides

Stryjak et al.
[93]

Assessment of the role
of kynurenine
3-monooxygenase as an
essential regulator of renal IRI

IRI Mouse Plasma;
Urine; Tissue

• KMO is highly expressed in the
kidney and exerts major metabolic
control over the biologically active
kynurenine metabolites
3-hydroxykynurenine, kynurenic
acid, and downstream metabolites

• mice lacking functional KMO kept
renal function, decreased renal
tubular cell injury, and fewer
infiltrating neutrophils compared
with control mice

Zheng et al.
[95]

Unbiased tissue metabolomic
profiling of IRI and ACR in
murine models to identify
novel biomarkers and to
provide a better
understanding of
the pathophysiology

IRI; ACR Mouse Tissue

• the lysine catabolite saccharopine
12.5-fold was increased in IRI
kidneys and caused
mitochondrial toxicity

• itaconate and kynurenine
increased levels were found in
ACR kidneys

Beier et al. [96]
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Sample
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Detection of early lipid
changes in AKI using SWATH
lipidomics coupled with
MALDI tissue imaging

IRI Mouse Tissue

• increase in plasmanyl choline,
phosphatidylcholine (PC) O-38:1
(O-18:0, 20:1), plasmalogen, and
phosphatidylethanolamine (PE)
O-42:3 (O-20:1, 22:2)
concentrations at 6 h after IRI

• PC O-38:1 elevations were
maintained at 24 h post-IR, while
renal PE O-42:3 levels reduced, as
were all ether PEs detected by
SWATH-MS at this later time point

Rao et al. [97]

Determination of the
individual OxPC molecules
generated during renal IRI

IRI Rat Tissue

• SLPC-OH and PAzPC were the
most abundant OxPC species after
6 h and 24 h IRI, respectively

• total fragmented aldehyde OxPC
were significantly elevated in IRI
groups than sham groups

• fragmented carboxylic acid
elevated in 24 h group compared
with other groups

Solati et al. [98]

Rapid identification of IRI in
renal tissue by
Mass-Spectrometry Imaging

IRI Pig Tissue

• MALDI-IMS provided of detailed
discrimination of severe and mild
ischemia by differential expression
of characteristic lipid-degradation
products throughout the tissue

• lysolipids, including
lysocardiolipins,
lysophosphatidylcholines, and
lysophosphatidylinositol were
elevated after severe ischemia

Van Smaalen
et al. [99]

Evaluation of the
involvement of the
hypoxanthine-XO axis in the
IRI that occurs during
kidney transplantation

IRI Human Plasma;
Tissue

• arteriovenous concentration
differences of UA and in situ
enzymography of XO did not
indicate significant XO activity in
IRI kidney grafts

• absent release of
malondialdehyde, isoprostane and
allantoin is not consistent with an
association between ischemic
hypoxanthine accumulation and
postreperfusion oxidative stress

Wijermars et al.
[100]

Prediction of prolonged
duration of DGF in DCD
kidney transplant recipients
by urinary
metabolites profiling

DGF Human Urine

• the metabolites associated with
prolonged DGF are handled by
proximal tubular epithelial cells
and reflect tubular (dys)function

• lactate/fumarate and
BCAAs/pyroglutamate ratios
were useful to predict prolonged
duration of DGF

Kostidis et al.
[79]

Explorative metabolic
assessment based on an
integrated, time-resolved
strategy involving sequential
evaluation of AV differences
over reperfused grafts and
parallel profiling of
graft biopsies

DGF Human Tissue;
Plasma

• DGF is preceded by
a post-reperfusion metabolic
collapse, leading to an inability to
sustain the organ’s
energy requirements

Lindeman et al.
[101]
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Analysis of the proteins and
peptides that are passed from
the kidneys to the
preservation fluid during
organ preservation

Perfusion
control Human Preservation

fluid

• the relevant correlations between
the levels of proteins and donors’
age (23 proteins), cold ischemia
time (5), recipients’ serum BUN
(12), and CR (7) levels
were observed

• identified proteins belonged to
groups related to the structural
constituent of the cytoskeleton,
serine-type endopeptidase
inhibitor activity, peptidase
inhibitor activity, cellular
component organization or
biogenesis, and cellular
component morphogenesis

Coskun et al.
[106]

Searching for proteins
accumulating in preservation
solutions during SCS as
biomarkers to predict
posttransplantation
graft function

Perfusion
control Human Preservation

fluid

• five potential biomarkers (leptin,
periostin, GM-CSF, plasminogen
activator inhibitor-1, and
osteopontin) were identified in a
discovery panel, differentiating
kidneys with IGF versus DGF

• prediction model based on leptin
and GM-CSF and recipient BMI
showed an AUC of 0.89

van Balkom
et al. [107]

Analysis of perfusates during
SCS to obtain the metabolite
profiles of DGF and
IGF allografts

Perfusion
control Human Preservation

fluid

• significant elevation in α-glucose
and citrate levels and significant
decreases in taurine and betaine
levels in the perfusate of
DGF allografts

Wang et al.
[108]

Proteomic study of perfusate
from HMP of
transplant kidneys

Perfusion
control Human Perfusate

• the highest levels of MMP-2, LDH,
and NGAL were seen for the DCD
kidneys, followed by the DBD
kidneys and then LD

• total protein in the perfusate from
DCD was significantly increased
than that in the perfusate from
other donors

Moser et al.
[115]

Proteomic perfusate analysis
of DBD kidneys preserved
using HMP to identify the
differences between
proteomic profiles of kidneys
with a good and
suboptimal outcome

Perfusion
control Human Perfusate

• DBD kidney HMP perfusate
profiles can distinguish between
outcome one year
after transplantation

• increased proteins involved in
classical complement cascades
and a decreased levels of lipid
metabolism at T1 and cytoskeletal
proteins at T2 in GO versus SO
were observed

van Leeuwen
et al. [2]

Evaluation of miRNAs in
kidney machine perfusion
fluid as novel biomarkers for
graft function

Perfusion
control Human Perfusate

• confirmation of the significance of
a subset of the miRNAs
previously identified for DGF
development and composed of
miRNAs miR-486-5p, miR-144-3p,
miR-142-5p, and miR-144-5p

Gómez-Dos-
Santos et al.

[116]

Influence of method of
kidney storage on oxidative
stress and post-transplant
kidney function parameters

Perfusion
control Human Perfusate;

Whole blood

• correlations between kidney
function parameters after KTx and
oxidative stress markers: diuresis
or Na+ and CAT, K+ and GPX,
urea and GR were found

Tejchman et al.
[117]
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Ex vivo evaluation of kidney
graft viability during
perfusion using 31P
MRI spectroscopy

Perfusion
control Pig n.a.

• warm ischemia induced
significant histological damages,
delayed cortical and medullary
Gadolinium elimination
(perfusion), and decreased ATP
levels, but not AMP

• ATP levels and kidney perfusion
are both inversely linked to the
degree of kidney
histological damage

Longchamp
et al. [118]

Assessment of an association
between the presence of
extracellular histones in
machine perfusates and
deceased donor
kidney viability

Perfusion
control Human Perfusate

• extracellular histone
concentrations were significantly
higher in perfusates of kidneys
with posttransplant graft
dysfunction and were an
independent risk factor for DGF
and one-year graft failure, but not
for primary nonfunction

van Smaalen
et al. [119]

Organ quality assessment
during NMP

Perfusion
control Pig

Perfusate;
Whole blood;

Urine

• intra-renal resistance was lowest
in the HBD group and highest in
the severely injured DCD group
and at the initiation of NMP
correlated with postoperative
renal function

• markers of acid-base homeostasis,
lactate and aspartate
aminotransferase perfusate
concentrations were correlated
with post-transplantation
renal function

Kaths et al.
[120]

Hyperpolarized MRI and
spectroscopy using pyruvate
and other 13C-labeled
molecules as a novel tool for
monitoring the state of ex
vivo perfused kidneys

Perfusion
control Pig n.a.

• renal metabolism displayed an
apparent reduction in pyruvate
turnover compared with pigs’
usual in vivo levels

• perfusion and blood gas
parameters were in the normal ex
vivo range

Mariager et al.
[123]

Examination of the
relationship between urinary
biomarkers and NMP
parameters in a series of
human kidneys

Perfusion
control Human Urine; Serum

• urinary ET-1 and NGAL assessed
after 1 h of NMP were
significantly associated with
perfusion parameters during NMP
and terminal renal function in
the donor

• KIM-1 was not linked with
perfusion parameters or donor’s
renal function

Hosgood et al.
[124]

↑—increase of expression; ↓—decrease of expression; n.a—not applicable.

4. Conclusions

New diagnostic solutions for accurately assessing renal graft quality are needed to
improve the process for selecting suitable donors, more efficiently managing complications,
and prolonging graft survival. Rapid advances in imaging, omics technology, and perfusion
methods have led to the development of a wide range of new tools and biomarkers that
could be applied to evaluate graft quality. Unfortunately, most of the methods mentioned in
the review are based on animal models or require sophisticated technology with a long turn-
around time to obtain the results, which significantly limits their potential for clinical use in
the form of rapid commercial tests at present. However, non-invasive solutions, including
imaging and the measurement of biomarkers in urine, blood, and perfusion fluid, appear
to be promising with respect to their ability to be translated to a clinical setting. These
studies include mtDNA and miRNAs determination based on commercially available kits
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for the isolation of genetic material in combination with the RT-PCR technique widely used
in laboratory practice. A similar clinical potential is demonstrated by the determination
of biomarkers such as NGAL, KIM-1, L-FABP and C5a in urine by ELISA, also routinely
used in diagnostics. Nevertheless, the translation of biomarkers from the discovery stage
to clinical practice is still challenging due to the complex and multifactorial type of injuries,
the absence of standard guidelines for method validation, and adequate prospective and
retrospective cohort studies. Larger, multi-centre validation studies are needed before new
solutions can be widely implemented in clinics. Moreover, it will be imperative for future
research to explore new technologies and integrate molecular measurements from large
data sets reported in different experiments.
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Abbreviations

ACR acute cellular rejection
AKI acute kidney injury
AMP adenosine monophosphate
AR acute rejection
ASL arterial spin labelling
ATP adenosine triphosphate
AUC area under the curve
BCAA branched chain amino acids
BD brain death
BMI body mass index
BUN blood urea nitrogen
CAT catalase
CR creatinine
CTA computed tomography
CTA computed tomography angiography
DBD donor after brain death
DCD donor after cardiac death
DD deceased donors
DEG Differentially expressed genes
DGF delayed graft function
DJ-1 protein deglycase
Doxy doxycycline
ECD expanded criteria donors
eGFR estimated glomerular filtration rate
ET-1 endothelin-1
FA fatty acid
FABP fatty acid-binding protein
FAO fatty acid oxidation
FC fold change
FS frozen section
GM-CSF Granulocyte-macrophage colony-stimulating factor
GO good outcome
GPX glutathione peroxidase
GR glutathione reductase
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GSH glutathione
GST glutathione transferase
GTP guanosine triphosphate
HMP Hypothermic machine perfusion
HSI Hyperspectral Imaging
ICG indocyanine green
IGF immediate graft function
IGFBP7 insulin-like growth factor binding protein-7
IL-18 Interleukin-18
IPK normothermic isolated perfused kidney
IRI ischemia-reperfusion injury
KATs kynurenine aminotransferases
KDPI Kidney Donor Profile Index
KDRI Kidney Donor Risk Index
KIM-1 kidney injury molecule-1
KMO kynurenine 3-monooxygenase
KTx Kidney transplantation
LD living donor
LDH lactate dehydrogenase
LDKT living donor kidney transplantation
L-FABP L-type fatty acid binding protein
lncRNA long noncoding RNA
MALDI-IMS Matrix Assisted Laser Desorption/Ionization-Imaging Mass Spectrometry
MALDI-TOF-MS Matrix Assisted Laser Desorption/Ionization Time-of-Flight Mass Spectrometry
MCP-1 Monocyte chemoattractant protein-1
MDA malondialdehyde
miRNA/miR microRNA
MMP-2 matrix metalloproteinase-2
MR magnetic resonance
MRI magnetic resonance imaging
MRS magnetic resonance spectroscopy
MS mass spectrometry
MSI mass spectrometry imaging
mtDNA mitochondrial DNA
NB needle biopsy
NGAL neutrophil gelatinase-associated lipocalin
NMP normothermic machine perfusion
NMR nuclear magnetic resonance
OxPC oxidized phosphatidylcholine
PBMC peripheral blood mononuclear cells
PC phosphatidylcholine
PCK2 phosphoenol pyruvate carboxykinase
PE phosphatidylethanolamine
PET positron emission tomography
PHB prohibitin
pMRI 31P magnetic resonance imaging
PNF primary nonfunction
PRAT perirenal adipose tissue
PS paraffin sections
RGB Red Green Blue (colour model)
RGF reduced graft function
RR renal resistance
RT-PCR real-time polymerase chain reaction
SCD standard criteria donors
SCS Static cold storage
SO suboptimal outcome
SOD superoxide dismutase
SPME solid-phase microextraction
suEVs small urinary extracellular vesicles
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SVF stromal vascular fraction
SWATH-MS sequential window acquisition of all theoretical spectra-mass spectrometry
TBARS thiobarbituric acid reactive substances
TCA tricarboxylic acid
TIMP-2 tissue inhibitor of metalloproteinases-2
TLR4 Toll-like receptor 4
TUPA Targeted Urine Proteome Assay
UA uric acid
UR urine replacement
URC urine recirculation
WB wedge biopsy
WI warm ischemia
WIT warm ischemia time
XO hypoxanthine-xanthine oxidase
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Kidney Preservation in Cold Ischemia. Transplant. Proc. 2020, 52, 2036–2042. [CrossRef]

113. He, N.; Li, J.-H.; Jia, J.-J.; Xu, K.-D.; Zhou, Y.-F.; Jiang, L.; Lu, H.-H.; Yin, S.-Y.; Xie, H.-Y.; Zhou, L.; et al. Hypothermic Machine
Perfusion’s Protection on Porcine Kidney Graft Uncovers Greater Akt-Erk Phosphorylation. Transplant. Proc. 2017, 49, 1923–1929.
[CrossRef] [PubMed]

114. Patel, K.; Smith, T.B.; Neil, D.A.H.; Thakker, A.; Tsuchiya, Y.; Higgs, E.B.; Hodges, N.J.; Ready, A.R.; Nath, J.; Ludwig, C. The
Effects of Oxygenation on Ex Vivo Kidneys Undergoing Hypothermic Machine Perfusion. Transplantation 2019, 103, 314–322.
[CrossRef]

115. Moser, M.A.J.; Sawicka, K.; Arcand, S.; O’Brien, P.; Luke, P.; Beck, G.; Sawicka, J.; Cohen, A.; Sawicki, G. Proteomic analysis of
perfusate from machine cold perfusion of transplant kidneys: Insights into protection from injury. Ann. Transplant. 2017, 22,
730–739. [CrossRef] [PubMed]

116. Gómez-Dos-Santos, V.; Ramos-Muñoz, E.; García-Bermejo, M.L.; Ruiz-Hernández, M.; Rodríguez-Serrano, E.M.; Saiz-González, A.;
Martínez-Perez, A.; Burgos-Revilla, F.J. MicroRNAs in Kidney Machine Perfusion Fluid as Novel Biomarkers for Graft Function.
Normalization Methods for miRNAs Profile Analysis. Transplant. Proc. 2019, 51, 307–310. [CrossRef]

117. Tejchman, K.; Sierocka, A.; Kotfis, K.; Kotowski, M.; Dolegowska, B.; Ostrowski, M.; Sienko, J. Assessment of oxidative stress
markers in hypothermic preservation of transplanted kidneys. Antioxidants 2021, 10, 1263. [CrossRef]

118. Longchamp, A.; Klauser, A.; Songeon, J.; Agius, T.; Nastasi, A.; Ruttiman, R.; Moll, S.; Meier, R.P.H.; Buhler, L.;
Corpataux, J.-M.; et al. Ex Vivo Analysis of Kidney Graft Viability Using 31P Magnetic Resonance Imaging Spectroscopy.
Transplantation 2020, 104, 1825–1831. [CrossRef]

119. Van Smaalen, T.C.; Beurskens, D.M.H.; Hoogland, E.R.P.; Winkens, B.; Christiaans, M.H.L.; Reutelingsperger, C.P.; van Heurn,
L.W.E.; Nicolaes, G.A.F. Presence of Cytotoxic Extracellular Histones in Machine Perfusate of Donation after Circulatory Death
Kidneys. Transplantation 2017, 101, e93–e101. [CrossRef]

120. Kaths, J.M.; Echeverri, J.; Chun, Y.M.; Cen, J.Y.; Goldaracena, N.; Linares, I.; Dingwell, L.S.; Yip, P.M.; John, R.; Bagli, D.; et al.
Continuous Normothermic Ex Vivo Kidney Perfusion Improves Graft Function in Donation after Circulatory Death Pig Kidney
Transplantation. Transplantation 2017, 101, 754–763. [CrossRef]

121. Tetschke, F.; Markgraf, W.; Gransow, M.; Koch, S.; Thiele, C.; Kulcke, A.; Malberg, H. Hyperspectral imaging for monitoring
oxygen saturation levels during normothermic kidney perfusion. J. Sensors Sens. Syst. 2016, 5, 313–318. [CrossRef]

122. Markgraf, W.; Feistel, P.; Thiele, C.; Malberg, H. Algorithms for mapping kidney tissue oxygenation during normothermic
machine perfusion using hyperspectral imaging. Biomed. Tech. 2018, 63, 557–566. [CrossRef] [PubMed]

123. Mariager, C.Ø.; Hansen, E.S.S.; Bech, S.K.; Munk, A.; Kjærgaard, U.; Lyhne, M.D.; Søberg, K.; Nielsen, P.F.; Ringgaard, S.;
Laustsen, C. Graft assessment of the ex vivo perfused porcine kidney using hyperpolarized [1-13C]pyruvate. Magn. Reson. Med.
2020, 84, 2645–2655. [CrossRef] [PubMed]

124. Hosgood, S.A.; Nicholson, M.L. An assessment of urinary biomarkers in a series of declined human kidneys measured during
ex vivo normothermic kidney perfusion. Transplantation 2017, 101, 2120–2125. [CrossRef] [PubMed]

148



Journal of

Clinical Medicine

Review

The Impact of Recipient Demographics on Outcomes from
Living Donor Kidneys: Systematic Review and Meta-Analysis †

Maria Irene Bellini 1,2,*, Mikhail Nozdrin 3, Liset Pengel 4, Simon Knight 4 and Vassilios Papalois 5

Citation: Bellini, M.I.; Nozdrin, M.;

Pengel, L.; Knight, S.; Papalois, V. The

Impact of Recipient Demographics on

Outcomes from Living Donor

Kidneys: Systematic Review and

Meta-Analysis. J. Clin. Med. 2021, 10,

5556. https://doi.org/10.3390/

jcm10235556

Academic Editor: Eytan Mor

Received: 16 September 2021

Accepted: 22 November 2021

Published: 26 November 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 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 (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Emergency Medicine and Surgery, Azienda Ospedaliera San Camillo Forlanini,
00152 Rome, Italy

2 Department of Surgical Sciences, Sapienza University of Rome, 00161 Rome, Italy
3 Imperial College School of Medicine, London SW7 2AZ, UK; mikhail.nozdrin16@imperial.ac.uk
4 Centre for Evidence in Transplantation, Nuffield Department of Surgical Sciences, University of Oxford,

Oxford OX3 7HE, UK; liset.pengel@nds.ox.ac.uk (L.P.); simon.knight@nds.ox.ac.uk (S.K.)
5 Department of Surgery and Cancer, Imperial College, London SW7 2AZ, UK; vassilios.papalois@nhs.net
* Correspondence: m.irene.bellini@gmail.com
† Meeting Presentation: European Society of Organ Transplantation Congress, 29 August–1 September 2021,

Milan, Italy.

Abstract: Background and Aims: Recipient demographics affect outcomes after kidney transplantation.
The aim of this study was to assess, for kidneys retrieved from living donors, the effect of recipient
sex, ethnicity, and body mass index (BMI) on delayed graft function (DGF) and one-year graft
function, incidence of acute rejection (AR), and recipient and graft survivals. Methods: A systematic
review and meta-analysis was performed. EMBASE and MEDLINE databases were searched using
algorithms through Ovid. Web of Science collection, BIOSIS, CABI, Korean Journal database, Russian
Science Citation Index, and SciELO were searched through Web of Science. Cochrane database
was also searched. Risk of bias was assessed using the NHBLI tools. Data analysis was performed
using Revman 5.4. Mean difference (MD) and risk ratio (RR) were used in analysis. Results: A total
of 5129 studies were identified; 24 studies met the inclusion criteria and were analysed. Female
recipients were found to have a significantly lower serum creatinine 1-year-post renal transplantation
(MD: −0.24 mg/dL 95%CI: −0.18 to −0.29 p < 0.01) compared to male recipients. No significant
difference in survival between male and female recipients nor between Caucasians and Africans was
observed (p = 0.08). However, Caucasian recipients had a higher 1-year graft survival compared
to African recipients (95% CI 0.52−0.98) with also a lower incidence of DGF (RR = 0.63 p < 0.01)
and AR (RR = 0.55 p < 0.01). Recipient obesity (BMI > 30) was found to have no effect on 1-year
recipient (p = 0.28) and graft survival (p = 0.93) compared to non-obese recipients although non-obese
recipients had a lower rate of DGF (RR = 0.65 p < 0.01) and AR (RR = 0.81 p < 0.01) compared to
obese recipients. Conclusions: Gender mismatch between male recipients and female donors has
negative impact on graft survival. African ethnicity and obesity do not to influence recipient and
graft survival but negatively affect DGF and AR rates.

Keywords: BMI; ethnicity; living donation; kidney transplant; recipient’s demographics

1. Introduction

In kidney transplantation, the relative contribution of donor versus other factors on
clinical outcomes is considered a main criterion to allocate an organ [1].

Living kidney donation (LKD) represents the optimal treatment for kidney failure [2,3].
Previous reports on deceased donation indicate that the donor constitution has small or
moderate effect on post-transplant clinical outcomes [4], while it is widely accepted that a
living donor (LD) kidney tends to function immediately, reducing the risk of hospitalisation
and renal replacement therapy after transplantation to less than 4% [5] and thus setting up
the recipient for the best possible result.
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In the context of living donation, recipient demographics are considered equally
important and are constantly evaluated as potential contraindications for an LD to come
forward. For instance, there is still an ongoing debate whether or not to use a body mass
index (BMI) cut-off [6], especially if that specific recipient has already one or more LDs
under evaluation, in consideration of the risks related to LKD and the hypothesized inferior
outcomes related to obesity [7,8].

Additionally, growing attention is being attributed to donor-recipient gender match [9]
and ethnicity, in consideration of the fact that African and Asian candidates face prolonged
waiting times due to difficulties in the matching process, mostly because of the scarcity of
donors from these minority groups [10].

The aim of this study was to assess, for kidneys retrieved from LDs, the effect of
recipient sex, ethnicity, and BMI on short- and long-term graft outcomes.

2. Methods

The study was registered with PROSPERO (CRD42020221109) before commencement
of the literature search. The review was conducted and reported according to PRISMA
guidelines [5].

2.1. Search Strategy

Literature searches were performed in Ovid (EMBASE, MEDLINE), Web of Science,
and Cochrane databases, using combinations of free text and keyword terms for living
kidney donation and donor demographics of interest. A full search strategy is shown in
Appendix A (Tables A1–A3). Searches were conducted on 14/11/20 and according to the
PRISMA flowchart (Figure 1)

Figure 1. PRISMA Flowchart.
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2.2. Inclusion/Exclusion Criteria

Any study relating to recipient’s demographic characteristics on graft outcomes after
LKD were eligible for inclusion, including full articles and meeting abstracts. Only studies
in English were included for the analysis.

2.3. Outcomes of Interest

The primary objective was to assess the effect of recipient demographics of ethnicity,
BMI, and sex on kidney function evaluated using estimated glomerular filtration rate
(eGFR) adjusted for body surface area, serum creatinine, and proteinuria incidence, where
reported.

The secondary objectives included assessing effect of the above-mentioned recipient
demographics on patient and graft survival, incidence of delayed graft function (DGF),
and acute rejection (AR).

2.4. Screening and Data Extraction

Study identification and data extraction were performed in three stages: the first
stage included downloading the studies identified by the search strategy from Cochrane,
Ovid, and Web of Science databases into EndNote reference management software. The
reference management software was then used to remove duplicate studies. The second
stage included two independent researchers (M.I.B. and M.N.) screening the titles and
abstracts of long-listed studies. The researchers then each produced a list of studies eligible
for the review. The two lists were compared to produce a single short-list of studies selected
for full text review. The third stage of data extraction included the researchers fully read of
the short-listed studies to identify the studies meeting the inclusion criteria. Data extraction
was performed by two independent reviewers (M.I.B. and M.N.), and disagreements were
solved by discussion or consulting a third reviewer. Data were extracted into a Microsoft
Excel sheet.

2.5. Risk of Bias Assessment

Risk of bias assessment was performed using National Institute of Health National
Heart, Lung and Blood Institute (NIH NHBLI) quality assessment tool [6], as shown in
Appendix B. Two independent reviewers, M.I.B. and M.N., judged the quality of the articles
and compared their results.

2.6. Meta-Analysis

All data analyses were performed in Revman 5.4.1 and IBM SPSS Statistics 26. Meta-
analysis of mean difference was used for continuous data. Random effect models were used
for all meta-analyses due to the heterogeneous and small study samples. Mean differences
with a 95% confidence interval were calculated for the summary effect. The Z test was
performed to calculate p-values. Where p-values were <0.05, and 95% CI did not include
0, a statistically significant difference between the two groups was recorded. Forest plots
were created in Revman 5.4.1. Heterogeneity of the data was assessed using the I2 test,
where the I2 value greater than 0.5 heterogeneity of the data was assumed to be high and
where the I2 value lower than 0.5 heterogeneity of the data was assumed to be low.

3. Results

A total of 5129 studies were identified; 24 studies met the inclusion criteria and were
analysed.

3.1. Recipient Sex

Jacobs et al. [11] compared graft survival between male and female transplant recipi-
ents at one- and three-years post-transplantation. Wafa et al. [12] compared graft survival
between male and female recipients at five- and 10- years post-transplantation. Both studies
found no significant difference in short- and long-term graft survivals between male and
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female transplant recipients, also showing no significant difference between graft survival
in transplant recipients who were the same gender as the donor and transplant recipients
who were of a opposite gender as their donor. More in detail, Wafa et al. [12] found no
difference between graft survival in male recipients who had received their kidney from a
male or female donor, both five years and 10 years after receiving a renal transplant. The
same findings were confirmed by Jacobs et al. [11], who reported no difference between
graft survival in male recipients who had received their kidney from a male or female donor
at one year post-transplantation; however, at three years of follow up, male recipients who
had received a transplant from a male donor were 65% less likely to lose a graft compared
to male recipients who received graft from a female donor (RR = 0.35; chi-square p = 0.006).
In both studies, there was no significant difference in graft survival between females who
received grafts from male and female donors.

Four studies [9,11,13,14] investigated the effect of recipient gender on the post- trans-
plantation serum creatinine. Naderi et al. [9], Jacobs et al. [11], and Villeda-Sandoval
et al. [13] compared one-year post-transplantation serum creatinine between male and
female recipients of LD kidney grafts. Figure 2a shows how female recipients on average
had a serum creatinine 0.24 mg/dL (0.18 to 0.29) lower than male recipients (p < 0.00001).

Figure 2. Cont.
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Figure 2. (a) Effect of recipient gender on serum creatinine 1-year post-transplantation. (b) Effect of matching genders
between recipient and donor on 1-year post-transplantation serum creatinine. (c) One-year post-transplantation serum
creatinine in male renal transplant recipients based on the gender of their donor. (d) One-year post-transplantation serum
creatinine in female renal transplant recipients based on the gender of their donor. (e) One-year post-transplantation eGFR
in male renal transplant recipients compared to female recipients. (f) Effect of matching genders of renal donor and recipient
on 1-year post-transplantation eGFR. (g) One-year post-transplantation eGFR in male renal transplant recipients based on
the gender of their donor. (h) One-year post-transplantation eGFR in female renal transplant recipients based on the gender
of their donor.

All four studies [9,11,13,14] compared one-year post-transplantation serum creatinine
in recipients of kidney grafts from the same gender donors and opposite gender donors.
No significant difference between recipients of renal transplants from the same gender
donors and opposite gender donors (p = 0.78), (Figure 2b).

Three studies [8,10,12] compared one-year post-transplantation serum creatinine in
male recipients receiving a transplant from male and female donors. No significant was
found in one-year post-transplantation serum creatinine male recipients recovering a graft
from female donors and male donors p = 0.06 (Figure 2c).

No significant difference in one-year post-transplantation serum creatinine was found
between female recipients who had received their transplant from a male donor and female
recipients who had received their transplant from a female donor (p = 0.22), as represented
in Figure 2d.
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Three studies [8,10,12] compared eGFR between male and female recipients of renal
transplantation following a donation from either same gender or opposite gender donor.
No significant difference in eGFR (p = 0.52) was found one-year post-transplantation
between male and female renal transplant recipients (Figure 2e).

In Figure 2f, an important finding is that patients who received a graft from same sex
donor had a significantly higher eGFR compared to recipients who received a graft from a
donor of opposite sex (p < 0.00001). The effect size of the difference between 2 means was
medium (95%CI: 0.14 to 1.22).

More in detail, male recipients who received a transplant from a male donor had a
significantly higher eGFR compared to male recipients who received a transplant from a
female donor (p < 0.00001), as represented in Figure 2g, while on the contrary, there was
no significant difference in eGFR one-year post-transplantation between female recipients
who received their graft from a male donor compared to those who received a graft from a
female donor (p = 0.13) (Figure 2h).

Two studies [15,16] investigated the effect of recipient gender on the development
of diabetes mellitus on grafts retrieved from LKDs. Xu et al. [15] compared the incidence
of diabetes at three months of follow up, whereas Xie et al. [16] followed patients up
53.5 ± 10.4. Both studies found no significant difference between the incidence of diabetes
in male and female renal transplant recipients.

Two studies [17,18] compared proteinuria between four groups: male recipients who
received a transplant from a male, male recipients who received a transplant from a female,
female recipients who received a transplant from male, and female recipients who received
a transplant from a female. Oh et al. [18] found no significant difference in proteinuria
24 h after surgery between the four groups. On the other hand, Yanishi et al. [17] found
proteinuria to be significantly lower in female recipients who had received a graft from a
male donor compared to recipients who had received a transplant from the donor of the
same gender as them and to male recipients who had received a renal graft from a female
donor (Table 1).

Table 1. Effect of donor-recipient sex match on the graft proteinuria.

Proteinuria Male to Male
Male to
Female

Female to
Female

Female to
Male

Outcomes Reported in the Paper

Oh et al. Protein
excretion (mg/d),

24 h urine post-op.

MM (n = 65):
23.4 +/− 61.6

MF (n = 34):
81.9 +/− 354.4

FF (=29):
9.7 +/− 51.6

FM (n = 67):
36.1 +/− 123.8

Independent sample t-test:
MM-FM (p = 0.461), MF-FF

(p = 0.282); MM-MF (p = 0.198),
FM-FF: (p = 0.273).

Yanishi et al.
(mg/day).
Recipient

proteinuria at
1-year

post-surgery.

Group 1(same
gender) n = 6:
135.2 ± 98.1

Group 2: (male
donor to
female

recipient)
(n = 8).

63.7 ± 28.7

Group 1(same
gender) n= 6:
135.2 ± 98.1

Group 3:
female donor

to male
recipient
(n = 17):

205.5 ± 35.2

ANOVA between the 3 groups
found the lowest proteinuria to be

in the Male to Female group
(p < 0.01).

3.2. Recipient Ethnicity

Four studies [19–22] compared recipient survival one-year post-transplantation in
Caucasian and African renal transplant recipients. There was no significant statistical
difference between the recipient survival in Caucasian and African recipients (p = 0.88)
(Figure 3a).

Williams et al. [22] and Isaacs et al. [23] compared the incidence of acute rejection in
Caucasian and African recipients (Figure 3b), the latter finding a significantly lower inci-
dence of acute rejection in Caucasian transplant recipients compared to African recipients.
On the contrary, Williams et al. [11] found a higher rate of acute rejection in Caucasian recipi-
ents compared to African recipients; however, this finding was non-significant. Overall, the
incidence of acute rejection post-transplantation was found to be 45% lower in Caucasian
group compared to the African group; this difference was significant (p < 0.00001) [24].
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Figure 3. (a) Effect of recipient ethnicity on 1-year post-transplantation recipient survival. (b) Effect of recipient ethnicity
on the incidence of acute rejection. (c) Effect of recipient ethnicity on the incidence of delayed graft function. (d) Effect of
recipient ethnicity on 1-year graft survival.

Two studies by Williams [22] and Redfield [5] compared the incidence of DGF between
Caucasian ethnicity and African ethnicity transplant recipients. Caucasian recipients were
found to have a 47% lower rate of DGF following renal transplantation compared to African
recipients (p ≤ 0.00001), as shown in Figure 3c.

Six studies compared rates of graft survival one year following renal transplantation
between Caucasian and African recipients [19,20,24–27]. Ilyas et al. further split the cohorts
of Caucasian and African ethnicity donors into sub-groups by whether they received anti-
lymphocyte induction treatment or not. Overall, Caucasian recipients had a 29% reduced
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risk of losing the graft within the first year after transplantation compared to African
recipients, and this difference was significant p = 0.04 (Figure 3d).

3.3. Recipient Body Mass Index

Four studies investigated effect of recipient BMI on the post-transplantation one-year
recipient and graft survival [28–31], finding no significant difference in obese and non-obese
recipients (p = 0.28) (Figure 4a).

Figure 4. (a) Effect of recipient BMI on 1-year post-transplantation recipient survival. (b) Effect of recipient BMI on 1-year
post-transplantation graft survival. (c) Effect of recipient BMI on the development of acute rejection. (d) Effect of recipient
BMI on the development of delayed graft function.
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There was no significant difference between one-year graft survival in the obese and
non-obese groups (p = 0.93), as observed in Figure 4b.

In Figure 4c, four studies [28,30,32,33] were compared to look at the difference in the
acute rejection incidence between non-obese and obese recipients.

It was found that non-obese donors were 19% less likely to develop acute transplant
rejection compared to obese recipients (p < 0.00001) (Figure 4c). Non-obese donors were
also 35% less likely to develop DGF compared to obese donors (p < 0.00001) (Figure 4d).

4. Discussion

The survival advantages of transplantation over long-term dialysis are known if a
given patient with end-stage kidney disease is suitable for a transplant. A major challenge
is to optimize modifiable variables that could improve long-term survival [34], and with
the present study, we aimed to assess the impact of recipient demographic characteristics
of sex, ethnicity, and BMI on kidney grafts retrieved from LDs.

With regards to sex, an interesting finding of our meta-analysis was that at three years
follow up, male recipients who had received a transplant from a male donor were 65% less
likely to lose a graft compared to male recipients who have received grafts from female
donors. This result might lead to think there is a nephron mass effect playing an increasing
role in the medium and long-term graft function, as a female kidney could be in general of
lower weight and therefore with less functional nephrons, demonstrated also by a lower
eGFR in women in the general population [35].

In addition to this, the graft survival advantage for male recipients of male donor
kidneys was previously also reported by Kayler et al. [36], who analysed the Scientific
Registry of Transplant Recipients database between 1990 and 1999 and who pointed out
the gender disparities in LD transplantation, with a higher proportion of wife-to-husband
donations and disproportionate female-to-male donations among biological relatives and
unrelated pairs.

In the present meta-analyses, we found no significant difference in graft survival
among female recipients according to the sex of their donors. To this regard, as a risk
factor for inferior outcomes in women, it is worth to mention the theory related to the
sex-determined minor histocompatibility antigen (H-Y antigen), firstly described in 1976
on a female recipient who rejected the bone marrow transplant from her HLA-identical
brother [37]. More recently, the highest number of H-Y antibodies detected in the blood
of female recipients transplanted with kidneys from male donors in comparison to other
sex combinations was reported to significantly correlate with the higher occurrence of
acute rejection [38]. This consideration implies a careful evaluation of every possible
intervention and consequent risk of sensitization in transplant patients [39]. In literature,
this is supported for both deceased and living donation, as sustained by Tan et al. [40], who
recommend a major focus on clinical detection of markers for minor histocompatibility
loci.

Although almost significant (p = 0.06), the above finding was confirmed in one-year
post transplant serum creatinine, with male recipients recovering better from a graft from
male donors. In this view, the use of sex as a biological variable in medical research is
increasingly recognized as an important modulator to better understand the complex patho-
physiology of several diseases [41] and better address the future health needs. Furthermore,
our study adds to the evidence that in transplantation, relevant sex-specific issues are
underrecognized factors influencing patient and transplant outcomes: it is already known
that women are less likely to access kidney transplantation in general, as well as transplan-
tation from LD; therefore, whenever possible, a better gender matching is advisable for
better outcomes.

This approach with a close eye to diversity and inclusion extends also to individu-
als from minority backgrounds: interventions to ameliorate the effects of demographic
discrepancies, different ethnicity, and cultural backgrounds may improve access to trans-
plantation [42,43] as well as transplant outcomes. From our analysis, Caucasian recipients
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were found to have a 47% lower rate of DGF following renal transplantation compared to
African recipients (p = <0.00001) as well as lower AR incidence. Reasons unpinning this
discrepancy are several, from different socio-economic status to prevalence of metabolic
diseases [44], although a better and more inclusive allocation policy as well sensibilization
of Black and Asian minorities to donate could represent an important key to improve
ethnicity-related outcomes [42]; in fact, from our meta-analysis, Caucasian recipients had a
29% recused risk of losing the graft within the first year after transplantation.

Finally, the same discourse regarding discrimination could be raised with regards to
high BMI recipients who are denied access to the waiting list because of their body weight
only. From the present meta-analysis, the four studies investigating the effect of recipient
BMI on the post-transplantation one-year recipient and graft survival [28–31] found no
significant difference in obese and non-obese recipients (p = 0.28); therefore, even if it is true
that bridge interventions, such as bariatric surgery [45], are increasingly being adopted to
overcome this barrier, we think that obese patients should have the same chance as their
non-obese counterparts, at least for LD renal transplantation. We also believe that obesity,
as a metabolic and systemic disease, leads to higher AR and DGF rates, as per our findings;
therefore, an additional effort trying to maximize all the adding risk factors to graft and
patient loss is advisable, with a tailored immunosuppression [7].

5. Limitations

The retrospective nature of the studies analysed has limited the level of evidence we
could achieve, based on observational registry data, small number of studies, and great
deal of heterogeneity. Longer-term follow up reports should be also warranted to better
analyse any potential relationship between the other contributing factors and the recipients’
demographics.

6. Conclusions

In conclusion, gender mismatch between male recipients and female donors has a
negative impact on graft survival, with male recipients who received a transplant from a
male donor 65% less likely to lose a graft compared to male recipients who have received
grafts from female donors. African ethnicity increases DGF and AR rates compared to
the Caucasian, and no significant difference between one-year graft survival in the obese
and non-obese groups has been observed; therefore, BMI-only cut-offs to waitlist are not
considered appropriate.
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Abbreviations

Abbreviations
AR, acute rejection; BMI, body mass index; DGF, delayed graft function; eGFR, esti-

mated glomerular filtration rate; LD, living donor; LKD, living kidney donation.

Appendix A Search Strategy

EMBASE and MEDLINE databases were searched through Ovid on 14/11/2020,
the search algorithm used is shown in Table A1. English language filter was applied to
the search.

Table A1. Search algorithm used to search EMBASE and MEDLINE databases through Ovid.

Step Input

1 gender/ or "gender and sex"/
2 sex/ or sex difference/
3 sex
4 age/
5 ethnicit*
6 ethnic minorit*
7 BAME
8 exp "ethnic or racial aspects"/
9 BMI/
10 BMI or weight
11 genetic relationship/
12 1 or 2 or 3 or 4
13 5 or 6 or 7 or 8 or 9 or 10 or 11
14 12 and 13
15 exp kidney donor/
16 kidney transplantation/
17 living donor/
18 exp graft recipient/
19 15 or 16 or 17 or 18
20 14 and 19

Web of Science core collection, BIOSIS (1950-2008), CABI, Korean Journal database, Russian Science Citation Index
and SciELO were searched through Web of Science search engine on 14/11/2020. The search algorithm used is
shown in Table A2.
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Table A2. Search algorithm used to search Web of Science core collection, BIOSIS (1950-2008), CABI,
Korean Journal database, Russian Science Citation Index and SciELO through Web of Science.

Step Input

1 TS=(sex or gender)
2 TS=(sex and difference)
3 TS=age
4 TS=(ethnicit* or ethnic minorit*)
5 TS=BAME
6 TS=(ethnic* or race)
7 TS=(BMI or weight)
8 TS=genetic relationship
9 #1 or #2 or #3
10 #4 or #5 or #6 or #7 or #8
11 #9 and #10
12 TS=kidney
13 TS=transplantation
14 TS=(living or live or non-deceased)
15 TS=(donor)
16 TS=graft
17 TS=recipient
18 #12 and #13 and #14 and #15 and #16 and #17
19 #11 and #18

Cochrane library database was searched on 14/11/2020. The search algorithm used is shown in Table A3.

Table A3. Search algorithm used to search the Cochrane library database.

Step Input

1 MeSH descriptor: [Gender Identity] this term only
2 MeSH descriptor: [Sex] this term only
3 MeSH descriptor: [Sex Characteristics] this term only
4 (sex):ti,ab,kw
5 MeSH descriptor: [Age Factors] this term only
6 ethnicit*
7 ethnic minorit*
8 BAME
9 BMI
10 weight
11 MeSH descriptor: [Family] explode all trees
12 genetic relationship
13 MeSH descriptor: [Ethnic Groups] explode all trees
14 MeSH descriptor: [Continental Population Groups] explode all trees
15 #1 or #2 or #3 or #4 or #5
16 #6 or #7 or #8 or #9 or #10 or #11 or #12 or #13 or #14
17 #15 or #16
18 MeSH descriptor: [Kidney] explode all trees
19 MeSH descriptor: [Tissue Donors] explode all trees
20 MeSH descriptor: [Transplantation] explode all trees
21 MeSH descriptor: [Transplant Recipients] explode all trees
22 #18 and #19
23 #18 and #20
24 #18 and #21
25 #22 or #23 or #24
26 Kidney 51158
27 donor or transplantation or recipient or transplant
28 #26 and #27
29 #17 AND #25
30 #17 AND #28
31 #29 or #30
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