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Abstract: Proton-pump inhibitor (PPI) use may influence intestinal iron absorption. Low iron status
and iron deficiency (ID) are frequent medical problems in renal transplant recipients (RTR). We
hypothesized that chronic PPI use is associated with lower iron status and ID in RTR. Serum iron,
ferritin, transferrin saturation (TSAT), and hemoglobin were measured in 646 stable outpatient RTR
with a functioning allograft for > 1 year from the “TransplantLines Food and Nutrition Biobank and
Cohort Study” (NCT02811835). Median time since transplantation was 5.3 (1.8-12.0) years, mean
age was 53 + 13 years, and 56.2% used PPI. In multivariable linear regression analyses, PPI use was
inversely associated with serum iron (3 = —1.61, p = 0.001), natural log transformed serum ferritin
(B =-0.31, p < 0.001), TSAT (B = -2.85, p = 0.001), and hemoglobin levels ( = —0.35, p = 0.007),
independent of potential confounders. Moreover, PPl use was independently associated with increased
risk of ID (Odds Ratio (OR): 1.57; 95% Confidence Interval (CI) 1.07-2.31, p = 0.02). Additionally, the
odds ratio in RTR taking a high PPI dose as compared to RTR taking no PPIs (OR 2.30; 95% CI 1.46-3.62,
p < 0.001) was higher than in RTR taking a low PPI dose (OR:1.78; 95% CI 1.21-2.62, p = 0.004). We
demonstrated that PPI use is associated with lower iron status and ID, suggesting impaired intestinal
absorption of iron. Moreover, we found a stronger association with ID in RTR taking high PPI dosages.
Use of PPIs should, therefore, be considered as a modifiable cause of ID in RTR.

Keywords: proton-pump inhibitors; iron; iron deficiency; renal transplantation

1. Introduction

Iron deficiency (ID) is very common in renal transplant recipients (RTR), with reported prevalence
of 20% to 30% more than 12 months after transplantation [1-3]. ID is an important contributor to
post-transplant anemia, which affects approximately 20% to 49% of RTR within the first year after
transplantation and is associated with adverse health outcomes [1,4-6]. Besides clinical symptoms
associated with ID, such as fatigue, dyspnea, and decreased exercise tolerance, iron deficiency anemia
(IDA) has been associated with an increased risk of graft failure and mortality in RTR [4,6,7]. Moreover,
iron deficiency, independent of anemia, has been shown to be a risk factor for mortality in RTR [3].

Identifying modifiable risk factors of post-transplant ID may improve transplant outcomes and
quality of life in RTR. In this regard, drug-induced factors should not be ignored. Recently, several

J. Clin. Med. 2019, 8, 1382; doi:10.3390/jcm8091382 1 www.mdpi.com/journal/jem
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observational studies have demonstrated that chronic proton-pump inhibitor (PPI) use may negatively
affect iron status and is associated with ID in the general population [8-11]. It is postulated that PPIs
interfere with the absorption of iron in the duodenum, where non-heme iron is primarily absorbed in
its ferrous form (Fe?*) after the reduction from its less absorbable ferric form (Fe3*), which is facilitated
by gastric acid and membrane reductases localized at the apical membrane of the enterocytes [12,13].
This hypothesis is supported by a study from Ajmera et al., who found a reduced response to oral
supplementation of ferrous sulfate in iron deficient patients taking omeprazole [14]. In a large
population-based case-control study, an increased risk of ID was found among patients receiving
PPI therapy for at least one year and even among intermittent long-term PPI users compared to PPI
non-users [8]. These findings are in line with previous results from another large cohort study in
the United States, which demonstrated a higher risk of ID among chronic users of both PPIs and
H2-receptor antagonists (H2RAs), which diminished after treatment discontinuation [9].

PPIs are frequently prescribed after renal transplantation to prevent gastrointestinal complications
from immunosuppressants, and may therefore possibly contribute to the high burden of post-transplant
ID in RTR. It is currently unknown whether chronic PPI use adversely affects iron status in RTR and
studies investigating this hypothesis are lacking. In the present study, we aimed to investigate the
association of PPI use with iron status in a large single-center cohort of stable outpatient RTR.

2. Methods

2.1. Study Design

For this cross-sectional cohort study, we used data from a previously well-described cohort of
707 stable RTR registered at clinicaltrials.gov as “TransplantLines Food and Nutrition Biobank and
Cohort Study”, NCT02811835 [15]. In brief, all adult RTR with a functioning graft for at least 1 year
without known or apparent systemic illnesses (i.e., malignancies, opportunistic infections) who visited
the outpatient clinic of the University Medical Center Groningen (UMCG) between November 2008
and March 2011 were invited to participate. Written consent was obtained from 707 of the initially 817
invited RTR. Study measurements were performed during a single study visit at the outpatient clinic.

2.2. Exposure Definition

RTR using any PPI on a daily basis during a period of at least 3 months before the study visit
were defined as chronic PPT users. For statistical analyses we excluded RTR with missing data on PPI
dosage (n = 1), with on-demand PPI use (n = 3), with missing data on iron status parameters (n = 7), or
using iron supplements or EPO stimulating agents (n = 50), leaving 646 RTR eligible for analysis.

2.3. Study Approval

The study protocol was approved by the institutional review board (METC 2008/186, approved
on 17 September 2008) of the UMCG and all study procedures were performed in accordance with the
Declaration of Helsinki and the Declaration of Istanbul.

2.4. Clinical Measurements and Iron Status Parameters

Information on medical history, including reported history of gastritis or peptic ulcer disease,
was obtained from electronic patient records as described previously [15]. Medication use, including
the use of PPIs, diuretics, renin-angiotensin-aldosterone system (RAAS) inhibitors, antiplatelet drugs,
anti-diabetic drugs, mycophenolate mofetil (MMF), calcineurin inhibitors (CNIs) and prednisolone,
was recorded at baseline. Blood pressure was measured using a standard protocol, as described
previously [16]. Information on alcohol use and smoking behavior was obtained using a questionnaire.

Blood samples were collected after an 8-12 h overnight fasting period. Serum creatinine was
measured using an enzymatic, isotope dilution mass spectrometry traceable assay (P-Modular automated
analyzer, Roche Diagnostics, Mannheim, Germany). Estimated glomerular filtration rate (eGFR) was
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calculated applying the serum creatinine-based chronic kidney disease epidemiology collaboration
(CKD-EPI) equation. Concentrations of glucose, hemoglobin Alc (HbA1lc), and high-sensitivity C-reactive
protein (hs-CRP) were determined using standard laboratory methods. Serum iron was measured
using photometry (Modular P800 system; Roche Diagnostics, Mannheim, Germany). Serum ferritin
concentrations were determined using the electrochemiluminescence immunoassay (Modular analytics
E170; Roche Diagnostics, Mannheim, Germany). Transferrin was measured using an immunoturbidimetric
assay (Cobas-c analyzer, P-Modular system; Roche Diagnostics, Mannheim, Germany). Transferrin
saturation (TSAT, %) was calculated as 100 X serum iron (umol/L)/25 X transferrin (g/L). Iron deficiency
was defined as transferrin saturation (TSAT) < 20% and ferritin < 300 pg/L, as described in literature
previously and commonly used in patients with pro-inflammatory conditions, such as chronic heart failure
and chronic kidney disease [3,17-19]. Proteinuria was defined as urinary protein excretion > 0.5 g/24 h.

2.5. Assessment of Dietary Iron Intake

Total dietary iron intake (i.e., heme and non-heme iron) was assessed using a validated
semi-quantitative food frequency questionnaire (FFQ), which was filled out at home [20,21]. Dietary
data were converted into daily nutrient intake using the Dutch Food Composition Table of 2006 [22].

2.6. Statistical Analyses

Statistical analyses were performed using Statistical Package for the Social Sciences (SPSS), version
23.0 (IBM corp., Armonk, NY, USA). Data are presented as mean + SD for normally distributed data,
median with interquartile range (IQR) for skewed data, and number with percentage for nominal data.
Differences between PPI users versus PPI non-users were tested using independent sample T-tests,
Mann-Whitney U-tests, and Chi-square tests or Fishers exact test when appropriate.

To investigate the association of PPI use with serum iron, serum ferritin, TSAT, and hemoglobin
levels, univariable and multivariable linear regression analyses were performed with adjustment for
potential confounders of iron status including: age, sex, eGFR, proteinuria, time since transplantation,
history of gastrointestinal disorders (i.e., reported history of gastritis or peptic ulcer disease before
baseline), lifestyle parameters (BMI, smoking behavior, and alcohol use, dietary iron intake),
inflammation (hs-CRP), MMF use, and other medication use (i.e., diuretics, RAAS-inhibitors, anti-platelet
therapy, CNI use, and prednisolone use). Serum ferritin was natural log (In) transformed to obtain a
normal distribution. To investigate a dose-response relationship, we performed additional analyses in
which RTR were divided into three groups based on daily PPI dose defined in omeprazole equivalents: no
PPI, low PPI dose (<20 mg omeprazole equivalents/day (Eq/d)), and high PPI dose (>20mg omeprazole
Eq/d) [23]. Tests of linear trend were conducted by assigning the median of daily PPI dose equivalents
in subgroups treated as a continuous variable. To investigate the association between PPI use and ID,
we performed logistic regression analyses with adjustment for the same potential confounders used in
multivariable linear regression analyses. In sensitivity analyses, H2RA users (n = 20) were excluded to
assess the robustness of the association between PPT use and ID. Additionally, we performed sensitivity
analyses using an alternative definition of ID as proposed in a position statement by the European Best
Practice (ERBP) group and previously recommended in the United Kingdom-based National Institute
for Health and Care Excellence (NICE) guideline (NG8) (TSAT < 20% and ferritin < 100 pg/L) [24,25]. A
two-sided p-value < 0.05 was considered statistically significant in all analyses.

3. Results

3.1. Baseline Characteristics

Baseline characteristics are shown in Table 1. Atbaseline, RTR were 53 + 13 years old and 382 (59.1%)
were male. Mean BMI was 26.7 + 4.8 kg/mz, and 157 (24.3%) had diabetes. RTR were included at a
median of 5.3 (1.8-12.0) years after transplantation. Mean eGFR was 53.5 + 19.9 mL/min/1.73 m? and 135
(21.0%) had proteinuria. Mean serum iron and median ferritin concentrations were 15.2 + 5.9 pmol/L
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and 115.5 (53.0-213.3) ug/L, respectively. Mean hemoglobin concentration was 13.3 + 1.7 g/dL and
mean TSAT was 25.1 + 10.5%. Iron deficiency was present in 193 (29.9%) RTR. PPIs were used by a
small majority of 363 (56.2%) RTR and omeprazole was the most often prescribed PPI (n = 317). Other
PPIs used included esomeprazole (n = 28), pantoprazole (n = 15), and rabeprazole (n = 3). RTR who
used PPIs were older than RTR who did not use PPIs, had a higher BMI, and had shorter time between
transplantation and baseline measurements. Furthermore, diabetes was more prevalent in RTR using
PPIs and PPI users had higher glucose and HbA1lc levels, and lower levels of hemoglobin, iron, ferritin,
and TSAT. Dietary iron intake was not significantly different between PPI users and PPI non-users.
Additionally, CNIs and MMF, diuretics, anti-diabetic drugs, and antiplatelet drugs were more often
used by PPI users compared to PPI non-users.

Table 1. Baseline characteristics of 646 renal transplant recipients.

Characteristics Total Population Non-PPI User PPI User P
Number of subjects, n (%) 646 (100) 283 (43.8) 363 (56.2) n/a
Demographics
Age, years 53+ 13 51+13 54 +12 0.001
Men, n (%) 382 (59.1) 170 (60.1) 212 (58.4) 0.7
BMI, kg/m? 26.7 +4.8 26.0 + 4.6 273+48 <0.001
Diabetes Mellitus, n (%) 157 (24.3) 54 (19.1) 103 (28.4) 0.006

History of gastrointestinal

disorders, (%) 42 (6.5) 10 (3.5) 32(8.8) 0.007
}T,‘e:‘res since transplantation, 5.3 (1.8-12.0) 95 (4.1-15.0) 40 (1.1-8.0) <0.001
Lifestyle parameters
Current smoker, n (%) 79 (13.1) 33 (12.4) 46 (13.6) 0.7
Alcohol consumer, n (%) 409 (70.6) 186 (72.7) 223 (69.0) 0.3
Iron intake, mg/d 11.3+29 112+27 114+ 3.0 0.5
Renal function parameters
eGFR, mL/min/1.73 m? 53.5+19.9 56.2 +19.7 514 +19.8 0.002
Serum creatinine, pmol/L 122 (99-156) 117 (98-150) 126 (101-164) 0.03
Proteinuria (>0.5 g/24 h), n (%) 135 (21.0) 60 (21.2) 75 (20.8) 0.9
Laboratory parameters
Iron deficiency, n (%) 193 (29.9) 63 (22.3) 130 (35.8) <0.001
Hb, g/dL 133+ 17 13.6 £ 1.6 13.1+1.8 <0.001
Iron, pmol/L 152 +59 16.4 + 6.1 142 +5.6 <0.001
Ferritin, ug/L 115.5 (53.0-216.3) 136.0 (77.0-222.0) 93.0 (42.0-196.0) <0.001
Transferrin saturation, % 25.1+10.5 27.3+10.1 233 +10.5 <0.001
Glucose, mmol/L 5.3 (4.8-6.0) 5.2 (4.7-5.8) 5.3 (4.9-6.2) 0.01
HbAlc, mmol/mol 40 (37-44) 39 (36 —42) 41 (38 — 45) <0.001
HsCRP, mg/L 1.6 (0.8-4.2) 1.6 (0.8-3.8) 1.6 (0.7-4.6) 0.8
Medication use
Calcineurin inhibitors, n (%) 369 (57.1) 137 (48.4) 232 (63.9) <0.001
Mycophenolate mofetil, n (%) 431 (66.7) 171 (60.4) 260 (71.6) 0.003
Prednisolone, n (%) 641 (99.2) 282 (99.6) 359 (98.9) 0.4
Diuretics, n (%) 253 (39.2) 87 (30.7) 166 (45.7) <0.001
RAAS-inhibitors, n (%) 314 (48.6) 144 (50.9) 170 (46.8) 0.3
Antiplatelet drugs, n (%) 131 (20.3) 46 (16.3) 85 (23.4) 0.03
H2-receptor antagonists, n (%) 20 (3.1) 19 (6.7) 1(0.3) <0.001

Data are presented as mean + SD, median with interquartile ranges (IQR) or number with percentages (%).
Abbreviations: BMI, body mass index; eGFR, estimated glomerular filtration rate; Hb, hemoglobin; HbAlc,
hemoglobin Alc; HsCRP, high-sensitivity C-reactive protein; PPI, proton-pump inhibitor; RAAS-inhibitors,
renin-angiotensin-aldosterone system inhibitors.

3.2. Association of PPI Use with Iron Status Parameters

In univariable linear regression analyses, PPI use was associated with a 2.18 pmol/L lower serum
iron (95% CI: -3.09 to —1.27, p < 0.001), —0.34 ug/L lower In serum ferritin (95% CI: —0.49 to —0.18,
p <0.001), 3.9% lower TSAT (95% CI: =5.5 to —2.3, p < 0.001), and 0.52 g/dL lower hemoglobin levels
(95% CI: —0.78 to —0.25, p < 0.001). The association between PPI use and lower iron status parameters
remained independent of adjustment for potential confounders, as shown in Table 2.
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3.3. Association of PPI Use with ID

In crude logistic regression analysis, PPI use was associated with ID (OR: 1.95; 95% CI 1.37-2.77,
p < 0.001), as shown in Table 3. The association remained independent of adjustment for age, sex,
eGFR, proteinuria, time since transplantation, and history of GI-disorders (OR: 1.57; 95% CI 1.07-2.31,
p = 0.02). Further adjustment for lifestyle parameters, including dietary iron intake (OR: 1.57; 95%CI
1.04-2.38, p = 0.03) and inflammation (OR: 1.56; 95% CI 1.06-2.30, p = 0.03), did not materially affect
the association. In model 5 we adjusted for MMF use, which is known for its myelosuppressive
nature. In this model, PPI use remained independently associated with ID (OR: 1.57; 95% CI 1.07-2.31,
p = 0.02). The association between PPI use and ID lost significance when we additionally adjusted
for other medication use (OR: 1.43; 95% CI 0.96-2.12, p = 0.08). In further models, in which we
adjusted separately for each type of medication, it appeared that mainly diuretic use contributed to
the attenuation of the association (Table S3). Associations of all potential confounders with ID are
provided in Table S4. These analyses demonstrated that besides PPI use, also female sex, proteinuria,
time since transplantation, diuretics use, and CNI use were independently associated with ID.

Table 3. Logistic regression analyses investigating the association of PPI use with iron deficiency in 646

renal transplant recipients.

Iron Deficiency

n = 646 Odds Ratio 95% CI P
Crude 1.95 1.37-2.77 <0.001
Model 1 1.94 1.36-2.78 <0.001
Model 2 1.57 1.07-2.31 0.02
Model 3 1.57 1.04-2.38 0.03
Model 4 1.56 1.06-2.30 0.03
Model 5 1.57 1.07-2.31 0.02
Model 6 1.43 0.96-2.12 0.08

Model 1: PPI use adjusted for age and sex. Model 2: model 1 + adjustment for eGFR, proteinuria, time since
transplantation, history of GI-disorders. Model 3: model 2 + adjustment for lifestyle parameters (BMI, smoking
behavior, alcohol use, dietary iron intake). Model 4: model 2 + adjustment for inflammation (hs-CRP). Model
5: model 2 + adjustment for MMF use. Model 6: model 5 + adjustment for other medication use (diuretic use,
RAAS-inhibition, antiplatelet therapy, CNI use, and prednisolone use). Abbreviations: CNI, calcineurin inhibitor;
MME, mycophenolate mofetil; RAAS-inhibitors, renin-angiotensin-aldosterone system inhibitors.

3.4. Dose-Response Analyses

In this study, 237 RTR received a low PPI dose (<20 mg omeprazole Eq/d) and 126 RTR received a
high PPI dose (>20 mg omeprazole Eq/d). As shown in Table 4 and Figure 1, the point estimate of the
odds ratio in RTR taking a high PPI dose as compared to RTR taking no PPIs (OR 2.30; 95% CI 1.46-3.62,
p <0.001) was higher than in RTR taking a low PPI dose (OR:1.78; 95% CI 1.21-2.62, p = 0.004). After
adjustment for potential confounders, PPI use remained associated with ID in patients taking a high
PPI dose (OR: 1.73, 95% CI 1.05-2.86, p = 0.03), but not in RTR taking a low PPI dose (OR: 1.29, 95% CI
0.84-1.98, p = 0.25), as shown in Table 4.
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Figure 1. Crude association between PPI use and risk of iron deficiency stratified by subgroups of
PPI use. No PPI, low PPI dose (<20 mg omeprazole Eqg/d), high PPI dose (>20 mg omeprazole Eq/d).
Presented are odds ratio’s with 95% confidence intervals. ** and * represent significant p values
compared to No PPI subgroup.

3.5. Sensitivity Analyses for Risk of ID

In sensitivity analyses, H2RA users (n = 20) were excluded from analyses (Table S1). The association
between PPI use and risk of ID remained materially unchanged when H2RA users were excluded (OR:
1.99, 95%CI 1.39-2.86, p < 0.001). Moreover, the association between PPI use and ID became slightly
stronger when the alternative definition of ID (TSAT < 20% and ferritin < 100 ug/L) was used (OR:
2.90, 95% CI1.94-4.35, p < 0.001), and remained significant independent of adjustment for potential
confounders (Table S2).

3.6. Description of Excluded RTR Receiving Oral Iron Supplementation

Baseline differences between RTR with oral iron supplementation and without oral iron
supplementation are described in the supplemental results and are demonstrated in Table S5.

4. Discussion

In this study, we demonstrate that PPI use is associated with lower iron status and ID in a large
cohort of stable RTR. Remarkably, the association between PPI use and risk of ID remained independent
of adjustment for important potential confounders, and appeared to be independent of dietary iron
intake, a finding that has not been shown previously. Furthermore, we found that RTR using a high
PPI dose have a higher risk of ID. These results indicate that PPI use possibly contributes to the high
burden of post-transplantation ID in RTR.

During the past few years, several case reports have demonstrated a relationship between PPI
use and the occurrence of IDA [11,26]. Recently, these findings have been strengthened by two
large population based cohort studies demonstrating an increased risk of ID among subjects from
the general population [8,9]. Lam et al. were the first to observe in a large population that chronic
use of both PPIs and H2RAs was associated with an increased risk of ID (adjusted OR: 2.49 for PPI
use and 1.58 for H2RA use) [9]. A recent study in a large U.K. population found that the risk of ID
was 3.6 times higher in subjects using PPIs for at least one year continuously, i.e., with time gaps
between PPI prescriptions of less than 30 days [8]. Consistent with our findings, both studies found
a positive dose-response relationship, which suggests a potential causal effect of PPIs. However,
compared to these studies, the adjusted odds ratios in our study were lower. This may in part be
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explained by a higher predisposition of ID in RTR compared to subjects from the general population.
ID is highly prevalent after renal transplantation and the etiology is multifactorial. For example,
high hepcidin and interleukin-6 levels as a result of inflammatory conditions after transplantation
may lead to lower intestinal iron uptake due to the down regulation of the ferroportin transporter
responsible for iron transport across the enterocyte [13,27,28]. Furthermore, insufficient iron stores
at time of transplantation, per-operative blood loss, and inadequate intake of vegetables rich in
iron may add to the risk of ID in RTR [29]. Another potential explanation for the lower odds ratio
found in our study might be the relative high incidence of the CYP2C19*17 variant in Caucasian
populations, which results in ultra-rapid metabolism of PPIs in the liver [30]. Therefore, the association
between PPI use and ID might be more pronounced in populations with lower incidences of this
CYP polymorphism, such as Asian populations in which the slow metabolizer phenotype is more
common [31]. Interestingly, the present study shows that PPI therapy also appears to be an important
risk factor of post-transplantation ID. Since this is a modifiable risk factor, we think this finding is
worth discussing given that clinicians may not be aware of the additional risk that PPI use constitutes
in RTR.

In contrast to our study, no association was found between PPI use and ID in a cohort study of
patients with Zollinger-Ellison syndrome [32]. However, these results cannot simply be extrapolated
to other populations and it is likely that the negative effect of PPIs on enteric iron absorption may
be less pronounced in patients with gastric acid hypersecretion. In another study among 34 patients
with primarily reflux esophagitis, there was also no clear evidence that chronic PPI therapy lead to
decreased levels of serum iron and ferritin [33].

Several mechanisms by which PPI use may induce ID are proposed in literature. The main
mechanism postulated is decreased intestinal absorption of dietary non-heme iron as a consequence of
reduced gastric acid secretion by PPIs [34]. In contrast to the absorption of heme iron, dietary non-heme
iron is highly dependent on gastric acid to enhance its absorption [13]. Non-heme iron remains soluble
as long as the environment remains acidic and is reducing, of which the latter is necessary to form
ferrous iron. It has been shown that in an environment with a pH above 2.5 absorption fails [35]. This
theory is supported by a study from Hutchinison et al., who demonstrated that absorption of non-heme
iron was lower in patients with hereditary hemochromatosis after the use of PPIs for seven days [34].

However, other factors by which PPIs could affect iron absorption are reported. For example,
vitamin C is known to facilitate non-heme iron absorption, since it is a strong reducing agent. Secretion
of vitamin C by gastric cells is dependent on intragastric pH and decreased bioavailability of vitamin C
has been demonstrated in Helicobacter pylori positive and negative subjects after 28 days of omeprazole
administration [36]. A low vitamin C intake may add to this, which may be a consequence of patients
being over-correct in avoiding all citrus juices, while they actually only need to avoid pomelo containing
juices to avoid interaction with CNI use [37]. This suggestion is corroborated by the fact that we
recently found that vitamin C depletion is very common in RTR [38]. Moreover, interactions between
the gut microbiome and iron bioavailability are reported in literature [39-41]. It is known that PPIs
tremendously alter the composition of the gut microbiome, which may potentially affect intestinal
iron absorption [42]. It is furthermore known that 50% of patients do not take their long-term therapy
for chronic diseases as prescribed [43]. This is a further unknown factor that could interact with the
results and could weaken the associations that we found.

To our knowledge, the influence of iron intake on the association between PPI use and ID has not
been previously investigated. Lam and colleagues argued that possibly only subjects with low-normal
iron levels or with a low dietary iron intake may become iron deficient [9]. In the present study,
the association between PPI use and ID remained unchanged after adjustment for dietary iron intake,
which shows that the association between PPI use and ID is not confounded by iron intake. Besides
PPI use, we also found that female sex, proteinuria, time since transplantation, diuretics use, and CNI
use were independently associated with ID. To date no evidence has been found linking diuretic use to
ID [44]. However, it cannot be excluded that diuretics adversely affect iron status via decreased tubular
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reabsorption, resulting in increased urinary excretion of iron. The same accounts for proteinuria,
which is a sign of either glomerular damage, tubular damage, or both. This may lead to increased
protein filtration, decreased protein reabsorption, or both, which may result in increased urinary
loss of transferrin-bound iron [45]. We also found that CNI use was independently associated with
ID. In a previous study among liver transplant recipients, erythropoietin production and hematocrit
levels were significantly reduced in CNI users, however the association with iron deficiency was not
investigated [46].

Our study has some limitations. First, our study is cross-sectional in nature, and therefore we
cannot assume causality. Next to that, we cannot exclude the possibility that the observed association
between PPI use and decreased iron status parameters and ID are caused by residual confounding or
indication bias. However, several analyses were performed to decrease this possibility. As described
above, adjustment for iron intake and history of gastritis or peptic ulcer disease, conditions that can be
the cause of a lower iron status, did not change the association between PPI use and ID. Moreover,
in sensitivity analyses we excluded RTR using H2RAs and performed logistic regression analyses
using an alternative definition of ID, which did not materially change the association. However, when
we adjusted for medication use in model 6, the association between PPI use and ID lost significance,
which could possibly mean two things. First, other medications may also negatively affect iron status,
which attenuates the effect of PPIs on ID. Second, RTR using other medications may be more prone to
ID compared to non-users. Furthermore, soluble transferrin receptor (sTfR) measurements were not
available, and it should be realized that other than recording history of overt GI-disorders, patients
were not thoroughly screened for presence of Gl-disorders at the moment of sampling. Lastly, this is a
single center study consisting of predominantly Caucasian RTR, which may limit generalizability of
results to other populations.

Our study also has several strengths. It is the first study in its kind investigating the association of
PPI use with iron status parameters and ID in a large cohort of stable RTR. The main strength is the
well-characterized cohort of RTR, in which multiple iron status parameters and dietary iron intake
were measured. Extensive data collection made it possible to correct for many possible confounding
factors, including lifestyle parameters, inflammation, and medication use. Lastly, to define ID we
used a definition previously used in chronic kidney disease and in RTR, including both functional and
absolute iron deficiency situations [3,17,18].

5. Conclusions

In conclusion, we demonstrated that PPI use is associated with lower iron status and ID, indicating
impaired intestinal absorption of iron potentially related to reduced gastric acid secretion. Moreover,
we demonstrated that the association was stronger among RTR taking a high PPI dose. Taken together
these results infer that PPI use is an important modifiable factor that potentially contributes to the
high burden of post-transplantation ID after renal transplantation. Based on these results it should be
advised to actively manage iron status in RTR using chronic PPI therapy. Reevaluation of treatment
indication or switching to a less potent acid suppressing drug, such as antacids or H2RAs, might also
be considered in RTR with ID. Potential clinical consequences associated with ID underscore this,
including premature mortality [3] and severely disabling restless legs syndrome, which has a reported
prevalence of 51.5% among RTR [47]. Since the majority of studies investigating the association between
PPI use and ID are observational, randomized controlled clinical trials are needed to determine a
causal effect of PPI use on iron status.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/8/9/1382/s1.
Supplemental Results: Description of excluded RTR receiving oral iron supplementation. Table S1: Logistic
regression analyses investigating the association of PPI use with ID in 626 stable RTR (H2RA users excluded).
Table S2: Logistic regression analyses investigating the association of PPI use with ID (TSAT < 20% and ferritin
<100 pg/L) in 646 RTR. Table S3: Logistic regression analyses investigating the effect of medication use on the
association of PPI use with ID in 646 RTR. Table S4: Logistic regression analyses investigating the association of
PPI use with ID (TSAT < 20% and ferritin < 300 pug/L) in 646 RTR. Table S5: Baseline characteristics of RTR with
and without oral iron supplementation.
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Abstract: The aim of this study was 1) to evaluate and compare pre-, peri-, and post-operative
data of Autosomal Dominant Polycystic Kidney Disease (ADPKD) patients undergoing native
nephrectomy (NN) either before or after renal transplantation and 2) to identify advantages of
optimal surgical timing, postoperative outcomes, and economical aspects in a tertiary transplant
centre. This retrospective analysis included 121 patients divided into two groups—group 1: patients
who underwent NN prior to receiving a kidney transplant (1 = 89) and group 2: patients who
underwent NN post-transplant (1 = 32). Data analysis was performed according to demographic
patient details, surgical indication, laboratory parameters, perioperative complications, underlying
pathology, and associated mortality. There was no significant difference in patient demographics
between the groups, however right-sided nephrectomy was performed predominantly within group 1.
The main indication in both groups undergoing a nephrectomy was pain. Patients among group 2 had
no postoperative kidney failure and a significantly shorter hospital stay. Higher rates of more severe
complications were observed in group 1, even though this was not statistically significant. Even
though the differences between both groups were substantial, the time of NN prior or post-transplant
does not seem to affect short-term and long-term transplantation outcomes. Retroperitoneal NN
remains a low risk treatment option in patients with symptomatic ADPKD and can be performed
either pre- or post-kidney transplantation depending on patients’ symptom severity.

Keywords: ADPKD; native nephrectomy; kidney transplantation; patient outcome; perioperative
complications
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1. Introduction

Autosomal dominant polycystic kidney disease (ADPKD) is the fourth most frequent cause of
end-stage renal disease (ESRD) in Europe, accounting for around 10-15% of patients on dialysis and
9% to 10% of renal transplantation [1,2]. ADPKD patients develop progressive expansion of multiple
bilateral cysts in the renal parenchyma, causing a deterioration of their glomerular filtration rate
(GFR) [3]. Patients with ADPKD often develop recurrent urinary tract infections, nephrolithiasis, and
back or abdominal pain. Approximately one-fifth of ADPKD patients will require unilateral or bilateral
nephrectomy at some point in their life [4-6]. Due to a heterogeneous clinical presentation ranging
from asymptomatic to very severe, treatment options are highly variable. In comparison to other forms
of renal replacement therapy, kidney transplantation seems to be the option of choice in most ESRD
patients, with improved survival and lower morbidity [7]. However, the optimal time for nephrectomy
in ADPKD patients awaiting renal transplantation remains a matter of debate. Furthermore, the
severity of clinical symptoms may also influence patients” wishes to undergo nephrectomy. Some
previously published research does not recommend pre-transplant nephrectomy due to associated
increased morbidity and mortality [8,9]. Others suggest a “sandwich technique”, whereby the most
severely affected native kidney is removed before, and the remaining polycystic kidney is removed
after transplantation [10,11]. Concomitant nephrectomy and transplantation is another method that
is described within the literature [6,12], which is predominantly used for ADPKD patients who are
scheduled for living donor kidney transplants. The aim of this study was (1) to evaluate and compare
pre-, peri-, and post-operative data of ADPKD patients undergoing native nephrectomy either before
or after renal transplantation and (2) to identify advantages of optimal surgical timing, postoperative
outcomes, and economical aspects in a tertiary transplant center.

2. Methods

2.1. Patient and Study Design

The retrospective analysis included 141 patients with ADPKD who underwent unilateral surgical
nephrectomy between January 2005 and December 2018. Twenty patients were excluded due to
incomplete data. Three patients underwent bilateral nephrectomy sequentially and were also excluded.
Group 1 included nephrectomy patients who were on dialysis prior to kidney transplantation (1 = 89)
and group 2 represents patients who had post-transplant nephrectomy (1 = 32). Data analysis was
performed according to demographic patient details, surgical indication, laboratory parameters,
perioperative complications, underlying pathology, and associated mortality. Patients in group 2
received a standard triple maintenance immunosuppression that consisted of tacrolimus or cyclosporin
A in combination with mycophenolate mofetil and prednisolone.

2.2. Surgical Procedure

The operation procedure was performed by a unilateral flank incision of 2025 cm with
perioperative antibiotic treatment. A strictly extra-peritoneal surgical preparation was performed. If
an intraoperative peritoneal laceration occurred, an immediate surgical reparation was done. The
vessel hilum was sealed by using three Hem-o-lok clips. Surgical drains were placed at the time of
transplant and were present postoperatively. Figure 1 shows a removed polycystic kidney preparation
after retroperitoneal nephrectomy.
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Figure 1. Polycystic kidney preparation after retroperitoneal nephrectomy.
2.3. Statistical Analysis

Statistical analyses were performed using SPSS (SPSS Inc., version 25, Armonk, NY, USA). Both
univariate and multivariate analyses were applied to identify risk factors for complications following
cystic kidney removal, both before and after kidney transplantation. Baseline characteristics were
compared using the Chi-squared test and Fisher’s exact test for categorical variables. Continuous
variables were tested with the Student’s t-test or Mann-Whitney U-test (if the assumption of Gaussian
distribution was not fulfilled). Results were reported as means and standard deviations (SD) for
continuous variables; categorical variables were reported as numbers and percentages. For all the
statistical measures, a p-value <0.05 was considered significant. Odds ratio (OR) was calculated and
statistical determinations were within the 95% confidence interval.

3. Results

3.1. Demographic Data

Out of the 121 included patients with ADPKD, 89 patients underwent nephrectomy prior to
kidney transplantation (group 1) and 32 patients underwent nephrectomy post-transplant (group 2).
Patient’s demographic data is displayed in Table 1 below.

Table 1. Demographic data.

Group 1 Group 2

Parameter (1 = 89) (1= 32) p-Value
Age average in years 53.92 53.75 0.927
Male sex (%) 69.70 68.80 0.923
Right sided nephrectomy (%) 58.40 34.40 0.02*
Left sided nephrectomy (%) 41.6 65.6 0.02*
BMI (kg/m2average) 25.93 25.31 0.445
Median duration of dialysis (months) 33.00 22.00 0.100
Median weight of the removed kidney 2600 g 1683 g 0.004

Group 1: pre-transplant, Group 2: post-transplant. *, statistically significant; BMI, body mass index.

There was no significant difference in the patient demographics between both groups, although
right-sided nephrectomy was predominantly performed within group 1 (p = 0.02). The main
comorbidities in both groups were cardiovascular diseases (group 1: 83.1% verus group 2: 81.3%;
p = 0.808), which were represented most commonly by coronary artery disease, hypertension, and
peripheral vascular disease.

3.2. Indications

Table 2 shows the individual indications for a nephrectomy.
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Table 2. Indications for a nephrectomy.

Group 1 Group 2

Indications (11 = 89) (= 32) p-Value
Renal pain (%) 50.6 59.4 0.392
Infection (%) 315 28.1 0.725
Urolithiasis (%) 11.2 6.3 0.514
Haematuria (%) 4.5 6.3 0.654
Gastrointestinal complaints (%) 22 0 1.000

Group 1: pre-transplant, group 2: post-transplant.

3.3. Patient Outcome Analysis

Comparing pre-operative serum creatinine levels in patients within group 2, a mild increase from
an average pre-operative level of 1.47 mg/dL to 1.61 mg/dL postoperatively occurred. No patients had
peri-operative kidney failure. In all 32 cases undergoing post-transplantation nephrectomy, the initially
elevated creatinine levels postoperatively appeared stable (3 months: 1.62 mg/dL, 6 months: 1.64 mg/dL,
1 year: 1.69 mg/dL, and 3 years: 1.64 mg/dL). The difference between the pre- and post-operative
haemoglobin levels was insignificant (group 1: 2.2 g/dL versus group 2: 2.5 g/d, p = 0.468). The
difference in surgical time between both groups was insignificant (group 1: 175 min versus group
2: 170.5 min, p = 0.541), although a significant difference in the duration of hospital admission was
observed (group 1: 7 days versus group 2: 6 days; p = 0.001). The pathological assessment of polycystic
nephrectomy samples showed a 3% risk for renal cell carcinoma in both groups (group 1: 3.4% versus
group 2: 3.1%; p = 1.0). No statistical difference was reported in the rates of acute inflammation in
the pathological report (group 1: 15.6% versus group 2: 5.6%; p = 0.127). Furthermore, there was no
significant difference between the chronic renal inflammation rates (group 1: 61.8% versus group 2:
71.9%; p = 0.307), which were defined as low-grade chronic systemic inflammation characterized by
persistent, low to moderate levels of one or more circulating inflammation markers, such as white
blood cells count, C-reactive protein, and procalcitonin. However, a significant difference was observed
in the median weight of the removed kidney (group 1: 2600 g compared to 1683 g in group 2 (p = 0.004)).
Concerning postoperative complication rates, group 1 had a higher prevalence of 43.8% compared to
37.5% within group 2, even though it was not statistically significant (p = 0.936). The complications
within group 1 were classified as Clavien-Dindo 1 in 7.9% and as Clavien-Dindo 2 in 22.5%. Those
categorized as Clavien-Dindo 3 (7.9%) included two patients suffering from a pneumothorax and one
patient appeared with a pancreatic injury. Severe complications (Clavien-Dindo 4: 5.5%) included two
patients of whom one required laparotomy on the second postoperative day due to a retroperitoneal
abscess and one suffered a pulmonary embolism with subsequent cardiac arrest with a return of
spontaneous circulation upon resuscitation. A total of three patients died within group 1 (3.4%), of
which two suffered severe sepsis and one a hypoglycaemic shock. Complication rates within group 2
were mostly minor (Clavien-Dindo 1: 9.4%, Clavien-Dindo 2: 25%). Only one patient was classified as
Clavien-Dindo 3. No patients in group 2 were categorized as Clavien-Dindo 4 or deceased. Among all
outcome parameters, the multivariate analysis identified the following parameters as significant risk
factors for a prolonged hospital stay: age (p <0.001) as well as undergoing native nephrectomy prior
to transplantation (represented by group 1) (p = 0.013). Factors such as male sex, body mass index
(BMI), organ weight, duration of operation, and time on dialyses were not significant risk factors for a
prolonged hospital stay.

4. Discussion

ADPKD is the most common inherited disease with over 12 million patients with associated
terminal renal failure, representing the fourth leading cause for dialysis worldwide. Patients suffering
from ADPKD develop progressive expansion of multiple bilateral cysts in the renal parenchyma,
causing a deterioration of GFR [3]. Patients with ADPKD often develop recurrent urinary tract
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infections, nephrolithiasis, and back or abdominal pain. Approximately one-fifth of ADPKD patients
will require unilateral or bilateral nephrectomy at some point in their life [4-6]. It is still unclear
if patients undergoing nephrectomy post-transplant have higher complication rates. This research
was not able to display a significant difference between both groups, even though the prevalence of
complications was higher within group 1 (43.8% versus 37.5%).

The indications for nephrectomy were often multiple for each patient and the major indications are
listed in Table 2. Overall, the main nephrectomy indication was pain in over 50% of the patients. Further
indications for nephrectomy need to be critically evaluated and can be based on intra-abdominal space
issues, uncontrolled hypertension, and cystic bleeding [6,7,13]. Due to the often-present additional
liver cysts in 80% of patients with ADPKD [14], a right-sided intra-abdominal space problem occurs,
resulting in less affected contralateral kidneys. The statistically significant difference in organ weight,
as stated previously (2600 g versus 1683 g, p = 0.004), seems to underline this hypothesis. In addition,
kidney volume seems to be an early marker of severity of the disease and is shown to be a determinant
of a reduction in kidney functions [3].

According to the literature, no difference in average age at the time of nephrectomy (p = 0.927)
was observed [7,15] and, further, a higher rate of male patients was also reported in our cohort despite
being an autosomal dominant disease [6,13,15]. Lifestyle and preventive factors also need to be
addressed in ADPKD. Patients can prevent disease progression by controlling hypertension through a
low salt diet [16,17]. These statements are of limited value for external validity as these publications
involved low case numbers of patients with ADKPD who were reviewed at the time of nephrectomy.
Nevertheless, the assumption can be made that disease progression can be delayed by a healthy
lifestyle. Studies have shown that females have higher health awareness in their daily living [18],
which could also explain the male dominant cohort. However, cyst expansion can cause ischemia
within the kidney and, consequently, the activation of Renin-Angiotensin-Aldosterone-System (RAAS),
leading to the development and/or maintenance of hypertension [19]. Hence, patients might benefit
from native nephrectomy if hypertension is predominantly present. On the other hand, preserving
patient’s urine excretion might also preserve quality of life concerning daily fluid intake.

Research published focusing on patients who are positive for polycystic kidney disease 1 (PKD1)
mutations prior to the age of 35 years show a worse and faster disease progression in the male
sub-cohort and/or hypertension [20]. However, the average BMI within our cohort was around a
normal range of 25 kg/m?. A known disadvantage using BMI as a reference is the inconsideration of
water and muscle mass, which is greatly variable in these patients. Hence, observing that the BMI
does not increase in pre-transplant patients despite significant edemas has not yet been discussed in
published research.

In all cases, only unilateral nephrectomy was carried out. This changed to bilateral nephrectomies
prior to renal transplants in the 1970s and reduced infection-based complications [21]. Nevertheless,
higher postoperative complications were observed, including worsening anemia and loss of diuresis [22].
Within the past few decades, bilateral nephrectomy case numbers decreased due to advanced medication
and stricter surgical indication. Fuller et al. reviewed a small cohort of 32 patients who underwent
simultaneous and sequential bilateral nephrectomy [6]. Out of the studied 25 patients, 6 had
simultaneous bilateral native nephrectomy with higher rates of blood transfusions, increasing antibody
production, and worsening post-transplant outcomes [6]. Hence, the authors concluded not to promote
bilateral simultaneous intervention. Further, 3% of patients in both groups were found to have
a histological diagnosis of coincidental cancer, which is in concurrence with literature published
to date [6,7,13]. Histological analysis within the post-transplant group showed higher rates of
inflammation, which is potentially due to the effects of immunosuppressive medication. These findings
have not been published elsewhere. We suggest taking samples from potentially inflamed cysts
intraoperatively. An extended antibiotic cover with lipophilic properties can then be discussed.

However, our study found no significant differences between patients undergoing native
nephrectomy prior or post-transplant. Hence, the role of transplantation and subsequent
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immunosuppressive therapy seems to be irrelevant as group 2 had less severe and a smaller number of
post-operative complications. The deceased patients within group 1 were patients without transplants.
Chebib et al. had fewer complications in the cohort undergoing a nephrectomy post-transplant [15].
Similar observations were published by Kirkman et al. [7]. Thus, the presumed increased risk through
immunosuppressive therapy concerning wound healing and increased infection rates post-operatively
cannot be supported. The significantly shorter hospital stay of the post-transplant patients in our
cohort also represents a fact that can be witnessed within the literature [6].

Despite our findings, we acknowledge limitations of the present study and potential sources of
bias that need to be addressed. The retrospective analysis as well as the limited number of patients
of group 2 might confound our results. Furthermore, the exclusion of 23 patients due to missing
data may have also decreased the potential study cohort. In addition, analysis of short-term and
long-term transplantation outcomes (graft loss, delayed graft function, acute rejection, bacterial and
cytomegalovirus (CMV] infection, and post-transplant diabetes mellitus) between both groups was
not included.

5. Conclusions

In conclusion, our study demonstrates that open retroperitoneal nephrectomies represent a low
risk management option in patients with symptomatic ADPKD and post-transplant nephrectomy
seems to not be associated with higher complication rates. Hence, timing and indication of native
nephrectomy should be primarily based on symptom severity rather than on the date of transplantation.
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Abstract: Graft failure (GF) remains a significant limitation to improve long-term outcomes in renal
transplant recipients (RTR). Urinary epidermal growth factor (uEGF) is involved in kidney tissue
integrity, with a reduction of its urinary excretion being associated with fibrotic processes and a wide
range of renal pathologies. We aimed to investigate whether, in RTR, uEGF is prospectively associated
with GF. In this prospective cohort study, RTR with a functioning allograft >1-year were recruited
and followed-up for three years. uEGF was measured in 24-hours urine samples and normalized by
urinary creatinine (Cr). Its association with risk of GF was assessed by Cox-regression analyses and
its predictive ability by C-statistic. In 706 patients, uEGF/Cr at enrollment was 6.43 [IQR 4.07-10.77]
ng/mg. During follow-up, 41(6%) RTR developed GF. uEGF/Cr was inversely associated with the
risk of GF (HR 0.68 [95% CI 0.59-0.78]; P < 0.001), which remained significant after adjustment for
immunosuppressive therapy, estimated Glomerular Filtration Rate, and proteinuria. C-statistic of
uEGF/Cr for GF was 0.81 (P < 0.001). We concluded that uEGF/Cr is independently and inversely
associated with the risk of GF and depicts strong prediction ability for this outcome. Further studies
seem warranted to elucidate whether uEGF might be a promising marker for use in clinical practice.

Keywords: epidermal growth factor; creatinine; graft failure; renal transplantation.

1. Introduction

Although in recent decades short-term graft survival has seen great improvement, chronic graft
failure remains a major clinical challenge for renal transplantation with no significant reduction achieved
in the same time frame [1]. Graft failure is a culmination of several factors, including chronic rejection,
toxicity of calcineurin inhibitors, infection, hypertension, oxidative stress, and proteinuria, together
leading to progressive fibrosis and loss of renal function [2-5]. In clinical settings, most biomarkers used
for follow-up, e.g., urinary albumin excretion and urinary protein excretion, are indicators of glomerular
damage [6], improper of the development of fibrosis, which is an early event in the natural history
of chronic rejection [3]. Finding non-invasive biomarkers that could reflect the pathophysiological
changes in the renal tissue would be of remarkable utility as potential tools to monitor patients and
timely identify those at high risk of graft failure [7], who could benefit from further interventions and
stricter follow-up before structural damage is already present [8].
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Epidermal growth factor (EGF) is a 53-amino acid peptide produced in the kidney at the
ascending loop of Henle and the distal convoluted tubule [7,8]. It stimulates the proliferation and
differentiation of epidermal and epithelial cells, and under normal conditions it has a critical role in
renal development [7], maintenance of renal tubule integrity and tubular regenerative response to
acute kidney injury [9-11]. However, the dysregulation and chronic activation of its receptor is known
to promote pro-inflammatory response [12]; furthermore, it has been implicated in the development of
interstitial fibrosis [13]. In clinical settings, the urinary excretion of EGF has shown to be decreased in
a wide range of kidney pathologies—e.g., diabetic nephropathy and IgA nephropathy—suggesting
that it could potentially work as a biomarker of a pathway which is common to several kidney tissue
insults [14]. Although it would not be possible to summarize the complexity of the graft failure process
with one biomarker, fibrosis is an important step towards graft failure development [2]; and suppression
of urinary EGF (uEGF) is an early marker of this phenomenon [15]. It may be theorized that uEGF
could also be altered in patients at high risk of graft failure; however, the potential association with
outcome or predictive ability of uEGF for graft failure is yet to be evaluated.

In the current study, we aimed to investigate the hypothesis that uEGF is prospectively associated
with the risk of graft failure in a large, well-phenotyped, cohort of stable renal transplant recipients
(RTR). Furthermore, we aimed to evaluate the prediction ability of uEGF for graft failure.

2. Materials and Methods

2.1. Study Design and Patient Population

In this prospective cohort study, all adult RTR with a functioning graft for >1 year, without history
of drug addiction, alcohol addiction or malignancy, who visited the outpatient clinic of the University
Medical Center of Groningen (The Netherlands) between November 2008-May 2011 were invited
to participate. In total 707 (86%) of the 817 eligible RTR signed a written informed consent. RTR
with missing information about uEGF at enrollment (n = 57) were excluded, resulting in 649 RTR
eligible for the statistical analyses (Figure 1). There were no significant differences in risk factors
for graft failure between patients with complete data and patients with missing data (Table S1).
The primary end point of the current study was death-censored graft failure, defined as restart of
dialysis or need of re-transplantation. The patients were followed-up for a total of 3 years. We contacted
general practitioners or referring nephrologists in cases where the status of a patient was unknown.
No participants were lost to follow-up (Figure 1). The current study was approved by the institutional
review board (METc 2008/186) and adhered to the Declarations of Helsinki and Istanbul.

Patients eligible for
enrollment n=817

I Patients declined
* participation n=110
Patients who signed
informed consent n=707
l -Patients missing uEGF
‘ measurement n=57

-Lost to follow-up n=0

Patients included in the

analyses n=649

Figure 1. Participant flow diagram.
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2.2. Data Collection

Data at enrollment were collected during a visit to the outpatient clinic, following a detailed
protocol described elsewhere [16,17]. Systolic blood pressure (SBP) and diastolic blood pressure (DBP)
were measured using a semiautomatic device (Dinamap 1846, Critikon, Tampa, Florida, USA) every
minute for 15 minutes, following a strict protocol as described before [16].

Other relevant donor, recipient, and transplant information was extracted from the Groningen
Renal Transplant Database [18]. Delayed graft function was defined as oliguria for 7 days or need for
continuous ambulatory peritoneal dialisys or need for >2 sessions of hemodyalisis. Data collection is
ensured by the continuous surveillance system of the outpatient clinic of our university hospital and
close collaboration with affiliated hospitals.

2.3. Laboratory Measurements and Calculations

According to a strict protocol, all RTR were asked to collect a 24-hours urine sample during the day
before to their visit to the outpatient clinic and on that day fasting blood samples were taken. Serum
creatinine was determined using the Jaffé reaction (MEGA AU510, Merck Diagnostica, Germany);
plasma glucose by the glucose oxidase method (YSI 2300 Stat Plus, Yellow Springs Instruments, Yellow
Springs, OH, USA). uEGF concentration was measured by ELISA (R&D Systems, Minneapolis, MN,
USA); the test has a range of detection of 3.9-250 pg/mL and the intra- and inter-plate coefficients
of variation were less than 10% and 15%, respectively [15]. Urinary creatinine concentration was
measured by colorimetric detection kit (Enzo, New York, NY, USA). Finally, the concentration of uEGF
was normalized by the concentration of urinary creatinine, and a ratio was created and used for all
analyses (uEGF/Cr).

Body surface area was calculated according to the Du Bois formula [19], estimated glomerular
filtration rate (eGFR) by the serum creatinine based Chronic Kidney Disease EPIdemiology collaboration
equation (CKD-EPI) [20] and the cumulative dose of prednisolone as the sum of the maintenance dose
of prednisolone from transplantation until enrollment.

2.4. Statistical Analysis

Data analyses, computations, and graphs were performed with SPSS 22.0 software (IBM
Corporation, Chicago, IL, USA) and GraphPad Prism version 7 software (GraphPad Software,
San Diego, CA, USA). Descriptive statistics data are presented as mean =+ standard deviation (SD) for
normally distributed data, and as median (interquartile range [IQR]) for variables with a non-normal
distribution. Categorical data are expressed as number (percentage). Differences in characteristics
at enrollment between patients with and without data on uEGF, and among subgroups of RTR
according to tertiles of uEGF/Cr were tested by one-way ANOVA for continuous variables with normal
distribution, Mann-Whitney U test for continuous variables with skewed distribution and X2 test for
categorical variables. We also performed linear regression analyses testing the association between
time after transplantation and uEGF/Cr in crude and multivariable analyses with adjustment for use of
cyclosporine inhibitors. For all statistical analyses, a statistical significance level of P < 0.05 (two-tailed)
was used.

Graft failure development was visualized by Kaplan-Meier curves according to tertiles of uEGF/Cr,
with statistical significance among curves tested by log-rank (Mantel-Cox) test. The prospective
association of uEGF/Cr with risk of graft failure during follow-up was further examined, incorporating
time to event, by means of uni- and multivariate Cox proportional-hazards regression analyses with
time-dependent covariates to calculate hazard ratios (HR) and 95% confidence intervals (CI). First,
we performed an unadjusted model. Afterwards we adjusted for age and sex, and the following
variables: in model 2, transplant related data (transplant vintage, pre-emptive transplantation,
age and sex of donor, type of donor and cold ischemia time); in model 3, renal transplant recipient
characteristics (human leukocyte antigen [HLA] mismatch with donor and delayed graft function);

25



J. Clin. Med. 2019, 8, 1673

in model 4, we adjusted for the variables included in the model 2 and 3; in model 4, immunosuppressive
therapy (usage of calcineurin inhibitors and proliferation inhibitors, and acute rejection treatment);
in model 5, graft function (eGFR and urinary protein excretion); and the final model (model 6) was a
combination of model 4 and 5. Schoenfeld residuals were calculated to assess whether proportionality
assumptions were fulfilled. Furthermore, we tested the potential predictive ability of uEGF/Cr for
graft failure by means of performing a receiver operating characteristics (ROC) curve. To investigate
whether uEGF might be of additional value to urinary albumin excretion and protein excretion,
we calculated the individual C-statistic of these variables, and then the C-statistic of them combined
with uEGF/Cr. Moreover, we performed an F-test to check whether the difference between predictive
models was significant. Positive and negative predictive value were calculated for the cut-off points of
the uEGF/Cr tertiles.

As secondary analyses, we assessed potential effect-modifications by pre-specified variables of:
age, sex, eGFR, plasma creatinine concentration, proteinuria, high-sensitivity C-reactive protein
(hs-CRP), acute rejection, and transplantation without dialysis (pre-emptive) by fitting models
containing both main effects and their cross-product terms. Finally, we performed sensitivity analyses in
which we eliminated patients with extreme values of uEGF/Cr (outside —2 and 2 standard deviations).

3. Results

3.1. Characteristics at Enrollment

In total 649 RTR were included in the analyses with a mean + SD age of 53 + 13 years, 57%
men. Patients were included at a median (IQR) of 5.28 (1.74-12.00) years after transplantation and
uEGEF/Cr ratio had a median of 6.43 (4.07-10.77) ng/mg. In crude linear regression analyses, there was
no significant association between years after transplantation and uEGF/Cr (Std. 3 = —0.015; P = 0.71),
however, the association became apparent after the adjustment for calcineurin inhibitors usage (Std.
f = —0.81; P = 0.046). Characteristics at enrollment of the overall RTR population and according
to tertiles of uEGF/Cr are shown in Table 1. In the highest uEGF/Cr tertile patients had older age
(P =0.01), smaller percentage of male population (P < 0.001), higher eGFR (P < 0.001), lower urinary
protein excretion (P < 0.001), larger percentage of transplant from living donors (P < 0.001), younger
donors age (P < 0.001), and higher percentage of donors were male (P = 0.03). Also, they used less
cyclosporine (P = 0.002) and tacrolimus (P < 0.001) in their immunosuppressive regimens, but more
mycophenolic acid (P = 0.03); and a smaller percentage of patients required acute rejection treatment
(P < 0.001) (Table 1). Patients in the highest uEGF/Cr tertile also had higher glycated hemoglobin
percentage (Table 1), independent of whether they were diabetic or non-diabetic subjects (Table S2).
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3.2. Prospective Analyses on Graft Failure

During a follow-up of 3 years, 41 (6%) RTR developed graft failure. Thirty-three events (80%)
were in the lowest tertile of uEGF/Cr, 4 (10%) in the intermediate tertile and 4 (10%) in the highest
tertile. The curves were significantly different according to the log-rank (Mantel cox) test (P < 0.001).
The corresponding Kaplan-Meier curves are shown in Figure 2.

uEGF/Cr and Death Censored Graft Failure

301
s ;\3 P<0.001
& o 20- — Tertile 1
172} E]
g _3 -=-- Tertile 2
S g
< = Tertile 3
S T 10
A &

0

Follow-up (years)

Number at risk (Censored)

Tertile 1 216 195 (11) 181 (3) 158 (2)
Tertile 2 217 215 (9) 209 (5) 196 (4)
Tertile 3 216 214 (11) 209 (10) 200 (7)

Figure 2. Kaplan-Meier curves by tertiles of uEGF/Cr on graft failure. Tertile 1: < 4.78 ng/mg; Tertile 2:
4.78-8.80 ng/mg; Tertile 3: > 8.80 ng/mg. P value was obtained from the log-rank (Mantel cox) test.
uEGF/Cr, urinary epidermal growth factor/creatinine ratio.

Cox regression analyses showed that uEGF/Cr ratio is inversely associated with the risk of graft
failure (HR 0.68 [95% CI 0.59-0.78] per ng/mg) and this association is highly significant (P < 0.001).
Further adjustment for transplantation-related data, renal transplant recipient characteristics,
immunosuppressive therapy, eGFR and urinary protein excretion did not materially change this
finding. The association between uEGF/Cr and graft failure was still strongly significant in the final
model which included adjustment for both immunosuppressive therapy and graft function, with a HR
of 0.79 (95% CI 0.67-0.94; P = 0.007) (Table 2).

Table 2. Multivariable-adjusted associations between uEGF/Cr and graft failure in 649 RTRs.

Models uEGF/Cr, ng/mg
HR 95% CI P

Crude 0.68 0.59-0.78 <0.001
Model 1 0.67 0.58-0.78 <0.001
Model 2 0.70 0.58-0.77 <0.001
Model 3 0.67 0.58-0.78 <0.001
Model 4 0.66 0.57-0.77 <0.001
Model 5 0.78 0.66-0.93 0.005
Model 6 0.79 0.67-0.94 0.007

In total 41 (6%) patients developed graft failure. Model 1: adjusted for age, sex, and transplant related data. Model 2:
adjusted for age, sex, and renal transplant recipient characteristics. Model 3: Model 1 + Model 2. Model 4: adjusted
for age, sex, and immunosuppressive therapy. Model 5: adjusted for age, sex, and eGFR and urinary protein
excretion. Model 6: model 4 + model 5. RTRs, renal transplant recipients; uEGF, urinary epidermal growth factor.
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A ROC curve assessing the prediction ability of uEGF/Cr for graft failure is displayed in Figure 3.
uEGF/Cr showed to be a good predictor of the development of graft failure up to the following three
years (C-statistic = 0.81), with better predictive ability than urinary albumin excretion and urinary
protein excretion (C-statistic = 0.78 and C-statistic = 0.76, respectively). The curve of uEGF/Cr was
significantly different from the reference line (P < 0.001). Being on the first tertile of uEGF/Cr had a
positive predictive value of 75% for the development graft failure, on the other hand, being in the third
tertile had a negative predictive value of 81% (Table S3).
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Figure 3. ROC curve of uEGF/Cr for graft failure. During a follow-up of 3 years, 41 (6%) patients
developed graft failure. GF, graft failure; uEGF/Cr, urinary epidermal growth factor/creatinine ratio;
UAE, urinary albumin excretion; UPE, urinary protein excretion.

Urinary protein excretion and urinary albumin excretion had a C-statistic of 0.76 and 0.78,
respectively. The predictive value for both variables was significantly improved after the addition of
uEGF/Cr (C-statistic = 0.82, F-test for difference among models = P < 0.001) (Table 3).

Table 3. Predictive value (C-statistic) for uEGF/Cr on top of established risk factors for graft failure

C-Statistic pP*

Urinary protein excretion, g/24 h 0.76 Ref.
+ uEGF/Cr, ng/mg 0.82 <0.001

Urinary albumin excretion, mg/24 h 0.78 Ref.
+ uEGF/Cr, ng/mg 0.82 <0.001

* P-value of F-test for difference between the reference model and the model plus uEGF/Cr. uEGF/Cr, urinary
epidermal growth factor/creatinine ratio.

3.3. Secondary and Sensitivity Analysis

In effect-modification analyses we found that none of the pre-specified variables we explored
(age, sex, eGFR, plasma creatinine concentration, proteinuria, hs-CRP, acute rejection, and pre-emptive
transplantation) was a significant effect-modifier of the association between uEGF/Cr and the risk of
graft failure (P > 0.10), therefore we did not proceed with any subgroup analyses (Table S54).

Finally, in the sensitivity analyses in which we removed patients with extreme values of uEGF/Cr
(patients outside of the —2 and +2 standard deviation), our findings remained materially unchanged.
uEGF/Cr was strongly inversely associated with risk of graft failure (HR 0.68 (95% CI 0.59-0.78);
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P < 0.001) and further adjustments analogous to models used in the primary analyses did not materially
modified this association (Table S5).

4. Discussion

In a large cohort of stable RTR, we showed first, that patients with impaired renal function have
significantly lower excretion of uEGF. Second, that uEGF/Cr is inversely associated with the risk of graft
failure and that this association is independent of potential confounders, including immunosuppressive
therapy, eGFR and urinary protein excretion. Finally, uEGF/Cr also appears to have good prediction
ability for the development of graft failure, superior to urinary albumin excretion and urinary protein
excretion. These findings are in agreement with previous evidence showing that uEGF is a biomarker
altered in several kidney pathologies [15,21,22], and for the first time we provided evidence in the
post-renal transplantation setting.

EGFis a 53-amino acid peptide which expression is restricted to the kidney [7,15,22], particularly to
the thick ascending limb of Henle and the distal tubule [14], therefore it is found in higher concentrations
in urine than in any other body fluid [23]. EGF and its receptor are involved in several processes within
kidney tissue, mainly related to tubular cell proliferation [13] and pathways of cell survival [10,11],
making EGF a critical component in promoting kidney recovery from acute injury [11]. Therefore,
its dysregulation is involved in key pathogenic pathways that drive kidney disease progression
independent of etiology, e.g., chronic inflammation [24], extracellular matrix modulation and tubular
cell dedifferentiation [15].

EGF has gained interest as a biomarker of renal disease because its decreased urinary excretion has
been observed in nearly all rodent kidney injury models [20] and in various human kidney diseases [25],
including diabetic nephropathy, IgA nephropathy, and lupus nephritis [14]. Consistently, we found
that our study population of RTR had a decreased uEGF/Cr ratio when compared to healthy subjects,
and comparable ratios to those of patients with chronic kidney disease [15,26,27]. Its common clinical
standardization by creatinine (uUEGF/Cr) has shown several advantages as a biomarker of kidney
tissue damage: (i) it is highly tissue specific, which makes it robust to extra renal events that may
affect the accuracy of other nonspecific biomarkers; (ii) it is known that even in the normal creatinine
range there is a significant influence of kidney function on uEGF/Cr [22]; and (iii) it shows only a
weak correlation with markers of glomerular damage as urinary protein excretion, which shows that
uEFG/Cr is a representation of a different independent pathophysiologic mechanism [12,14,27] and
could complement these other parameters. Our study further supports the role of uEGF/Cr as a
biomarker of damage to renal tissue, and more importantly, as a biomarker independently associated
with risk of graft failure in stable renal transplant recipients. Furthermore, the strong prediction abilities
of uEGF/Cr for risk of graft failure, even superior to those of urinary albumin excretion and urinary
protein excretion, and of adding predictive value in combination with these variables, also supports
the idea of uEGF/Cr being a marker of a different pathological aspect of graft failure which might be
earlier than stablished glomerular damage.

Because risk of graft failure increases with time, one could speculate that uEGF decreases with time
after transplantation. However, we did not observe such a relationship over increasing tertiles of uEGFE.
This finding may be explained by a confounding effect of use of cyclosporine resulting in lowering
of uEGF, which is supported by the observation that an association between uEGF and time after
transplantation became apparent after adjustment for use of cyclosporine in linear regression analyses.
We also found in our population that the use of calcineurin inhibitors was higher among patients with
lower uEGF/Cr. This is in agreement with previous studies showing an inverse association between
uEGF and the use of calcineurin inhibitors [28,29] and a potential involvement of the EGF receptor
in the alterations that lead to magnesium loss in renal transplant recipients receiving calcineurin
inhibitors [29,30]. Nevertheless, the association between uEGF/Cr and graft failure was independent
of the adjustment for the use of calcineurin inhibitors. This suggests that the association of uEGF/Cr is
not mediated by a nephrotoxic effect of calcineurin inhibitors, but is mediated by other mechanisms,
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which may involve renal fibrosis. Furthermore, in contrast to previous results [31], no difference was
observed in the prevalence of diabetes between the uEGF/Cr tertiles in our study population.

The present study has several strengths. We assessed not only the association but also the
risk-prediction ability for graft failure of uEGF/Cr. Also, our extensively phenotyped cohort allowed us
to control for several potential confounders, among which demographic and anthropometric variables,
renal function and immunosuppressive therapy were accounted for. The following limitations should
be considered in the interpretation of our results. This study was carried out in a single center with
over-representation of Caucasian population, which calls prudence to extrapolation of our results
to different populations regarding ethnicity. Also, we did not have repeated uEGF measurements,
and the single measurement of the variable of interest could have given rise to the underestimation
of the true effect [32,33]. Moreover, we used the Jaffé method to measure serum creatinine, which
can generate false positive results in the presence of pesudochromogens such as ketones [34]. Next,
only limited data were available regarding donors characteristics and therefore we could not adjust
for donor variables such as donor serum creatinine or donor hepatitis C status. Finally, as with any
observational study, residual confounding may occur despite the substantial number of potentially
confounding factors for which we adjusted.

5. Conclusions

uEGEF/Cr is inversely and independently associated with the risk of graft failure in stable RTR.
This study provides for the first time relevant prospective data on a potential role of EGF in the
pathophysiological changes that lead to graft failure. Furthermore, it appears that uEGF/Cr could be a
biomarker of interest in the identification of patients at high risk of graft failure. Of note, to the best of
our knowledge, current reference values for uEGF/Cr have not been established. Given our findings
standardized assays for uEGF with reference values being generated are warranted. The potential
utility of EGF directed therapies or the implementation of uEGF/Cr in clinical care of stable RTR
requires further research and validation in a larger and more heterogeneous clinical studies.
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Table S1: Comparison of characteristics between renal transplant recipients with and without data of urinary EGF
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pre-specified characteristics on the associations of uEGF/Cr with graft failure; Table S5: Multivariable-adjusted
associations between uEGF/Cr ratio and graft failure in RTR among the —2 and +2 standard deviations of uEGF/Cr.
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Abstract: BK polyomavirus (BKPyV), or BKV infection, is ubiquitous and usually non-pathogenic,
with subclinical infections in 80-90% of adults worldwide. BKV infection is often associated
with pathology in immunocompromised individuals. BKV infection often is associated with renal
impairment, including ureteral stenosis, hemorrhagic cystitis, and nephropathy. BKV infection is less
commonly associated with pneumonitis, retinitis, liver disease, and meningoencephalitis. BKV is
known to replicate, establish latency, undergo reactivation, and induce clinical pathology in renal
tubular epithelial cells. However, recent in vitro studies support the notion that BKV has expanded
tropism-targeting glomerular parenchymal cells of the human kidney, which could impact glomerular
function, enhance inflammation, and serve as viral reservoirs for reactivation from latency during
immunosuppression. The implications of BKV expanded tropism in the glomerulus, and how specific
host and viral factors that would contribute to glomerular inflammation, cytolysis, and renal fibrosis
are related to BKV associated nephropathy (BKVAN), have not been explored. The pathogenesis of
BKYV in human glomerular parenchymal cells is poorly understood. In this review, I examine target
cell populations for BKV infectivity in the human glomerulus. Specifically, I explore the implications
of BKV expanded tropism in the glomerulus with regard viral entry, replication, and dissemination
via cell types exposed to BKV trafficking in glomerulus. I also describe cellular targets shown to
be permissive in vitro and in vivo for BKV infection and lytic replication, the potential role that
glomerular parenchymal cells play in BKV latency and/or reactivation after immunosuppression, and
the rare occurrence of BKV pathology in glomerular parenchymal cells in patients with BKVAN.

Keywords: polyomavirus; BKV; kidney; glomerulus; BKVAN; nephropathy; transplantation

1. Introduction

BK polyomavirus (BKPyV, hereafter referred to as BKV) is a member of the genus Betapolyomavirus,
which belongs to the Polyomaviridae family of viruses that includes JC polyomavirus, or JCPyV, and
Simian-virus 40 (SV40 virus) [1-6]. BKV was first isolated by Gardner in 1971, from the urine sample of
a renal transplant patient diagnosed with ureteral stenosis with the initials “B.K.” [7]. BKV is a small
non-enveloped, icosahedral, circular, doubled-stranded DNA virus that is 40-45 nm in diameter, with a
genome size of approximately 5 kb (kilobases) [8,9]. BKV was first reported in 1995 as being a cause of
allograft failure in renal transplant patients [10]. It is now recognized as an emerging pathogen in renal
transplant patients, with increased incidence that correlated with the use of more potent iatrogenic
immunesuppressants such as tacrolimus (FK 506) and mycophenolate mofetil (Cellcept) [11-16].

While primary infection with BKV is usually asymptomatic and occurs early in life with
a seroprevalence of 80-90% in adults worldwide, it is often associated with pathology in
immunocompromised individuals [17,18]. BKV has a seroprevalence of 65% to 90% in children
aged 5-9 years, and can be transmitted via respiratory, uro-oral, and feco-oral borne routes [19,20].
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Because latent BKV is known to reactivate in patients who have immunocompromised incidence of
conditions associated with BKV infection such as encephalitis, nephritis, hemorrhagic cystitis, retinitis,
and pneumonia, it has also been reported in HIV-1 infected patients [21,22]. HIV-1 patients also
experience a higher prevalence of BKV viruria than healthy individuals that show a positive correlation
with the degree of immunosuppression [23].

BKYV reactivation after immunosuppression in transplant recipients can result in clinical disease
in the form of BKV associated nephropathy (BKVAN), leading to ureteral stenosis, tubular interstitial
damage, as well as hemorrhagic cystitis in bone marrow transplant patients [24-26]. Primary BKV
infection is accompanied by viral replication, followed by the establishment of latency in renal tissue [27].
BKV-associated pathology linked to immunosuppression includes diseases of the respiratory tract,
urinary bladder, kidney, the central nervous system (CNS), eye, digestive tract, and endothelium [20].
BKYV reactivation from latency is followed by viruria, which occurs in up to 20% of asymptomatic
immunocompetent individuals, and in 20-60% of immunocompromised patients [28]. Approximately
80% of renal transplant recipients experience BK viruria and among those 5-10% develop BKVAN [28].
Virus infection leading to viremia, interstitial inflammation, graft rejection with the progression of
interstitial fibrosis, and tubular atrophy, can lead to allograft failure and end stage renal disease (ESRD).
ESRD represents an important health disparity among underserved populations [29-32]. Currently,
there is no specific treatment for BKVAN. With no effective consistent antiviral therapy, pre-emptive
reduction of maintenance immunosuppression and/or changes to the immunosuppressive regimen is
recommended to control BKV replication, which may lead to an increased risk of allograft rejection [27].
The underlying mechanisms and kinetics of BKV infection in BKVAN remain largely unexplored.
Primary infection of glomerular parenchymal cells could lead to progressive inflammation, injury, and
cytolysis, which contribute to renal fibrosis and likely lead to ESRD.

2. BKV Infection and Post-Transplant Kidney Disease

In the adult population, there is a high prevalence of BKV infection and latency in renal tissue that
usually remains asymptomatic in immunocompetent individuals, but predisposes renal transplant
patients that require immunosuppression to BKV reactivation and replication. Approximately 50-80%
of patients that develop BKVAN also experience graft failure [33]. The incidence of graft failure is
dependent on the degree of glomerular inflammation caused by proinflammatory cytokines, the influx
of immune effector cells, BKV lytic replication, and lysis of renal tubular epithelial cells that can lead
renal fibrosis and subsequent graft failure [34-36]. In renal transplant patients, reactivation of BKV
occurs in the graft and the infection is donor-derived [37], with higher rates of reactivation occurring
with donors that are BKV seropositive [37]. BKV reactivation after renal transplantation is usually first
observed by the appearance of virus-infected uroepithelial cells, known as decoy cells, that are found in
the urine or BKV DNA in the urine, which is followed by a viremic phase that occurs approximately one
month post-transplantation, according to Hirsch et al. [38]. BKV viremia precedes BKVAN. It is a better
predictor of pathology associated with nephropathy than viruria, especially when accompanied by viral
titers >10,000 copies/mL [39,40]. The timing of BKV reactivation and replication after transplant has
been associated with several factors. These include the intensity of the immunosuppressive regimen
involving the use of tacrolimus or mycophenolate mofetil, recipient-related factors (such as patient age,
male sex, non-African American race), donor-related factors (such the degree of HLA mismatches,
BKYV seropositivity), and viral-related factors (such as the BKV genotype) [27,41]. In addition, other
factors, such as renal injury associated with variation in cold ischemia time, delayed allograft function,
and the placement of ureteral stents, have also been reported to influence BKV reactivation [42,43].
However, conclusive diagnosis of BKVAN requires the detection of viral inclusion bodies on renal
biopsies, as well as confirmation of genome detection by in situ hybridization or viral antigen detection
via immunohistochemical staining for the BKV large T antigen (LTAg) [44]. The BKV LTAg is known
to cross-react with antibodies against the LTAg of simian virus 40 (SV40) that shares 70% genome
sequence homology with BKV. While ultrastructural analysis by electron microscopy is highly sensitive
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for detecting BKV, and has been used to diagnose BKV infection, the presence of BKV alone may
not be sufficient to confirm a BKVAN diagnosis. The reliability of these techniques varies due to
non-specific binding of immunoglobulins and DNA oligomers in human tissue, hence, standardization
is warranted.

BKVAN is divided to three histopathological grades: A, B, and C. Grade A BKVAN presents
as inflammation in the tubular epithelial with the absence of tubular epithelial necrosis. Grade B
BKVAN is defined as more progressive in pathology, involving both tubular epithelial cell necrosis as
well as tubular epithelial cell lysis. Grade C BKVAN is defined as the presence of interstitial fibrosis
that can ultimately lead to ESRD [45]. A strong correlation exists between graft survival based on
histopathological grades of BKVAN, with Grade A having the best prognosis for graft survival at two
years (90%) and Grade C having the worst (50%) [46].

Histological lesions in BKVAN are normally scored by the Banff 97 classification of renal allograft
pathology to indicate severity [46-48]. Several biomarkers have been examined to predict the onset of
BKVAN and the relationship to graft failure, which includes urine analysis by PCR amplification of
BKV-VP1, or the presence of grandzyme B, proteinase inhibitor-9, plasminogen activator inhibitor-1,
as well as the urine polyomavirus Haufen Test to determine the presence of urinary cast [49-56]. There
is currently no specific universal screening biomarker that is widely used in clinical practice that
consistently predicts the early onset of BKVAN and correlates strongly with graft survival. Furthermore,
the characteristic changes reported for BKVAN-associated renal pathology may only exist in a fraction
of infected patients in varying degrees.

Expanded BKYV tropism for glomerular parenchymal cells or GVU cells that includes glomerular
podocytes, mesangial cells, and glomerular endothelial cells, has been confirmed by vitro studies in
my laboratory [34] (Figure 1). This finding will require further investigation.

BKYV Infection of Cellular Components of the Glomerular Vascular Unit

Lytic Replicationin GVU cells

IFA BKV anti VP1

IFA SV40 L-TAg antibody

I Capillaries

Glomerular
Endothelial cells

i _' Mesangial cells
Glomerular capillaries N

(cross-section)

BKYV reactivation/replication in
GVU cells resulting in glomerular
inflammation which contributes IFA SV40 L-TAg antibody
to BKV-associated nephropathy

Figure 1. BK polyomavirus (BKV) infection of GVU cells. Immunofluorescent staining of GVU cells
infected with BKV. (A) Primary human glomerular endothelial cells infected with BKV for 96 h and
stained with a monoclonal antibodies against the SV40 Large T antigen (LTAg). (B) Human podocytes
infected with BKV for 96 h and stained with monoclonal antibodies against the BKV major capsid
protein VP1. (C) Primary human mesangial cells infected by BKV for 96 h and stained with a monoclonal
antibody targeting the SV40 (LTAg). Nuclei were stained blue with 4’,6-diamidino-2-phenylindole
(DAPI). All images were obtained using a Nikon TE2000S microscope mounted with a charge-coupled
device (CCD) camera at X200 magnification.
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3. BKV Entry and Dissemination in the Glomerulus and the Cell Types Exposed to
BKYV Trafficking

In a hypothetical model proposed by Popik et al., BKV enters the glomerular parenchyma via
the afferent arteriole during the viremic phase of infection, leading to viral dissemination and the
initial exposure of glomerular mesangial cells to the virus (Figure 2). The virus then spreads from the
mesangial cells to the glomerular podocytes and endothelial cells of glomerular capillaries. BKV may
spread first to the parietal cells of the glomerular capsule and then to the proximal tubular cells before
appearing in urine. The initial and continual dissemination track of BKV would also be influenced
by the turbulence produced by blood flow and renal filtration. Most recently, a report by Popik et al.
suggests that the tropism of BKV in the human kidney involves glomerular parenchymal cells, which
have been shown to be permissive for BKV in vitro [34]. The potential role of these cells in viral latency,
viral reactivation, viral load, viremic conversion, and BKVAN-associated renal pathology is unknown.

A Hypothetical Model of BKV Dissemination in the Glomerular Vascular Unit
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Figure 2. A hypothetical mode for BKV dissemination in the glomerular that includes GVU cells. BKV
(black spheres) enters the glomerulus of the renal compartment via the afferent arteriole during the
viremic phase of infection. This leads to the initial infection of GVU cells, namely the mesangial cells.
Next, the virus spreads from mesangial cells to glomerular podocytes, and then locally to glomerular
endothelial cells that are also highly permissive for infection in vitro and reported to be infected by
BKYV in vivo. The virus then encounters the parietal cells of the glomerular capsule that are reported to
be permissive for BKV in vivo. Finally, the virus further disseminates and infects the proximal tubular
epithelial cells that are highly permissive for BKV infection in vitro and in vivo. Widespread virus
infection and replication in GVU targets cells, along with tubular epithelial cells and parietal glomerular
capsular cells, would theoretically contributes to the viruria, viremia, inflammation, and nephropathy.
Model of BKV entry and existence in the glomerulus (modified with permission from Pearson Education
Inc. 2013 (unpublished data)).

4. Cellular Targets that are Permissive for BKV Infection and Lytic Replication

4.1. Tubular Epithelial Cells

A comprehensive examination of cellular targets for BKV infectivity in the proximal and distal
glomerular compartments of the human kidney has not been reported. Rather, the focus of BKV
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infectivity and pathogenesis has been mainly on tubular epithelial cells, and most studies have
proposed them as the primary viral reservoir and main driver of pathogenic pathways that lead to
fibrosis in BKVAN [57,58]. These reports conclude that renal tubular epithelial cells are the major sites
of viral persistence and reactivation in immunosuppressed kidney transplant patients [59]. Tubular
epithelial cells are important in vitro and in vivo targets for BKV infection and replication. Findings
from several studies support the notion that tubular epithelial cell infection, dysfunction, necrosis,
and death are essential prerequisites for renal fibrosis associated with BRKVAN. However, studies by
de Kort H et al. suggest that rapid lytic replication of BKV occurs in tubular epithelial cells, because
these cells are immunologically tolerant to BKV infection rendering them more susceptible to high
levels of lytic replication when compared to other glomerular cells that are more immunologically
responsive to BKV infection, as demonstrated by a robust induction of interferon beta (IFNf) and
CXCL10 in the latter, post-infection [60].

4.2. Bowman'’s Capsular Epithelial Cells (BCEC)

By examining renal biopsies from renal transplant patients with BKVAN, Celik and Randhawa
detected cytopathic effects of BKV in Bowman's capsular epithelial cells (BCECs) at the parietal layer of
Bowman'’s capsule [61]. The authors observed BKV cytopathology in BCECs in 36/124 biopsies (29%)
from 83 patients examined with BKVAN in the allograft kidney, using H&E stained-light microscopy
and immunohistochemistry [61]. The authors used in situ hybridization to confirm the presence of
BKV DNA in BCECs [61]. Moreover, they also found that BKV cytopathology in BCECs correlated
with high viral loads in the tubular epithelium [61]. Interestingly, tubular epithelial cells that are highly
permissive for BKV lytic replication share the same embryologic origin as BCECs. Therefore, it is
reasonable to speculate that BCECs are also permissive for BKV. However, the role for BCECs in BKV
latency and reactivation is currently unknown. Comprehensive in vivo and in vitro studies of BCECs
are warranted. The role of BCECs in viral latency and reactivation has not been explored. Results from
studies that examine renal biopsies from transplant patients with BKVAN suggest that BKV infection
of BCECs is rare. Nonetheless, it would be interesting to determine if BCECs play a similar role to that
of tubular epithelial cells in BKVAN, due to their common origin.

4.3. Mesangial Cells

Until recently, there were no reports of BKV infection of mesangial cells. A study published in
2019 by Popik et al., shows that primary human renal mesangial cells are permissive for BKV infection
in vitro. Specifically, the authors found that mesangial cells expressed BKV late genes 96 h post-infection,
without exhibiting evidence of cytopathology [34]. However, immunofluorescent staining revealed high
levels of virus replication in these cells, as demonstrated by nuclear staining of BKV-infected cells with
an antibody against the SV40 LTAg, along with high levels of VP1 transcription [34]. The authors also
observed significant induction of CXCL10 and IFNf3 expression in BKV-infected cells that correlated with
increased virus replication over a time course of infection. However, it is currently unclear if mesangial
cells play a role in BKVAN progression in vivo. There are currently no reports of BKV-infected mesangial
in biopsies from renal allograft patients with BKVAN. In a study by Celik et al., they report immune
complex deposition in the mesangium and an increased mesangial cell matrix in renal biopsies from
patients with BKVAN. However, the authors did not observe evidence of BKV infection in mesangial
cells [61]. Since mesangial cells are immunologically responsive to BKV infection, as evidenced by
induction of CXCL10 and IFNf [34,35], they may be more effective at viral clearance than tubular
epithelial cells. In addition, there could be host factors in the glomerular microenvironment induced in
mesangial cells after infection that render them less permissive for BKV infection in vivo.

4.4. Glomerular Podocytes

Currently, there is only one report, by Brealey, describing a case study of BKVAN that shows
evidence of viral particles in glomerular subepithelial humps. The author used transmission electron
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microscopy to analyze the glomeruli in a renal biopsy from a 59-year-old female kidney transplant
patient who was experiencing symptoms of graft rejection [62]. There was clear clinical evidence
from the examination of biopsy tissue to support a diagnosis of immune complex glomerulonephritis.
Virus particles were observed in deposits in the cytoplasm of podocytes [62]. The authors confirmed
the diagnosis of BKVAN by immunoperoxidase staining using BKV- specific antibodies. The author
also observed evidence of cytoplasmic clearance of BKV by podocytes from the glomerular basement
membrane [62]. However, this case study did not describe evidence of direct podocyte infection.
Most recently, Popik et al., described BKV cytopathology and lytic replication in undifferentiated and
differentiated podocytes in vitro, as demonstrated by high expression levels of VP1 total protein and
mRNA post infection [34]. The authors also observed induction of CXCL10 and IFNf transcriptional in
BKV-infected podocytes that correlates with increased viral replication over the course of infection [34].
It is unclear if podocyte infection with BKV plays a direct role in BKVAN progression in vivo. Like
mesangial cells, podocytes are immune responsive to BKV. Thus they may be able to clear BKV in vivo
or avoid significant infection by the recruitment or of host factors that protect the cells against BKV
infection, or by subverting those that enhance infection.

4.5. Glomerular Endothelial Cells

Until recently, there was only one case report of BKV-related polyomavirus vasculopathy in a
renal transplant patient [63]. In this study, Petrogiannis-Haliotis et al. describes a 52-year-old male
patient who had developed ESRD after undergoing a cadaveric renal transplantation [63]. The patient
suffered from BKV vasculopathy resulting from virus infection of vascular endothelial cells [63]. BKV
antigen expression was detected in endothelial cells by immunohistochemistry in renal biopsies and
BKV DNA was identified in an extract of frozen kidney tissue by polymerase-chain-reaction (PCR)
using BKV-specific primers [63]. Ultrastructural analysis by electron microscopy revealed BKV-infected
endothelial cells in both the transplanted and native kidneys, but immunoperoxidase staining did not
detect any virus in the renal tubules [63]. Recent, in vitro studies by Popik et al., using primary human
glomerular endothelial cells (GECs), revealed that GECs are highly permissive for BKV infection and
lytic replication, as demonstrated by BKV cytopathology as well as high expression levels of the BKV
LTAg and VP1 [34]. They also observed the induction of a IFNf transcription gene in BKV-infected
GECs that correlates with increased viral replication over a time course of infection [34]. The authors
also observed varying levels of CXCL10 induction over a time course of infection. In a recent study by
An et al., the authors also observed an induction of CXCL10 and IFNf expression in BKV-infected
human GECs, along with the activation of IRF3 and STAT1 [64]. Findings from these studies support
the notion that GECs can mount an immune protective response to BKV infection and may act as
an immune barrier to BKV infection in vivo. These immune protective factors or receptors that may
be suppressed or downregulated in vitro could render GECs more permissive for BKV infection and
explain the rare occurrence GECs infection in vivo. Figure 2 shows a hypothetical model of cell types
and routes of BKV dissemination in the proximal and distal compartments of the human glomerulus.

5. The Potential Role of Glomerular Parenchymal Cells (GVU cells) in BKV Latency/Reactivation
and BKVAN

GVU cells have all been shown to be permissive for BKV infection in vitro. However, in vivo
infection of GVU cells is rare in patients with BKVAN, possibly due to differential receptor expression,
down regulation of the primary receptor, or induction of an antiviral host factors that promote
viral clearance. Immunosuppression and concomitant suppression of T-cell immune surveillance
trigger BKV reactivation from latency in renal transplant patients, subsequently leading to high levels
of viral replication in the tubular epithelium. As a result, these patients develop BKV-associated
nephropathy. The resulting denudation of the basement membrane, followed by robust viremia
resulting in uncontrolled inflammation, can lead to nephropathy and fibrosis (Figure 3.) I propose that
podocytes and mesangial cells may aid in the early phase recruitment of immune effector cells via
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the induction CXCL10 (Figure 3). In addition, the induction of IFN in these cells may be protective
against BKV infection, due to the cytokine’s antiviral and anti-proliferative effects [64,65]. Taken
together, it is likely that GVU cells serve as potential latent BKV reservoirs that contribute to early
events in BKV reactivation. Comprehensive studies that examine temporal events and early stages of
BKYV infection are needed to identify target cells in renal biopsies prior to development of BKVAN.
Examination of renal biopsies to detect both BKV antigen and DNA would provide clues to the role
that GVU cells play in BKVAN with respect to viral latency and reactivation.

BK polyomavirus renal pathogenesis
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Figure 3. A hypothetical model for BKV pathogenesis that include infection of GVU cells. (Left) BKV
(red spheres) infection of a normal kidney exists in the latent state in distal tubular epithelial cells.
Initial BKV replication is then controlled by the immune system in an immunocompetent host. In the
immunocompromised host, viral replication is not controlled, leading to extensive lytic replication and
cellular necrosis. Viruria and viremia ensue, and the infection spreads to adjacent cells and the basement
membrane is compromised. There is extensive inflammation and recruitment of immune effector cells.
Nephropathy occurs followed by interstitial fibrosis. (Right) GVU cells are initially infected by BKV
which leads to the induction of IFNf and CXCL10. CXCL10 plays a role in the recruitment of immune
effector cells that contribute to inflammation. The induction of IEFNf and IFN{3 pathways may protect
some GVU cells from BKV infection by establishing an immune barrier and promoting viral clearance.
Model of BKV renal pathogenesis (modified with permission from Lamarche et al., BK polyomavirus
and the transplanted kidney: Immunopathology and Therapeutic Approaches Transplantation 2016).
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6. Rare Appearance of BKV in Glomerular Parenchymal Cells in Renal Biopsies of Patients
with BKVAN

The role of BKV replication in glomerular parenchymal cells, as well as their contribution to
viral latency, reactivation, and renal pathology associated with BKVAN, has been largely unexplored.
Tubular epithelial cells may represent a selected cell type for BKV infection, because of their inability
to mount an immune response against the virus. They also support high levels of viral replication.
In other words, the tubular epithelium provides a functional microenvironment for BKV reactivation
and provides an ideal site as a BKV reservoir for infection. GVU cells have all been shown to exhibit
IFN induction in vitro, which may mount an antiviral response in uninfected cells during early stages
of BKV reactivation. Elucidation of specific viral and host factor interactions required for BKV latency
is warranted. Findings from these studies may explain why BKV infection is rarely detected in in GVU
cells in vivo.

7. Discussion

BKYV infection and reactivation following immunosuppression are important causes of renal
allograft dysfunction and graft loss. These conditions eventually lead to BKVAN. Understanding
the role of both proximal and distal glomerular cells in BKVAN progression will allow investigators
to determine the pathogenic mechanisms involved in BKV trafficking and infection profiles, as well
as additional viral reservoirs, and conditions required for the establishment of viral latency and
reactivation. Future studies may help to advance the development of novel strategies to protect
targeted cells in the glomerulus from BKV infection before and after immunosuppression. These studies
may also contribute to novel strategies for early diagnosis and subsequent early interventions that aid
in the recovery of renal function.
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Abstract: Tacrolimus (Tac) is a part of the standard immunosuppressive regimen after renal
transplantation (RTx). However, its metabolism rate is highly variable. A fast Tac metabolism
rate, defined by the Tac blood trough concentration (C) divided by the daily dose (D), is associated
with inferior renal function after RTx. Therefore, we hypothesize that the Tac metabolism rate impacts
patient and graft survival after RTx. We analyzed all patients who received a RTx between January
2007 and December 2012 and were initially treated with an immunosuppressive regimen containing
Tac (Prograf®), mycophenolate mofetil, prednisolone and induction therapy. Patients with a Tac
C/D ratio <1.05 ng/mL X 1/mg at three months after RTx were characterized as fast metabolizers
and those with a C/D ratio >1.05 ng/mL X 1/mg as slow metabolizers. Five-year patient and overall
graft survival were noticeably reduced in fast metabolizers. Further, fast metabolizers showed a
faster decline of eGFR (estimated glomerular filtration rate) within five years after RTx and a higher
rejection rate compared to slow metabolizers. Calculation of the Tac C/D ratio three months after
RTx may assist physicians in their daily clinical routine to identify Tac-treated patients at risk for the
development of inferior graft function, acute rejections, or even higher mortality.

Keywords: kidney transplantation; tacrolimus; C/D-ratio; pharmacokinetics

1. Introduction

Tacrolimus (Tac) is recommended by The Kidney Disease: Improving Global Outcomes (KDIGO)
guideline as the immunosuppressant of choice after renal transplantation (RTx) [1]. Although it is
very effective in terms of preventing organ rejection, its highly inter-individual variable metabolism
rate can be a challenging factor for physicians as many factors can impact on Tac metabolism [2].
Different approaches have largely failed to predict the dosing and Tac clearance or could not show the
advantages pertaining to safety or outcomes [3-5]. Even though genetic polymorphisms have been
shown to significantly influence Tac metabolism, genetic testing strategies did not improve clinical
outcomes [6,7], and require effort in terms of cost and the interpretation of results and therefore have
not found their way into clinical practice yet. Thus, therapeutic drug monitoring is essential for
directing the therapy.

We recently proposed a classification of patients receiving Tac into two major metabolism groups.
Our stratification is based on the calculation of the C/D ratio (expressed as the trough level concentration
normalized by the dose). A C/D ratio <1.05 ng/mL X 1/mg identifies fast metabolizers, whereas a C/D

J. Clin. Med. 2019, 8, 587; d0i:10.3390/jcm8101587 47 www.mdpi.com/journal/jem



J. Clin. Med. 2019, 8, 587

ratio >1.05 ng/mL X 1/mg indicates a slow metabolism [8]. Alternative definitions of the metabolic
state category, such as dose requirements [9], clearance rate, or calculation of the D/C ratio, exist [10,11].
Interestingly, fast Tac metabolizers have been found as being more prone to developing BK viremia [12],
calcineurin-inhibitor toxicity [8,9], and acute rejections [10,13,14] after RTx. In congruence, kidney
function (three to 24 months after RTx and 36 months after liver transplantation, respectively) was
lower in fast than in slow metabolizers [8,9,15,16]. Based on these findings, suggesting an influence of
fast Tac metabolism on adverse events and inferior renal function after renal transplantation, the aim of
this study was to analyze whether Tac metabolism type might even impact on definite outcomes such
as patient and graft survival and to identify whether fast Tac metabolism constitutes an independent
risk factor that physicians should consider besides already known determinants of kidney transplant
patients’ long-term outcome. Hypothesizing that Tac metabolism-dependent effects on mortality might
become discernable in the long-term, the present study was performed in a patient cohort with a
complete five-year follow-up.

2. Methods

2.1. Patients

Prior to analysis, all patient data was anonymized and de-identified. The local ethics
committee (Ethik Kommission der Arztekammer Westfalen-Lippe und der Medizinischen Fakultit der
Westfalischen Wilhelms-Universitdt, No. 2014-381-f-N) approved the study. The methods used in this
study were carried out in accordance with the current transplantation guidelines and the Declarations
of Istanbul and Helsinki. Written informed consent with regard to recording their clinical data was
given by all participants at the time of transplantation.

We retrospectively analyzed all patients who underwent RTx between January 2007 and December
2012 at the University Hospital Miinster and were initially treated with an immunosuppressive
regimen containing Tac (Prograf®), mycophenolate mofetil, prednisolone, and induction therapy.
Oral CMV-prophylaxis with valganciclovir was administered for 100 days for D+/R+, D—/R+ and
D+/R~ recipients, and none if both the donor and the recipient were negative for CMV. Recipients
aged < 18 years, with combined transplants, and for whom the three month C/D ratio could not be
adequately calculated (due to Tac-free immunosuppressive regimen, missing data, or simultaneous
higher dosage of prednisolone (>20 mg/day, which is known to induce CYP3A activity)) were excluded.
The Tac target trough level was 6-10 ng/mL. Recipient and donor data was collected from the patient
files. The following parameters were examined: Patient and donor demographics, recipient body
mass index (BMI), recipient history of hypertension or diabetes mellitus, cause of end-stage renal
disease (ESRD), number of prior kidney transplants, time on dialysis, donor type of transplantation,
degree of human leukocyte antigen (HLA)-mismatching, current panel-reactive antibodies (PRA),
cold and warm ischemia time and incidence of new-onset diabetes after transplantation (NODAT)
and cytomegalovirus (CMV) DNAaemia (a number of >600 copies/mL was considered as relevant
corresponding to the threshold value given by the manufacturer (TagMan-PCR, QIAamp DNA Blood
Kit, Qiagen, Hilden, Germany)). CMV screening was performed monthly during the first six months
after RTx, every second month during months 6-12, and on indication.

2.2. Tacrolimus Metabolism Rate

Tac metabolism rates were calculated at three months after RTx by dividing the Tac blood trough
concentration (C) by the corresponding daily Tac dose (D), as published before [8,16].

C/D ratio (ng/mL X 1/mg) = blood Tac trough concentration (ng/mL)/daily Tac dose (mg) (1)

As inpatient values are more prone to errors due to coexisting factors like diarrhea, anaemia and
CYP3A4 interfering drugs as azoles, e.g., only outpatient tacrolimus concentrations were considered.
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Measurements with exceptional high Tac trough concentrations (>15 ng/mL) were not considered to
exclude false-high values due to Tac ingestion prior blood sampling.

For 50 randomly selected patients we additionally calculated the Tac C/D ratio at one and six
months as an average C/D ratio and compared it to the three-month C/D ratio to account for further
potential factors that can influence the C/D ratio and might affect single-time point measurements. As
the 3-month C/D ratio strongly correlated with the average C/D ratio at month one and six, we applied
the 3-month C/D ratio for the following patient categorization:

As defined previously, patients with a Tac C/D ratio <1.05ng/mL X 1/mg were categorized as fast
metabolizers. Patients with a C/D ratio of 1.05-1.54ng/mL X 1/mg or a C/D ratio >1.55ng/mL X 1/mg
were defined as intermediate metabolizers and slow metabolizers, respectively [8]. For simplification,
intermediate and slow metabolizers were summarized as slower metabolizers in this study.

2.3. Outcome Measures

The main outcome measures were patient and overall graft survival. Patient survival was defined
as time from RTx to death (from any cause) or last contact for alive patients. Overall graft survival
was defined as the time from RTx to death (from any cause), graft failure, or last contact, whichever
occurred first. Graft failure was defined as the reinitiation of dialysis treatment.

Further outcome parameters were serum creatinine and estimated glomerular filtration rate (eGFR)
at years one to five after transplantation as well as the frequency of biopsy-proven acute rejection
episodes (defined by Banff classification) and the rejection-free survival. Patients were subjected
to kidney biopsy in case of a relevant rise in creatinine (>0.3 mg/dL). Biopsies were evaluated by
two pathologists.

Whole blood was analyzed for creatinine (enzymatic assay; Creatinine-Pap, Roche Diagnostics,
Mannheim, Germany) and Tac (automated tacrolimus (TACR) assay; Dimension Clinical Chemistry
System; Siemens Healthcare Diagnostic GmbH; Eschborn; Germany). Only 12 h Tac trough levels were
used for analysis. Renal function was determined by calculating the eGFR using the CKD-EPI equation.

2.4. Statistical Analysis

Statistical analysis was performed using IBM SPSS® Statistics 25 for Windows (IBM Corporation,
Somers, NY, USA). Normally distributed continuous variables are shown as mean + standard
deviation (SD) and non-normally distributed continuous variables as median and 1st and 3rd quartiles
(interquartile range, IQR). Absolute and relative frequencies have been given for categorical variables.
Pairs of independent groups were compared using the Student’s t-test for normally distributed data,
Mann-Whitney U test for non-normal data, and Fisher’s exact test for categorical variables. To
compare paired data, we used the Wilcoxon test for continuous variables and the McNemar test for
categorical variables.

Survival analyses were based on a maximum follow-up of five years after RTx. Patient survival,
overall allograft survival as well as rejection-free survival were analyzed using the Kaplan-Meier
method [17], and the groups were compared using the log-rank test. Cox proportional hazards
regression models [18] were built using a stepwise variable selection procedure to assess the association
between C/D ratio metabolism status and survival while simultaneously adjusting for potential
confounding factors (inclusion: p-value of the score test < 0.05, exclusion: p-value of the likelihood
ratio test > 0.1). Results have been presented as hazard ratios (HR) with 95% confidence interval (95%
CI) and p-value of likelihood ratio test. The p-value of score test is given for non-selected variables in
multivariable analyses.

Mixed models with AR (1) covariance structure were fitted to analyze the impact of biological and
clinical markers on the time course of eGFR between year one and five after the transplantation based
on the eGFR values observed at annual intervals during this period. Univariable analyses included
each marker separately along with its interaction with time since baseline measurement (at year one
after transplantation) in order to assess (i) the baseline eGFR and/or (ii) whether potential time trends
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of eGFR differ between the subgroups defined by the marker. Multivariable models were built using a
stepwise variable selection procedure in order to assess the impact of C/D ratio metabolism status on
baseline eGFR and time trends of eGFR while adjusting for potential confounding factors. Models
included (i) C/D ratio metabolism status and its interaction with time since baseline measurement in a
first block and (ii) potential confounding factors along with their interactions with time since baseline
measurement in a second block with forwards variable selection (inclusion/exclusion criterion: p-value
of Wald test <0.05/>0.1).

No adjustment for multiple testing was made, and all analyses were regarded as explorative.
p-values < 0.05 were considered statistically noticeable.

3. Results

3.1. Patient Cohort

The enrollment flow chart for the study population is shown in Figure 1. Between January 2007
and December 2012, 633 kidney transplants were performed at our center. After the exclusion of 50
patients aged <18 years and 25 patients with combined transplantation, data on immunosuppressive
therapy was extracted from the remaining 558 adult kidney-only transplant recipients. From these, 401
patients with an initial Tac-based immunosuppressive therapy and complete data on the 3-month C/D
ratio were included. From all patients, 253 recipients (63.1%) were categorized as slow metabolizers
and 148 recipients (36.9%) as fast metabolizers. The average C/D ratio of month one and six for 50
randomly selected patients did not differ from the three-month C/D ratio (p = 0.765, Table S1) and
categorization of slow and fast Tac metabolizers was similar when applying the three-month C/D ratio
or the average C/D ratio of months one and six (p = 1.000, Table S2), suggesting that three-month C/D
ratio strongly correlated with the average C/D ratio during months one and six.

633 kidney transplantations (RTx) |

—| Excluded 50 recipients < 18 years

Excluded 25 recipients with combined transplant
16 combined liver Tx
9 combined pancreas Tx

558 adult kidney only Tx

Excluded 157 recipients with NfA 3 Mo C/D ratio
88 no Tac immunosuppression
11 prednisolone > 20 mg
58 missing data for 3 Mo C/D ratio

| 401 RTx patients included |

148 fast metabolizers 253 slow metabolizers
(3 Mo C/D ratio <1.05 ng/mL*1/mg) (3 Mo C/D ratio z 1.05 ng/mL*1/mg)

Figure 1. Enrollment flow chart for the study population. RTx = Renal transplantation; N/A:
not available.

Baseline patient characteristics for donors and recipients and transplantation-associated parameters
are shown in Table 1. Tac mean trough levels and daily doses were noticeably different between
the groups. The two groups were similar with respect to all other baseline characteristics that
were analyzed.
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Table 1. Baseline patient characteristics.

Slow Metabolizers (n = 253)  Fast Metabolizers (1 = 148) p-Value

Tac mean trough level at 3 months

a
(ng/mL) 8.6+28 71+27 <0.001
Tac daily dose at 3 months (mg/day) 49+23 103 +4.3 <0.001 2
Age (years, mean + SD) 53.0 +13.4 50.2 +13.8 0.0512
Male sex, 1 (%) 156 (61.7) 80 (54.1) 0.142°¢
BMI (kg/m?, mean + SD) 252 +4.0 252 +4.1 0.944 2
Pre-existing recipient hypertension, 1 (%) 239 (94.5) 139 (94.6) 1.000 ©
Pre-existing recipient diabetes, 1 (%) 33 (13.0) 16 (10.9) 0.636 ©
Diagnosis of ESRD, 1 (%)
Hypertension 20(7.9) 11 (7.4)
Diabetes 11 (4.3) 1(0.7)
Polycystic kidney disease 36 (14.2) 26 (17.6)
Obstructive Nephropathy 20(7.9) 14 (9.5) 0411 °¢
Glomerulonephritis 103 (40.7) 53 (35.8) :
FSGS 6(24) 5(34)
Interstitial nephritis 4 (1.6) 2(1.4)
Vasculitis 5(2.0) 2(1.4)
Other 45(17.8) 34 (23.0)
Time on dialysis (months, median (IQR)) 60.5 (25.5,90.3) 52.5(24.9,87.1) 0323
> 1 prior kidney transplant, 1 (%) 39 (15.4) 19 (12.8) 0.557 ©
Living donor transplantation 58 (22.9) 44 (29.7) 0.4c¢
Number HLA mismatch, n (%)
0-3 169 (67.1) 98 (66.7) 1.000 ©
4-6 83 (32.9) 49 (33.3)
Current PRA, 1 (%)
0-20% 248 (98.0) 145 (98.0) 1.000 ©
> 20% 5(2.0) 3(2.0)
Induction, 1 (%)
Basiliximab 233 (92.1) 130 (87.8) 0.163 ¢
Thymoglobulin 20(7.9) 18 (12.2)
Cold ischaemia time (hours, mean =+ SD) 87+49 82+54 0.419°
Warm ischaemia time (min, mean + SD) 31.8+69 322 +8.0 0.6842
Donor age (years, mean + SD) 53.4 +16.6 54.7 (13.7) 0.394 2
Donor male sex, 1 (%) 121 (47.8) 63 (42.6) 0.350 ©

Demographic characteristics of the study population by the Tac metabolization status. Results are presented as
mean + standard deviation (SD) or median and first and third quartile (IQR), respectively, or as absolute and relative
frequencies. BMI = body mass index; ESRD = end-stage renal disease; FSGS = focal segmental glomerulosclerosis;
HLA = human leukocyte antigen; PRA = panel reactive antibodies. * Student’s t-test, b Mann-Whitney U test,
¢ Fisher’s exact test.

3.2. Patient and Overall Allograft Survival

Kaplan-Meier curves for patient and overall allograft survival by Tac metabolism status are shown
in Figure 2. Five-year patient survival was noticeably reduced in fast metabolizers as compared to
slow metabolizers (89.9% vs. 95.3%, log-rank p = 0.036, Figure 2). The Cox regression analysis revealed
a noticeable association between a fast Tac metabolism and patient survival in both univariable (HR
2.209 (95% CI1.034-4.719), p = 0.041) as well as multivariable analysis (HR 5.749 (95% CI 1.556-21.242),
p = 0.004) (Table 2). Overall allograft survival was affected by the Tac metabolism status as well:
Fast metabolizers showed a noticeably reduced 5-year allograft survival rate as compared to slow
metabolizers (83.8% vs. 90.5%, log-rank p = 0.044, Figure 2). HR was 1.772 (95% CI 1.006-3.121,
p = 0.047)) for fast metabolizers in univariable Cox regression and 2.715 (95% CI 1.231-5.989, p = 0.012)
after adjustment for potential confounders (Table 3).
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Patient survival Overall graft survival

Log-rank test p=0.036 04 Log-rank test p=0.044

Survival probability

fast metabolizers

02 fast metabolizers 0 . fastmetabolizers.

1 slowmetabolizers

o 1 2 3 4 0 1 2 3 4 5

Years ater RTx Years after RTx

Figure 2. (A) Kaplan-Meier curves for patient survival and (B) overall graft survival. Survival rates of
slow (red lines) and fast metabolizers (blue lines) were analyzed by the Kaplan—-Meier method and

compared using the log-rank test. Fast metabolizers showed a noticeably reduced patient and overall
graft survival.

Table 2. Univariable and multivariable analyses of patient survival using Cox regression.

Univariable Multivariable
Parameters
HR (95% CD p-Value HR (95% CD p-Value
Fast metabolizers vs. slow 2.209 (1.034-4.719) 0.041 5.749 (1.556-21.242) 0.004
metabolizers (ref.)
Age (years) 1.057 (1.023-1.093) 0.001 - 0.081
Recipient sex
Male vs. female (ref.) 1.631 (0.714-3.727) 0.246 - 0.262
Recipient BMI (kg/mz) 0.942 (0.852-1.042) 0.248 - 0.213
Pre-existing recipient hypertension 1512 (0.205-11.142) 0.685 _ 0.635
yes vs. no (ref.)
Pre-existing recipient diabetes 2.206 (0.890-5.468) 0.087 B 0.691
yes vs. no (ref.)
Cause of ESRD - 0.852 - 0.738
Time on dialysis (months) 1.002 (0.993-1.011) 0.714 - 0.553
Prior kidney transplantation
>1 vs. 0 (ref.) 1.379 (0.522-3.641) 0.517 - 0.707
Donor type . ~
Postmortal vs. living donor (ref.) 2.832 (0.853-9.405) 0.089 0-936
Number FILA mismatch 2335 (1.097-4.968) 0.028 - 0053
4-6vs. 0-3
Current PRA
~20% vs. 0-20% 1.951 (0.265-14.387) 0.512 - 0.709
Cold ischemia time (hours) 1.042 (0.972-1.118) 0.245 - 0.668
Donor age (years) 1.043 (1.014-1.074) 0.004 - 0.540
Donor sex
Male vs. female (ret.) 0.928 (0.434-1.982) 0.847 - 0.266
NODAT 2.983 (1.396-6.373) 0.005 5.150 (1.550-17.110) 0.005
yes vs. no (ref.)
CMV DNAaemia 0.832 (0.352-1.968) 0.676 - 0.629
yes vs. no (ref.)
Acute rejection within 1 year 1610 (0.680-3.807) 0279 - 0947
yes vs. no (ref.)
eGFR at month 3 (ml/min/1.73m?2) 0.979 (0.960-0.998) 0.028 - 0.999
eGFR at month 12 (mL/min/1.73m?) 0.968 (0.937-1.000) 0.047 - 0.166

Results are presented as hazard ratios (HR) with their 95% confidence interval (CI) and p-value of likelihood
ratio test. For non-selected variables in multivariable analyses, p-value of score test is given. HR = hazard ratio;

CI = confidence interval.
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Table 3. Univariable and multivariable analyses of overall graft survival using Cox regression.

Univariable p-Value
Parameters
HR (95% CD p-Value HR (95% CI) p-Value
Fast metabolizers vs. slow 1.772 (1.006-3.121) 0.047 2.715 (1.231-5.989) 0.012
metabolizers (ref.)
Age (years) 1.056 (1.030-1.082) <0.001 - 0.673
Recipient sex
Male vs. female (ref) 0.957 (0.539-1.698) 0.880 - 0.354
Recipient BMI (kg/m?) 1.018 (0.949-1.092) 0.619 - 0.715
Pre-existing recipient hypertension 2.797 (0.386-20.272) 0.309 _ 0.401
yes vs. no (ref.) ’ ’ ’ ’ ’
Pre-existing recipient diabetes _
yes vs. o (zef.) 2.044 (1.018-4.102) 0.044 0.827
Cause of ESRD - 0.717 - 0.942
Time on dialysis (months) 0.999 (0.992-1.007) 0.833 - 0.376
Prior kidney transplantation
>1vs. 0 (ref.) 0.702 (0.278-1.772) 0.454 - 0.331
Donor type
Postmortem vs. living donor (ref.) 3.121 (1.236-7.879) 0.016 B 0.774
Number HLA mismatch
4-6vs. 0-3 1.814 (1.028-3.201) 0.040 - 0.504
Current PRA
220% vs. 0-20% 1.073 (0.148-7.780) 0.944 - 0.709
Cold ischemia time (hours) 1.060 (1.006-1.116) 0.028 - 0.427
Donor age (years) 1.052 (1.029-1.075) <0.001 - 0.485
Donor sex
Male vs. female (ref.) 0.567 (0.311-1.034) 0.064 - 0.140
NODAT 3.163 (1.787-5.596) <0.001 3.203 (1.451-7.072) 0.003
yes vs. no (ref.)
MV DNAaemia 1331 (0.737-2.404) 0.344 - 0.443
yes vs. no (ref.)
Acute rejection within one year 1.909 (1.024-3.558) 0.042 } 0.943
yes vs. no (ref.) ! : : : :
eGFR at month 3 (mL/min/1.73m?) 0.958 (0.941-0.976) <0.001 - 0.851
eGFR at month 12 (mL/min/1.73m?2) 0.941 (0.916-0.967) <0.001 0.943 (0.915-0.971) <0.001

Results are presented as hazard ratios (HR) with their 95% confidence interval (CI) and p-value of likelihood
ratio test. For non-selected variables in multivariable analyses, p-value of score test is given. HR = hazard ratio;

CI = confidence interval.

Causes of death are given in Table 4. While fast metabolizers mostly died from cardiovascular
diseases (40%), the most common cause of death in slow metabolizers were infectious diseases (41.7%).
In summary, a fast Tac metabolism noticeably affects patient as well as overall allograft survival after
kidney transplantation.

Table 4. Causes of death for slow and fast metabolizers.

Slow Metabolizers (n = 12) Fast Metabolizers (n = 15)

Cardiovascular 4(33.3) 6 (40)
Infection 5(41.7) 4(26.7)

Tumor disease 2 (16.7) -
Unknown 1 (8.3%) 5(33.3)
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3.3. Renal Function

Renal function was assessed yearly within the first five years after transplantation. Figure 3 shows
the development of the eGFR between year one and five after renal transplantation in slow and fast
metabolizers. A linear mixed model was applied to estimate the time-dependent course of eGFR. Fast
metabolizers showed a noticeably faster decline of the eGFR within five years after transplantation as
compared to slow metabolizers in both univariable (p = 0.040) and multivariable analysis (p = 0.032)
(Table 5a,b).
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12000 2 705 type

) o
1378 700 J I 2 =R WFast metabolizer
oo ° @ 1scaan s B Siow metabokzar
il I ] o g
10000 sie s
w000
000
e
20

1 2 3 4 5

eGFR

Years after transplantation

Figure 3. Time course of the eGFR within five years after renal transplantation. Fast metabolizers show
a faster decline in the eGFR as compared to slow metabolizers over the first five years.

Table 5. (a) Univariable Analysis: eGFR at month 12 and linear time-trends of eGFR (between months
12 and 60) by subgroup/marker. (b) Multivariable Analysis: eGFR at month 12 and linear time-trends
of eGFR (between month 12 and 60) by subgroup/marker.

(a)
Variable B 95% CI 14

Metabolizer type

Fast vs. slow (at month 12) -3.54 —8.57 to 1.49 0.167

Fast vs slow (time-trends) -1.07 —2.10 to —0.05 0.040
R_Sex

Male vs. female (at month 12) -16.21 -1.26 to -11.61 <0.001

Male vs. female (time-trends) 0.49 —0.49 to 1.47 0.325
PreHypertension

No vs. yes (at month 12) 0.78 -9.63 to 11.19 0.883

No vs. yes (time-trends) 1.26 —-0.79 t0 0.20 0.240
PreDiabetes

No vs. yes (at month 12) 4.52 —-3.04 to 12.08 0.241

No vs. yes (time-trends) 091 —0.68 to 2.51 0.262
Cause of ESRD

Cause of ESRD (at month 12) - - 0.010 *

Diabetes vs. Hypertension (at month 12) 3.72 —15.38 t0 22.82 0.703

Polycystic kidney disease vs. Hypertension 830 ~1.90 to 18.50 0111

(at month 12)

Obstructive Nephropahty vs. Hypertension 16.20 491 t0 27.48 0.005

(at month 12)

Glomerulonephritis vs. Hypertension (at 582 312 to 14.76 0.202

month 12)

FSGS vs. Hypertension (at month 12) 7.14 —10.58 to 24.85 0.429

Interstitial nephritis vs. Hypertension (at 11.40 _8.85 to 31.65 0.269

month 12)

Vasculitis vs. Hypertension (at month 12) 2.51 -16.28 to 21.32 0.792

Other vs. Hypertension (at month 12) 16.81 7.14 to 26.48 0.001

Cause of ESRD (time-trends) - - 0.998 *
PriorTx

No vs. yes (at month 12) -8.67 —15.48 to —1.86 0.013

No vs. yes (time-trends) 0.25 -1.13t0 1.63 0.719
DonorType

Postmortal vs. Living (at month 12) -11.15 -16.40 to =5.90 <0.001

Postmortal vs. Living ( time-trends) 0.47 —-0.60 to 1.55 0.387
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Table 5. Cont.

(a)
Variable B 95% CI 14

HLA Mismatch

0-3 vs. 4-6 (at month 12) 5.45 0.37 to 10.53 0.035

0-3 vs. 4-6 (time-trends) -0.21 —-1.25t0 0.83 0.696
CurrentPRA

0-20 vs. >20 (at month 12) —-14.81 —32.19 to 2.57 0.095

0-20 vs. >20 (time-trends) -0.80 —4.15t0 2.54 0.638
D_Sex

Male vs. female (at month 12) 431 —0.47 t0 9.09 0.077

Male vs. female (time-trends) —0.36 -1.32t0 0.62 0.470
NODAT

No vs. yes (at month 12) 6.50 1.31 to 11.69 0.014

No vs. yes (time-trends) 0.52 —0.56 to 1.60 0.342
CMV DNAaemia

No vs. yes (at month 12) 4.46 —0.74 t0 9.66 0.093

No vs. yes (time-trends) -0.26 -1.32t0 0.80 0.629
Acute rejection 1 year post RTx

No vs. yes (at month 12) 16.23 10.34 t0 22.13 <0.001

No vs. yes (time-trends) 0.09 -1.18to 1.35 0.893
R-Age (years)

R-Age (at month 12) -0.47 —-0.63 to —0.32 <0.001

R-Age (time-trends) —0.004 —0.013 to 0.005 0.415
R-BMI

R-BMI (at month 12) -1.12 —-1.67 to —0.57 <0.001

R-BMI (time-trends) —0.008 —0.027 to 0.011 0.405
Time on Dialysis (month)

Time on Dialysis (at month 12) —-0.05 —-0.11 to 0.01 0.112

Time on Dialysis (time-trends) -0.012 —0.008 to 0.006 0.743
CIT (hours)

CIT (at month 12) —-0.43 —0.86 to 0.004 0.052

CIT (time-trends) —-0.014 —0.064 to 0.034 0.565
D_Age (years)

D-Age (at month 12) —-0.65 —-0.78 to —0.52 <0.001

D-Age (time-trends) —0.006 —0.015 to 0.002 0.152

(b)

Variable Estimate 95% CI 4
At month 12

Metabolizer type: fast vs. slow —2.48 —6.47 to 1.51 0.222

D_Age (years) —-0.60 —0.71 to —0.48 <0.001

R_Sex: male vs. female -12.27 —15.75 to —8.79 <0.001

Donor type: postmortem vs. living —-10.03 —13.94 to —-6.12 <0.001

R_BMI (kg/m?) —-0.58 -1.03 to —0.14 0.010

PreHypertension: no vs. yes N/S: 0.051

PreDiabetes: no vs. yes N/S: 0.914

Cause of ESRD

e Diabetes vs. Hypertension 0.010 *

e Polycystic kidney disease 10.79 —2.08 to 23.65 0 100

vs. Hypertension 4.72 —2.57 t0 12.02 0'204
e  Obstructive Nephropathy 11.34 3.11 to 19.56 0'007
vs. Hypertension 2.83 -3.53t09.19 0‘382

e Glomerulonephritis vs. Hypertension 5.16 ~6.98t0 17.31 0.404

e FSGSvs. Hypertension 223 —14.60 to 19.06 0.794

e Interstitial nephritis vs. Hypertension Ifzgg _i:;g‘i t01;22§3 0.964

e Vasculitis vs. Hypertension ’ U0 28, 0.002

L]

Other vs. Hypertension
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Table 5. Cont.

(b)
Variable Estimate 95% CI 14
PriorTx: no vs yes N/S: 0.225
HLAMismatch: 0-3 vs. 4-6 N/S: 0.713
CurrentPRA: 0-20 vs. >20 N/S: 0.272
D_Sex: male vs. female N/S: 0.107
NODAT: no vs. yes N/S: 0.995
CMV DNAaemia: no vs. yes N/S: 0.417
Acute rejection 1 year post RTx: no vs. yes 14.00 9.64 to 18.36 <0.001
R_Age (years) N/S: 0.495
Time Dialysis (months) N/S: 0.112
CIT (hours) N/S:0.771
Time trends
Metabolizer type: fast vs. slow -1.07 -2.05 to —0.09 0.032
D_Age (years) N/S: 0.121
R_Sex: male vs. female N/S: 0.240
Donor Type: postmortem vs. living N/S: 0.666
R_BMI (kg/m?) N/S: 0.810
PreHypertension: no vs. yes N/S: 0.366
PreDiabetes: no vs. yes N/S: 0.354
Cause of ESRD N/S: 0.997 *
PriorTx: no vs. yes N/S: 0.635
HLAMismatch: 0-3 vs. 4-6 N/S: 0.299
CurrentPRA: 0-20 vs. >20 N/S: 0.708
D_Sex: male vs. female N/S: 0.293
NODAT: no vs. yes N/S: 0.368
CMV DNAaemia: no vs. yes N/S: 0.519
Acute rejection] year post RTx: no vs. yes N/S: 0913
R_Age (years) N/S: 0.332
Time Dialysis (months) N/S: 0.840
CIT (hours) N/S: 0.400

* p-value of F-test (global test).

3.4. Rejections

The Kaplan-Meier curve for rejection-free survival is shown in Figure 4A. The 5-year rejection-free
survival was noticeably lower in fast metabolizers as compared to slow metabolizers (69.6% vs. 78.8%,
log-rank p = 0.032, Figure 4A). The Cox regression analysis revealed a noticeable association between a
fast Tac metabolism and rejection-free survival in univariable (HR 1.536 (95% CI 1.034-2.282), p = 0.035)
as well as multivariable analysis (HR 1.622 (95% CI 1.085-2.424), p = 0.020) (Table 6). Table 7 shows
the frequency of patients with > 1 acute biopsy-proven rejection during the 5-year follow-up. While
45/148 (30.4%) fast metabolizers experienced at least one acute rejection, only 54/253 (21.3%) slow
metabolizers were affected. Of note, the subtype analysis of the first rejection episode within the first
five years after transplantation revealed an increased frequency of humoral and mixed rejections in
fast metabolizers (n = 10, 6.8% vs. n =9, 3.6% and n = 10, 6.8% vs. n = 6, 2.4%, respectively) (Table 7,
Figure 4B), whereas slow metabolizers were mainly affected by borderline rejections.
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Figure 4. (A) Kaplan-Meier curves for rejection-free survival of slow (red lines) and fast metabolizers
(blue lines), analyzed by the Kaplan—Meier method and compared using the log-rank test. Fast
metabolizers showed a noticeably reduced rejection-free survival. (B) Subtype analysis of the first
rejection episode within the first five years after transplantation. Fast metabolizers experienced
increased frequencies of humoral and mixed acute rejection, whereas slow metabolizers were mainly
affected by borderline rejections.

Table 6. Cox regression model for rejection-free survival. Univariable and multivariable analyses of
rejection-free survival using Cox regression. Results are presented as hazard ratios (HR) with their 95%
confidence interval (CI) and p-value of likelihood ratio test. For non-selected variables in multivariable
analyses, p-value of score test is given.

Univariable Multivariable
Parameters
HR (95% CI) p-Value HR (95% CI) p-Value
Fast metabolizers vs. slow 1.536 (1.034-2.282) 0.035 1.622 (1.085-2.424) 0.020

metabolizers (ref.)

Age (years) 0.996 (0.981-1.010) 0.547 - 0.615

Recipient sex

Male vs. female (ref.) 1.432(0.943-2.176) 0.092 - 0.122
Recipient BMI (kg/mz) 1.057 (1.007-1.110) 0.026 1.073 (1.021-1.128) 0.006
Pre-existing recipient hypertensmn 1.379 (0.507-3.751) 0.529 _ 0.695
yes vs. no (ref.)

Pre-existing recipient diabetes 1.032 (0.564-1.887) 0.919 R 0716
yes vs. no (ref.)

Cause of ESRD - 0.999 - 0.998
Time on dialysis (months) 1.000 (0.996-1.005) 0.862 - 0.746
Prior kidney transplantation 1.632 (0.999-2.665) 0.051 1.850 (1.109-3.087) 0.027
>1 vs. 0 (ref.)

Donor type

Postmortem vs. living donor (ref.) 0.765 (0.498-1.174) 0.220 - 0.249
Number HLA mismatch

4-6vs. 0-3 1.043 (0.683-1.593) 0.845 - 0.905
Current PRA

=20% vs. 0-20% 1.033 (0.255-4.189) 0.964 - 0.830
Cold ischaemia time (hours) 0.986 (0.948-1.026) 0.489 - 0.620
Donor age (years) 1.002 (0.989-1.014) 0.788 - 0.846
Donor sex 0.936 (0.629-1.391) 0.742 - 0.632

Male vs. female (ref.)

HR = hazard ratio; CI = confidence interval.
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Table 7. Frequencies of acute rejections and subtype analysis of the first rejection after RTx within five
years after transplantation. Fast metabolizers showed increased frequencies of acute biopsy-proven
rejections as compared to slow metabolizers. The p-value from Fisher’s exact test is given.

Slow Metabolizers Fast Metabolizers Val
(n = 253) (n = 148) p-yatue
Type of acute rejection 0.084
No rejection 199 (78.7) 103 (69.6)
Humoral 9 (3.6) 10 (6.8)
Mixed 6 (2.4) 10 (6.8)
Cellular 15 (5.9) 12 (8.1)
Borderline 24 (9.5) 13 (8.8)

4. Discussion

Herein, we first described a significant influence of the Tac metabolism type on mortality after renal
transplantation in a study population with a long-term observation period. A higher five-year mortality
in fast metabolizers was accompanied by a higher rejection rate and inferior kidney function. Our
study highlights the importance of a risk stratification strategy of RTx patients including information
on individuals’ Tac metabolism rate which turned out to be an independent risk factor for a lower
patient survival after renal transplantation. The C/D ratio is a simple tool that can be easily applied for
this purpose.

Based on our previous findings revealing an impact of fast Tac metabolism (C/D ratio <
1.05 ng/mL X 1/mg) on inferior renal function in a two-and three-year follow-up after RTx or LTx [8,16]
we herein could demonstrate that this effect persists in the long term and that fast Tac metabolism
also impacts on the time-dependent course of renal function in both univariable and multivariable
analysis. Moreover, we identified fast Tac metabolism as an independent risk factor for a decreased
graft survival.

In congruence, Kuypers et al. observed that patients with high early Tac dose requirements
(namely, fast metabolism) had a significantly reduced kidney function at three-months post-RTx [9].
This was attributed to an increased rate of calcineurin inhibitor (CNI)-related toxicity, which is in
line with the observations of our previous study [8]. High-dose requirement in Kuyper’s study was
associated with CYP3A5*1 genotype carriage in only 1/3 of cases, suggesting further factors impacting
a patient’s Tac metabolism rate [2]. Notably, the area under the curve and the Tac trough level were
not different between patients with and without CNI toxicity. The connection between different dose
requirements and comparable trough levels in groups-although not calculated-hints at different C/D
ratio categories of patients in both groups. Further, Genvigir et al. showed in a Brazilian cohort of
CYP3A genotyped RTx patients that expression of CYP3A4/5 alleles leading to fast Tac metabolism
(they also calculated the C/D ratio but did not calculate a cut-off) was associated with a lower eGFR at
3-months after RTx [15]. Again, no association was found between Tac exposure and the genetic score.
By applying a multiple linear regression analysis, they showed that genetic variants and age impacted
the C/D ratio. This is consistent with the literature — metabolism rate usually decreases with age — and
with our findings that show tendencies of slow metabolizers being older age [8] (Table 1). Given the
limitations of genetic testing-based strategies, we refrained from genotyping our patients but rather
searched for a simple and cost-effective tool, as the C/D ratio, that can assist physicians in the daily
routine to individualize their patients” immunosuppressive therapy and stratify individuals with high
risk for Tac-related side effects independent from complex genotyping-based methods.

In both aforementioned studies, rejection rates were calculated but not related to the C/D ratio
or the dose requirements. However, as Kuypers et al. observed significantly higher rates of graft
failure (32.3% vs. 13.7%) and lower rates of patients discontinuing steroids (5.8% vs. 23.7%) in patients
requiring higher Tac doses, one can assume a higher rejection rate in these patients. We herein firstly
describe a significant effect of the C/D ratio on acute rejections in a long-term follow up. In our study,
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rejection-free survival was increased in slow metabolizers, with higher frequencies of humoral and
mixed rejections in fast than in slow metabolizers. In multivariable regression analysis, the BMI and
the number of prior transplantations were associated with rejection as well. Recently, Barraclough et al.
stated that the outcome of RTx patients depends on the immunosuppression within the first week
after transplantation, although a relation between the AUC or Tac trough level and rejection was
not detected [19]. Of note, as mentioned before, Tac AUC and trough levels are usually similar in
slow and fast metabolizers and the C/D ratio was not calculated in their study. In a meta-analysis
including data from the FDCC, Symphony, and OptiCept studies, Boumar et al. reported that the
Tac trough concentration was not different between patients with and without acute rejection within
the first 6 months after RTx [20]. Again, information regarding the Tac doses or the C/D ratio was
not provided. In this regard, Egeland et al. observed that a high Tac clearance (or a fast metabolism)
was associated with an increased risk of developing an acute rejection within the first few days after
RTx [10]. Patients with a high Tac clearance might not reach the trough levels in time and suffer
under-immunosuppression (at least at some time of the day).

Mortality in fast metabolizers over the five-year observation period was consistently higher than
in slow metabolizers, despite a tendency towards an older age in slow metabolizers. Overall, graft
failure was low in both groups but aligned with the data from the literature [21,22]. In a recently
published large registry analysis from England, the main reasons of death within the first year after
RTX were stated as infection (21.6%), cardiovascular events (18.3%), and malignancy (7.4%) [21]. The
main reasons of death in our cohort were cardiovascular diseases in fast metabolizers and infections
in slow metabolizers, respectively, but did not differ between groups. Unfortunately, the reason of
death remained unclear in 33.3% of cases in fast and 8.3% cases in slow metabolizers. As previously
observed, fast metabolizers are more prone to developing BK virus infection than slow metabolizers.
Thus, one can speculate that over-immunosuppression is an issue in these patients [12]. However, other
infections, e.g., urinary tract infections, have not been shown to be related to the C/D ratio [23], and
deaths due to infection were not different between groups in our cohort. This aligns with the fact that
Tac mainly suppresses T-cell activity while the host’s defense to bacterial infections, which are more
fatal in RTx patients than viral infections, is mainly based on innate immune cells [24]. Interestingly,
20% of death certificates in the English registry study stated “renal” as the cause of death within the
first year after RTx [21]. Lastly, we were unable to identify a difference in reasons of death between
groups. One reason for this could be the low mortality rate. However, factors that have been previously
associated with increased risk of death, such as age at transplantation, diabetes, time on dialysis, or
postmortal donation were not different between groups but rather distributed in favor of the fast
metabolizer group (Table 1). Patient demographics associated with kidney function after RTx, such as
living donation, number of transplants, cold ischemia time, hypertension, diabetes, donor age, and
gender, did not differ between groups. This implies that the differences in renal function are likely
to be related to Tac metabolism and rejection. Consequently, an inferior renal function is associated
with higher mortality as cardiovascular events, infections as well as malignancies are related to kidney
function [25].

We recognize that a study of this nature has limitations because of its retrospective design and
potential errors inherent to maintaining a single-center database. Moreover, due to the relatively small
patient size, inaccuracies in the data collection might affect the results; though data acquisition was
performed thoroughly to avoid inconsistency or entry errors. The analyses are based on the assumption
that coding errors and missing data are stochastic. Although we attempted to include as many relevant
confounding parameters as possible there might still be residual factors that were not accounted for
like the non-adherence of patients for example, which is difficult to measure. Prospective studies are
needed to confirm our findings. We conclude from our data that the calculation of the C/D ratio, as a
simple, cost-effective tool, can assist physicians in their daily clinical routine to identify Tac-treated
patients at risk of developing an inferior graft function, acute rejections, or even higher mortality. This
information should be used to individualize and optimize immunosuppressive therapy.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/8/5/587/s1,
Table S1: The average C/D ratio of month one and six for 50 randomly selected patients did not differ from the
3-month C/D ratio, suggesting that 3-month C/D ratio strongly correlated with the average C/D ratio during
month one and six. P-value of Mann-Whitney U test is given, Table S2: Categorization of slow and fast Tac
metabolizers was similar when applying the 3-month C/D ratio or the average C/D ratio of month one and six
(p = 1.000, Fisher’s exact test).
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Abstract: Introduction: To match the current organ demand with organ availability from the donor
pool, there has been a shift towards acceptance of extended criteria donors (ECD), often associated
with longer ischemic times. Novel dynamic preservation techniques as hypothermic or normothermic
machine perfusion (MP) are increasingly adopted, particularly for organs from ECDs. In this study,
we compared the viability and incidence of reperfusion injury in kidneys and livers preserved with
MP versus Static Cold Storage (SCS). Methods: Systematic review and meta-analysis with a search
performed between February and March 2019. MEDLINE, EMBASE and Transplant Library were
searched via OvidSP. The Cochrane Library and The Cochrane Central Register of Controlled Trials
(CENTRAL) were also searched. English language filter was applied. Results: the systematic search
generated 10,585 studies, finally leading to a total of 30 papers for meta-analysis of kidneys and livers.
Hypothermic MP (HMP) statistically significantly lowered the incidence of primary nonfunction
(PMN, p = 0.003) and delayed graft function (DGEF, p < 0.00001) in kidneys compared to SCS, but
not its duration. No difference was also noted for serum creatinine or eGFR post-transplantation,
but overall kidneys preserved with HMP had a significantly longer one-year graft survival (OR:
1.61 95% CI: 1.02 to 2.53, p = 0.04). Differently from kidneys where the graft survival was affected,
there was no significant difference in primary non function (PNF) for livers stored using SCS for
those preserved by HMP and NMP. Machine perfusion demonstrated superior outcomes in early
allograft dysfunction and post transplantation AST levels compared to SCS, but however, only HMP
was able to significantly decrease serum bilirubin and biliary stricture incidence compared to SCS.
Conclusions: MP improves DGF and one-year graft survival in kidney transplantation; it appears
to mitigate early allograft dysfunction in livers, but more studies are needed to prove its potential
superiority in relation to PNF in livers.

Keywords: machine perfusion; organ preservation; temperature; hypothermic; normothermic; transplant

1. Introduction

The increasing demand for allografts and growing waiting lists have led to the utilisation of
organs from extended criteria donors (ECDs) or organs with prolonged ischemic times [1]. These
organs are associated with higher rates of discard due to an anticipated increased risk of primary non
function (PNF) or delayed graft function (DGF); therefore, novel dynamic preservation technologies
are increasingly being adopted with the aim to allow organ utilisation in these circumstances.
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Dynamic preservation is not a novel concept yet: ex situ organ perfusion was introduced in 1934
by Charles Lindbergh and Alexis Carrel, who developed the first machine perfusion (MP) to preserve
animal organs, but the first application in a human kidney was performed by Belzer in 1967. Although
the initial result was successful, the concept of dynamic preservation was not pursued forward at that
time, with a progressive utilisation of static cold storage (SCS) mainly for logistic and economic reasons.

In the last thirty years instead, with the change in demographics of the donor population and
the idea of tailoring the preservation method to the single graft, the debate as to what is the optimal
organ treatment prior to transplantation, along with the possibility to ideally let the parenchymal cells
continue their metabolic activity before implantation, has led to a re-investigation of the technique
of dynamic preservation [2]. In this scenario, where the temperature setting seems to be a main
determinant for the subsequent cell activity, and with no evidence for the gold standard temperature
to store retrieved grafts before implantation, there are two main modalities as alternatives to SCS:
hypothermic (04 °C) or normothermic (34-37 °C) machine perfusion.

The aim of this study is to provide evidence with a systematic review and metanalysis of the
outcomes in terms of organ viability and incidence of reperfusion injury in hypothermic/normothermic
MP in comparison to SCS in kidney and liver human grafts.

2. Methods

The following search algorithm was adopted (Table 1):

Table 1. Search Algorithm.

Step Input

Machine perfusion and (Hypothermic or Normothermic)

(Organ* or kidney or liver) and (Preserv*)

land 2

Temperature and cell metabolism

3or4

Transplant*

exp Transplantation/

6or7

Renal* or kidney or liver or hepat*

(university of wisconsin or UW or HTK or histidine* or collins or hyperosmolar citrate or HOC or
celsior or IGL-1 or institut-George* or custodial or belzer or MPS or KPS or marshall* or hypertonic
citrate or soltran or ross)

11 8 and 9 and 10

12 5or1l

S0 0N WN =

2.1. Inclusion Criteria

All published studies including: abstracts from conferences, primary research on new preservation
strategies, clinical trials (randomised controlled trials, non-randomised trials), retrospective studies
(single centre study, cohort study), and case-controlled studies on organ transplantation of kidney
and liver comparing normothermic machine perfusion (NMP) and/or hypothermic machine perfusion
(HMP) to CS. To be included, the study had to analyse and discuss the effects of preservation
temperatures on >1 following post-transplant outcomes. For kidneys: PNEF, incidence and duration of
DGE, serum creatinine post-surgery, one year graft survival, acute rejection, and estimated glomerular
filtration rate (eGFR). For livers: PNF, serum bilirubin post-surgery, biliary stricture incidence, 1-7 day
post-surgery peak AST and early allograft dysfunction (EAD).
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2.2. Primary Objectives

e Compare DGF in transplanted kidneys (defined as the need for dialysis within 7 days
post-transplantation) and EAD (defined using Olthoff [3] criteria) in transplanted livers preserved
by MP to SCS.

e  Compare PNF in kidneys and livers preserved by machine perfusion and simple cold storage.

e  Compare post-transplantation estimated glomerular filtration rate (¢GFR) and serum creatinine
levels in kidneys preserved via HMP and SCS.

e  Compare post-transplantation bilirubin and AST levels in serum in livers preserved via MP
and SCS.

2.3. Secondary Objectives

e Where sufficient data existed, to compare one-year graft survival of organs perfused by MP
and SCS.

e  Compare acute organ rejection of organs preserved via MP and SCS.

e Indirectly compare the effectiveness of preserving liver grafts with HMP and NMP through
evaluating studies that compared HMP to SCS and NMP to SCS.

2.4. Data Extraction and Review

Studies identified by the search strategy were screened for meeting the inclusion criteria using the
titles and abstracts. Short-listed studies were further checked by reading the whole paper to exclude
any ineligible studies, on the basis of the primary and secondary objectives.

2.5. Risk of Bias Assessment

The two reviewers (MN and JY) assessed the risk of bias independently. Randomised controlled
trials (RCTs) and retrospective studies in humans were assessed by the Jadad scale. Where there was a
disagreement about a Jadad score, advice from a third party (MIB) was sought.

2.6. Data Analysis

Meta-analysis was performed in Revman 5.3 [4]. The effect estimate was calculated together with
95% CI, studies were weighted by sample size, and heterogeneity was assessed with an I? test. When
12 > 50%, a random effects model was used to account for heterogeneity, otherwise a fixed effects model
was used. The summary effect was determined using the p-value calculated from the Z test. Odds
ratio (OR) was used to compare dichotomous data in organs perfused by HMP/NMP to SCS.

Standardised mean difference (SMD) was used to compare continuous data. For the papers that
did not report mean and standard deviation, the method suggested by the Wan et al. 2014 paper [5] was
used to approximate mean and standard deviation values using the median and either the interquartile
range or range reported in those papers. Studies where this method was used are marked by * in the
forest plots.

3. Results

The systematic search generated 10,585 studies of which 672 abstracts and papers were shortlisted
by reading the abstract title, and they were further reduced to 102 after reading the abstract. Finally,
after reading the full article, a total of 30 papers were selected for meta-analysis (Figure 1).
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| 10585 papers and abstracts found using the search ‘

Excluded after reading the titles

| 672 papers and abstracts |
Excluded after reading the abstracts
102 papers and abstracts |
‘ Excluded after reading the complete study

" 30included studies |

4 studies comparing

22 studies comparing 4 studies comparing
preservation of kidneys using preservation of livers using preservation of livers using -
HMP to SCS HMP to 5C5 NMP to 5CS ‘ Excluded studies
L y <

Figure 1. Flow diagram of the systematic literature search.

3.1. Selected Study Characteristics

Twenty-two studies [6-27] identified by the systematic search were included into the analysis
(Table 2); fifteen were published papers and seven were abstracts. Ten were RCTs [6,11,12,15,16,18,19,
21,24,25], seven studies were retrospective [7-10,17,22,23], and five were prospective [13,14,20,26,27].
Predominantly, the studies used a LifePort® kidney transporter for hypothermic machine preservation;
there was a large variation in cold storage solution type, with some studies not mentioning the specific
cold storage preservation solution, but instead referring to local guidelines.

The main difference between LifePort® and RM3® is that the latter provides oxygen by sweeping

air over the membrane within the circuit.

Table 2. Studies comparing HMP and SCS in kidneys. Abbreviations: HTK: Histidine-tryptophan-ketoglutarate,
UW: University Wisconsin, KPS-1: Kidney Perfusion Solution 1 (Organ recovery systems), SPS-1: Static
Preservation Solution 1 (Organ recovery systems), ECD: expanded criteria donors, DBD: donation after brain
death, and DCD: donation after cardiac death.

Cold Storage HMP Cold
Study Study Type Machine Preservation ~ Donor Type Grafts (N) Storage
Solution ratts Grafts (N)
Amaduzzi
2011 (abstract) RCT ? ? DCD 48 59
[6]
RM3®
. . Waters
5
Bellini 2019 [7] ~ Retrospective Medical ? DBD, DCD 33 33
System
LifePort
Dion 2015 [8]  Retrospective Kidney ? DBD, DCD, 15 15
® ECD
transporter
LifePort
Forde 2012 Retrospective Kidney uw DBD, ECD 88 88
(abstract) [9] trans ®
porter
LifePort
For?]e 0?016 Retrospective Kidney uw ECD 93 93
transporter®
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Table 2. Cont.

Cold Storage HMP Cold
Study Study Type Machine Preservation = Donor Type Grafts (N) Storage
Solution ans Grafts (N)
. LifePort
Ga“‘ﬂazt] 2012 RCT Kidney HTK or UW D%DCaD“d 85 85
transporter®
Gallinat 2015
? ?
(abstract) [11] RCT ? ? ECD 50 44
. LifePort
Gau‘ﬁzt] 2017 prospective Kidney HTK or UW DBD 43 43
transporter®
LifePort
Guy 2015 [14] Prospective Kidney ? DCD, ECD 74 101
transporter®
LifePort
I OCh“E?g]S 2010 RCT Kidney HTK or UW D%DCaD“d 82 82
transporter®
LifePort
Kox 2018 [16] RCT Kidney cao pED, DCb. 376 376
transporter®
Kuo 2011 .
? ?
(abstract) [17] Retrospective ? ? DCD, DBD 2155 2155
Menﬁg]lg% RCT MOX-100  Euro-Collins DBD 51 51
LifePort
Moers 2009 . HTK or UW or DBD and
[19] RCT trarI'l(sl;(r)lret}e,:r® Euro-Collins DCD 336 336
LifePort
M;gg;a[f;éﬁos Prospective Kidney Uuw DCD 18 18
transporter®
Paul 2008
? ?
(abstract) [21] RCT ? ? ECD 118 118
Plata-Munoz
2010 (abstract)  Retrospective ? ? DCD 83 34
[22]
. LifePort HTK, UW,
Sed1[g21;]2013 Retrospective Kidney Euro-Collins, ECD 52 87
transporter®  Custodiol-N
Tedesco-Silva LifePort SPS-1, Celsior
2017 [24] RCT Kidney preservation DBD 80 80
transporter® solution
LifePort
WaI[‘Zg;OU RCT Kidney ? DCD 24 24
N transporter®
LifePort
Yao 2016 [26] Prospective Kidney uw DCD 39 34
transporter®
LifePort
Yuan2014 - p o ective Kidney ? DCD 32 32
(abstract) [27] transporter®
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Four studies identified in the systematic search were focused on comparing the effects of HMP
and SCS in liver preservation [28-31] (Table 3). There was a lot of heterogeneity in the type of machine
used for HMP of liver grafts; however, almost all studies had used the University Wisconsin solution

for SCS.

Table 3. Studies comparing HMP and SCS in liver.

St(;’:lad . HMP Cold
Study Study Type Machine Preservagtion Donor Type  Grafts Storage
. N) Grafts (N)
Solution
Dutkowski . ECOPS device University
2015 [28] Observational (Organ Assist)® Wisconsin DCD, DBD 2 50
Guarrera . Modified University
2010[0]  OPservational e dironic PBS®  Wisconsin DO/ ECD 20 20
Guarrera . Modified University
2015[30]  OPservational s dironic PBS®  Wisconsin ECD 31 30
. . . According to
Van Rijn . Liver Assist
2017 [31] Observational (Organ Assist) ® .loca.l DCD, DBD 10 20
guidelines

Four normothermic perfusion of the liver vs SCS studies [32-35] were included in the meta-analysis
(Table 4). The predominant machine perfusion device was OrganOx metra®. There were a variety of
cold storage preservation solutions, and the most prevalent donor type was DBD (Table 4).

Table 4. Studies comparing NMP and SCS in liver.

Cold Storage NMP Cold
Study Study Type Machine Preservation Donor Type  Grafts Storage
Solution (N) Grafts (N)
- Liver Assist
Ghinolfi RCT (Organ Celsior solution DBD 10 10
2019 [35] Z\®
Assist)
Jassem 2018 . OrganOx University
[34] Observational motra® Wisconsin DBD 12 27
Nasralla OrganOx According to
2018 [32] RCT metra® local guidelines DBD, DCD 121 101
Ravikumar . OrganOx University
2016 [33] Observational motra® Wisconsin DBD, DCD 20 39

3.2. Risk of Bias Assessment

Overall studies had a poor Jadad score, and this is explained by many retrospective studies where
organs preserved with MP were matched with organs preserved via SCS, so therefore no randomisation
or blinding was possible. There was a significant proportion of RCT’s in the meta-analyses of HMP vs
SCS in kidneys (Table 5) and NMP vs SCS in livers (Table 6); however, all of the studies comparing
HMP to SCS in liver were retrospective studies and therefore had poor Jadad scales (Table 7).
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Table 5. Risk of bias assessment of studies comparing HMP and SCS preservation in kidney.

Sty Randomisaion Sgrdenielion lppmprite Do wining Do Cpiri jdad

Description  Blinding Score
Gallinat 2017 0 0 0 0 0 0 1 1
Forde 2016 0 0 0 0 0 0 1
Dion 2015 1 0 -1 0 0 0 1 1
Guy 2015 0 0 0 0 0 0 1 1
Gallinat 2012 1 0 0 0 0 0 1 2
Jochmans 2010 1 1 0 0 0 0 1 3
Merion 1990 1 1 0 0 0 0 1 3
Moers 2009 1 1 0 0 0 0 1 3
M‘”;ggf;e""s 0 0 0 0 0 0 1 1
Sedigh 2013 0 0 0 0 0 0 1 1
Tedesco-silen 1 1 0 0 0 0 1 3
Bellini 2019 0 0 0 0 0 0 1 1
Wang 2017 1 0 -1 0 0 0 1 1
Yao 2016 0 0 0 0 0 0 1 1
Kox 2018 1 0 0 0 0 0 1 2
Gallinat 2015 1 0 0 0 0 0 1 2
Forde 2012 0 0 0 0 0 0 1 1
Amaduzzi 2011 1 0 0 0 0 0 1 2
Kuo 2011 0 0 0 0 0 0 1 1
Paul 2008 1 0 0 1 1 0 1 4
P I"t’z"(ffé‘”ﬂz 0 0 0 0 0 0 1 1
Yuan 2014 0 0 0 0 0 0 1 1

Table 6. Risk of bias assessment of studies comparing HMP and SCS in liver.

Sty andomision “pdomiaton Jperoiae | Dowble g Boute | Dgcation juda

Description  Blinding Score
Dutkowski 2015 0 0 0 0 0 0 1 1
Guarrera 2010 0 0 0 0 0 0 1 1
Van Rijn 2017 0 0 0 0 0 0 1 1
Guarrera 2015 0 0 0 0 0 0 1 1

Table 7. Risk of bias assessment of studies comparing NMP and SCS in liver.

Sty andomisian “pdomiaon loppreiae | Double g Boute | Degalien ud

Description Blinding Score
Nasralla 2018 1 1 0 1 1 0 1 5
Ravikumar 2016 0 0 0 0 0 0 1 1
Jassem 2018 0 0 0 0 0 0 1 1
Ghinolfi 2019 1 1 0 0 0 0 1 3

3.3. Kidney Transplant Outcomes

PNF, DGF (incidence and duration), acute rejection, serum Creatinine, one-year graft survival,
and e-GFR were meta-analysed.
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3.4. Primary Non-Function

Five studies [12,13,15,21,24] which reported PNF (816 patients), demonstrated that HMP
significantly decreased primary nonfunction compared to SCS (OR: 0.35 95% CI 1.02 to 2.53, p = 0.003)

(Figure 2).
HMP SCS Odds Ratio Odds Ratio

Study or Subgroup Events Total Events Total Weight M-H, Fixed, 95% Cl M-H, Fixed, 95% CI
Gallinat 2012 1] 43 4 43 15.2% 010[0.01,1.83) ¥
Gallinat 2017 3 a5 11 85 36.4% 0.25[0.07,0.92] I —
Jachmans 2010 2 gz 2 gz 6.7% 1.001[0.14, 7.27]
Paul 2008 RN R 12 118 401% 0.23 [0.06, 0.84] —
Tedesco-Silva 2017 2 a0 1] a0 1.7% 513 [0.24,108.51] +
Total {95% CI) 408 408 100.0%  0.35[0.17,0.70] Eaey
Tatal events 10 249

- ChiE= _ _ SR | . \ )
Heterogeneity: Chi®=5.40, df= 4 (P = 0.25); F= 26% T 0 10 o0

Testfor overall effect: £= 2.94 (P=0.003)

3.5. Delayed Graft Function

Févours HWP  Favours SCS5

Figure 2. Primary nonfunction in kidneys preserved via HMP and SCS.

Twenty-two studies [6-27] comparing HMP and SCS described the incidence of DGF (Figure 3),
and its duration (Figure 4), with a total of 7963 patients. The overall OR was 0.57 (0.45, 0.72, 95% CI),
with p < 0.00001, favouring a statistically significantly lower prevalence of DGF in kidneys preserved

by HMP.

HMP SCS Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Amaduzzi 2011 18 48 18 a9 4.6% 1.37 [0.61, 3.08] I
Eellini 2019 g 33 16 33 3.3% 0.34 [0.12,0.97]
Dion 2015 3 14 ] 15 1.7% 0.50[0.10, 2.63] *
Forde 2012 14 a8 1 a8 5.0% 066 [0.31, 1.38] I
Forde 2016 16 93 24 93 5.2% 0.60[0.29,1.22] T
Gallinat 2012 25 88 28 a5 A7% 080([0.42, 1.584] -
Gallinat 2015 4] 50 ] 44 3.0% 053 [0.17,1.63] -
Gallinat 2017 g 43 ] 43 2.8% 0.50[0.15,1.63] —
Guy 2015 20 74 47 101 8.7% 0.43[0.22, 0.81] —
Jochmans 2010 44 82 ar 82 8.7% 0.51 [0.27, 0.96] I
Kox 2018 92 376 118 376 2.4% 0.71 [0.81, 0.98] ™
Kuo 2011 543 21448 610 2145 9.6% 0.85[0.75, 0.98] =
Merion 1990 21 51 16 a1 4.6% 1.53[0.68, 3.45] I
Moers 2009 70 336 83 336 21% 0.73[0.51,1.04] -
Moustafellos 2007 g 18 16 18 1.5% 0.05 [0.01, 0.29]
Faul 2008 26 118 Ir  1me B.2% 062 [0.351.11] I
Flata-munoz 2010 15 a3 27 34 3.6% 0.06 [0.02, 0.16] -
Sedigh 2013 B 52 18 ar 6% 0.50[0.18,1.345] —
Tedesco-Silva 2017 36 a0 48 g0 5.8% 0.52[0.28, 0.97] I
Wang 2017 4 24 a1 23% 0.33[0.08,1.29] r
Yao 2016 1 349 ] 34 T.1% 012 [0.01,1.08]
Yuan 2014 g 32 ] 32 2.5% 0.80[0.22, 2.95] I —
Total (95% CI} 3975 3988 100.0% 0.57 [0.45, 0.72] L
Total events 954 1236
Heterogeneity, Tau®= 0.15; Chi*= 57.62, df= 21 (F = 0.0001); 7= 64% 051 150 260
Testfor overall effect Z=4.68 (P = 0.00001) Favo.urs HMP Favours SCS

Figure 3. DGF in kidneys preserved by hypothermic machine perfusion and cold storage.

Four of the studies [15,19,24,26] reporting DGF were included in a meta-analysis comparing the
duration of DGF (352 patients) (Figure 4). There was no difference in duration of DGF in kidneys
preserved with HMP and SCS (SMD: —0.04 CI 95% —0.25 to 0.17, p = 0.72) (Figure 4).
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HMP SCS Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% Cl IV, Fixed, 95% CI

Jochmans 2010 16.75 9.68 44 1775 B.44 97 29.3% -0.11 0050, 0.28]

Moers 2009 17.25 841 70 17 6.89 89 46.3% 0.03 [-0.28, 0.39]

Tedesco-Silva 2017 9 B7 36 m 13 49 24.5% -0.09 [F0.52, 0.34]

Yao 2016 10 0 1232 042 B Mat estimable

Total (95% CI} 151 201 100.0% -0.04 [-0.25,0.17]

Heterogeneity: Chi®=0.39, df= 2 (F=0.82), F=0% 1 _I T + |
Testfor overall effect: Z= 0.36 (P = 0.72) 100 Fg\?ours HMP UFaVOurS SglUS i

Figure 4. DGF duration in kidneys preserved by HMP and SCS. DGF duration was measured in days.
In papers marked with “*”, mean and standard deviation were calculated using the method described
by Wan 2014 [5].

3.6. Acute Rejection

There was no significant difference in the prevalence of acute rejection in kidneys preserved by
HMP or SCS (OR: 0.91 95% CI 0.66 to 1.27, p > 0.05). Five studies [12,15,19,23,25] were used for the
meta-analysis of a total of 1193 patients (Figure 5).

HMP SCS Odds Ratio Odds Ratio
Study or Subgroup  Events Total Events Total Weight M-H, Fixed, 95% CI M-H, Fixed, 95% CI
Gallinat 2012 18 a5 14 85 14.5% 1.46 [0.68, 3.14]
Jachmans 2010 5] 82 10 g2 12.4% 0.57 [0.20,1.684]
Moers 2009 44 336 46 336 533% 0.95[0.61,1.489]
Sedigh 2013 9 52 21 a7 17.3% 0.66[0.28,1.597] —
Wang 2017 1 24 2 24 26%  0.48[0.04, 5.66] EEEE———
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Figure 5. Acute rejection in Kidneys preserved via HMP and SC.

3.7. Comparison of Serum Creatinine One Month after Kidney Transplantation

Three studies [15,24,26] reported one-month post-transplantation serum creatinine (397 patients).
There was no significant difference in serum creatinine values (SMD: —0.16 95% CI -0.62 to 0.31)

(Figure 6).
HMP SCS Std. Mean Difference Std. Mean Difference
Study or Subgroup  Mean SD Total Mean SD Total Weight IV, Random, 95% Cl IV, Random, 95% CI
Jochmans 2010 ¥ 285 128 B2 375 185 82 351% -0.56 [-0.88,-0.25] L
Tedesco-Silva 2017 23 15 a0 207 17 80 35.2% 014017, 0.45] ]
Yao 2016 141 04 390 11z 03E 0 34 297% -0.03 [0.49, 0.43] L
Total {95% CI) 201 196 100.0% -0.16 [-0.62, 0.31]
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Figure 6. Comparison of one month post transplantation serum creatinine in kidneys preserved via
HMP and SCS. In papers marked with “*”, mean and standard deviation were calculated using the
method described by Wan 2014 [5].

3.8. One-Year Graft Survival

Seven studies [7,10,11,13,15,19,23] that had data on graft survival (1397 patients) were
meta-analysed. Overall, kidneys preserved with HMP had a significantly longer one-year graft
survival (OR: 1.61 95% CI: 1.02 to 2.53, p = 0.04) (Figure 7).
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Figure 7. One year graft survival in kidneys preserved via HMP and SCS.

3.9. Post-Transplant Estimated Glomerular Filtration Rate in HMP and SCS Kidneys

One of our previous studies [7] as well as the one from Tedesco et al. [24] were the only two that
reported eGFR at more than one time point after the surgery. Combined meta-analyses of 200 patients
demonstrate that HMP increased eGFR only on day 7 post surgery (SMD: 0.39 95% CI 0.11 to 0.67,
p = 0.007) (Figure 8). There was no significant difference in eGFR of kidneys preserved with HMP and
SCS both on day 14 (SMD: 0.99 95% CI —0.26 to 2.24, p > 0.05) (Figure 9) and day 365 (SMD: 0.6 95% CI
—0.19 to 1.38, p > 0.05) (Figure 10).

HMP 5CS Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% Cl IV, Fixed, 95% CI
Eellini 2018 274 48 20 247 441 20 19.5% 0.59 [-0.04,1.23]
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Figure 8. Estimated glomerular filtration rate (eGFR) in kidneys preserved via HMP and SCS; eGFR

day 7.
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Figure 9. Estimated glomerular filtration rate (eGFR) in kidneys preserved via HMP and SCS; eGFR

day 14.
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Figure 10. Estimated glomerular filtration rate (eGFR) in kidneys preserved via HMP and SCS; eGFR
day 365.

3.10. Liver Transplant Outcomes

PNF, EAD, and AST serum levels, bilirubin serum levels, and the incidence of biliary strictures
were meta-analysed.
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3.11. Primary Non Function

In livers preserved both by HMP (Figure 11) and NMP (Figure 12), there was no significant
difference in PNF compared to livers stored using SCS. The odds ratio comparing HMP to SCS was
0.36 95% CI 0.05 to 2.35, p = 0.29, and the odds ratio comparing NMP to SCS was 2.53 95% CI 0.10 to

62.70, p = 0.67.
HMP SCS Odds Ratio Odds Ratio
Study or Subgroup  Events Total Events Total Weight M-H, Fixed, 95% Cl M-H, Fixed, 95% CI
Dutkowski 2015 1] 25 3 a0 54.1% 0.27 [0.01, 5.36] ]
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Guarrera 2015 103 2 30 459%  0.47[0.04,5.44) —_—
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Figure 11. Primary nonfunction in livers preserved via HMP and SCS.
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Figure 12. Primary nonfunction in livers preserved via NMP and SCS.

3.12. Early Allograft Dysfunction

Four studies [28-31] compared EAD prevalence in livers stored using HMP and SCS (206 patients).
Overall, livers stored with HMP showed lower prevalence of EAD (OR: 0.36 95% CI 0.17 to 0.75,
p = 0.006) (Figure 13). Similar results were reported by the three studies comparing EAD prevalence in
livers stored using NMP and SCS (301 patients). Overall, livers stored with NMP also showed lower
prevalence of EAD compared to SCS (OR: 0.36 95% CI 0.17 to 0.75, p = 0.006) (Figure 14).

HMP SCS Odds Ratio Odds Ratio
Study or Subgroup  Events Total Events Total Weight M-H, Fixed, 95% CI M-H, Fixed, 95% CI
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Figure 13. Early allograft dysfunction in livers preserved via HMP and SCS.
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Figure 14. Early allograft dysfunction in livers preserved via NMP and SCS.
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3.13. Serum AST

Two studies [28,29] (115 patients) comparing HMP to SCS demonstrated the superiority of HMP
in reducing post-transplantation AST levels (SMD —0.59 95% CI —0.98 to —0.20, p = 0.003) (Figure 15).
Similarly, four studies [32-35] that focused on comparing NMP to SCS demonstrated that livers
preserved with NMP had significantly lower serum AST levels than SCS (OR: —0.63 95% CI —0.85 to
—0.41, p < 0.00001) (Figure 16).

HMP SCS §td. Mean Difference Std. Mean Difference
Study or Subgroup _ Mean __ SD_Total Mean SD_Total Weight IV, Fixed, 95% C IV, Fixed, 95% Cl
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Figure 15. Peak serum AST in studies comparing HMP to SCS. In papers marked with “*”, mean and
standard deviation were calculated using the method described by Wan 2014 [5].
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Figure 16. Peak serum AST in studies comparing NMP to SCS. In papers marked with “*”, mean and

standard deviation were calculated using the method described by Wan 2014 [5].

3.14. Serum Bilirubin

Results from Dutkowski [28], Guarrera [29], and van Rijn [31] (115 patients) demonstrated the
overall significant decrease in post transplantation serum bilirubin (SMD: —0.59 95% CI —0.98 to —0.20,
p = 0.003) in livers stored with HMP compared to SCS (Figure 17).

HMP 5CS Std. Mean Difference Std. Mean Difference
Study or Subgroup  Mean  SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
Van Rijn 2017 ¥ 1.033 0602 10 2867 3391 0 0.0% -0.64 [-1.42,014]
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Figure 17. One week post transplantation peak serum total bilirubin in studies comparing HMP to SCS.
In papers marked with “*”, mean and standard deviation were calculated using the method described

by Wan 2014 [5].

Three studies [32,34,35] comparing NMP to SCS described total serum bilirubin one week post
transplantation (181 patients), and demonstrated that there was no significant difference in bilirubin
levels (SMD: —0.20 95% Ci —0.44 to 0.03, p = 0.09) (Figure 18).
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Figure 18. One week post transplantation peak serum total bilirubin in studies comparing NMP to SCS.
In papers marked with “*”, mean and standard deviation were calculated using the method described

by Wan 2014 [5].
3.15. Biliary Strictures

Four studies [28-31] (Figure 19) comparing SCS to HMP in the preservation of livers (206 patients)
demonstrated significant difference in incidence of post-transplantation strictures (OR: 2.59 95% CI
1.19 to 5.61, p = 0.02).
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Figure 19. Post transplantation biliary stricture rates in studies comparing HMP to SCS.

4. Discussion

This meta-analysis assessed the impact of dynamic preservation techniques on the viability and
incidence of reperfusion injury in kidney and liver versus the traditional static cold storage before
transplantation. The results were further sub-analysed in relation to the different organs considered.

HMP demonstrated significantly lowered delayed graft function incidence in transplanted kidneys
compared to SCS, but it, however, had no effect on its duration, although only four studies reported this
parameter. Furthermore, HMP was associated with reduced PNF and prolonged one-year graft survival,
demonstrating the importance of machine perfusion technology in the utilisation of graft from extended
criteria donors. Overall, serum creatinine of the transplanted grafts was similar, although a difference
in eGFR could be seen on day 7 post transplantation. In the long term, there was yet no difference
in kidneys preserved via HMP and SCS. This might lead to the debate of whether the long-term
function of an organ is intrinsically related to the quality of the organ itself (standard or extended
criteria), whilst the immediate post-transplant function is directly dependant on the preservation
technique. For this reason, emergent possibilities of reconditioning during preservation are considered
to improve the quality of the organ and to possibly impact the long-term outcome. In that regard,
nutrients, therapeutic gases, mesenchymal stromal cells, gene therapies, and nanoparticles could be
delivered to effectively repair an extended criteria organ during the preservation period and prior
to implantation. The use of oxygen might in particular contribute to the long-term outcome of the
preserved parenchymal cells. It is in fact of note, as shown in in Figure 10, that a difference in the one
year eGFR is in favour of HMP kidneys preserved with an oxygenated circuit. Additional oxygen
may support the aerobic activity and contrast the injury process of the cells with a more prominent
effect in the long term. Furthermore, the efficiency of MP in assessing organ quality with possible
reconditioning and predicting transplant outcome are of great interest in modern transplant practice,
with an emerging role of these novel technologies to be evaluated as a possible diagnostic tool.
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Differently from the kidney, no difference in PNF was seen in livers preserved via HMP or NMP
compared to SCS; in liver preservation both HMP and NMP have demonstrated superior outcomes
when it comes to mitigating early allograft dysfunction and post transplantation AST levels compared
to SCS, but only HMP was able to significantly decrease serum bilirubin and the incidence of biliary
strictures, compared to SCS. In addition to this, the value of AST as an end point is controversial
because there can be a release of AST in the perfusate during MP; therefore, a more reliable marker
should be considered in future studies. These conflicting results might be related to the relatively small
numbers of RCT with, therefore, no sufficient evidence to conclude a clear superiority of one modality
compared to the other. What appears to be clear is that more clinical studies are needed for verification
with homogeneous parameters to measure the outcomes of interest.

In conclusion, there is growing evidence that MP allows for the utilisation of marginal kidneys
with lower primary and delayed graft function rates. There is also evidence of improved early allograft
dysfunction after dynamic preservation for livers, but more studies are needed to prove the potential
superiority of these novel technologies.
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Abbreviations

AST Aspartate transaminase

DGF Delayed Graft Function

DBD Donor after Brain Death

DCD Donor after Cardiac Death

EAD Early Allograft Dysfunction

eGFR estimated Glomerular Filtration Rate
ECD Expanded Criteria Donor

HMP Hypothermic Machine Perfusion
HTK Histidine-Tryptophan-Ketoglutarate
KPS-1 Kidney Perfusion Solution 1

MP Machine Perfusion

OR Odds Ratio

PNF Primary Non-Function

RCT Randomized Controlled Trial

SCS Static Cold Storage

SMD Standardised Mean Difference

SPS-1 Static Preservation Solution 1
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Abstract: Belatacept is an attractive option for immunosuppression after renal transplantation.
Renal allograft function is superior when compared to calcineurin inhibitor (CNI) based therapy in
“de novo” treated patients and it has also been proposed that individuals at high cardiovascular (CV)
risk may benefit most. In this retrospective cohort study, we assessed the efficacy and safety of treating
patients at high cardiovascular risk with Belatacept (n = 34, for 1194 observation months) when
compared to a matched control group of 150 individuals under CNI immunosuppression (for 7309
months of observation). The estimated glomerular filtration rate (eGFR) increased for patients taking
Belatacept but decreased during CNI-based therapy (+2.60 vs. —0.89 mL/min/1.73 m?/year, p = 0.006).
In a multivariate Cox regression model, Belatacept remained the only significant factor associated
with the improvement of eGFR (HR 4.35, 95%CI 2.39-7.93). Belatacept treatment was not a significant
risk factor for renal allograft rejection or graft loss. In terms of safety, the only significant risk factor
for de novo cardiovascular events was a pre-existing cerebrovascular disease, but Belatacept was
not associated with a significant risk reduction. Belatacept treatment was not associated with an
increased risk of severe infections, cytomegalo virus (CMV) or BK-virus reactivation, malignancy
or death in the multivariate Cox regression analysis. Belatacept is an efficient and safe option for
patients after renal transplantation at high cardiovascular risk.

Keywords: kidney transplantation; Belatacept; cardiovascular high risk; outcome

1. Introduction

Calcineurin inhibitors (CNIs) are currently the standard immunosuppressive therapy after
renal transplantation. Their introduction into clinical practice has improved short-term outcomes
dramatically. Unfortunately, the rate of late allograft loss has not significantly improved [1] and it is
generally accepted that CNI nephrotoxicity contributes to this problem. Thus, multiple studies have
investigated the impact of CNI-free immunosuppression on renal allograft function and patient and
graft survival. The use of mammalian target of rapamycin inhibitors (mTORIi) is impeded by drop-out
rates of up to 40% due to side effects [2] and furthermore is associated with higher allograft rejection
rates [3].
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Belatacept inhibits T-cell activation by blocking a co-stimulatory signal by binding to CD80/CD86
on antigen presenting cells [4]. It is currently approved for the de novo immunosuppression
of renal allograft recipients in combination with mycophenolic acid and steroids. Studies have
demonstrated an improved allograft survival over several years when compared to cyclosporine
A-based immunosuppression [5,6]. Furthermore, a protocol for switching patients from CNIs to
Belatacept has been published [7,8]. This conversion improved kidney function relative to the
baseline and was safe concerning risk of death or transplant loss. Finally, it has been proposed that
Belatacept-based regimens might have beneficial effects, especially in patients at high cardiovascular
(CV) risk (reviewed by [9]). One mechanism might be a reduction of pulse wave velocity in patients
treated with Belatacept compared to CNI-treated patients [10,11]. However, “real world” data on renal
outcomes and especially safety in the latter individuals are sparse.

Thus, we conducted a retrospective cohort study in renal allograft recipients at high CV risk and
compared the efficacy and safety of Belatacept treatment in 34 patients to the outcomes of 150 patients
treated with CNI (mainly tacrolimus) based immunosuppression.

2. Materials and Methods

2.1. Patient Population

Belatacept has been used in 42 renal transplant recipients at our center since 2010 and in this
retrospective cohort study, all patients at high cardiovascular risk (definition see below) have been
included (n = 34). Eighteen patients were treated de novo and 16 were converted at a median of
1.6 months (interquartile range (IQR), 0.6-4.2 months) after transplantation, mainly due to biopsy
confirmed or clinically suspected renal CNI toxicity. No patient in this group was returned to CNI
therapy thereafter. As we were interested in studying the efficacy and safety in patients on either CNI
or Belatacept therapy, the day of conversion was taken as the baseline in these individuals and all
clinical endpoints were adjudicated to the Belatacept group. Due to the early conversion, we excluded
the time on CNI from any calculation. The study was conducted in accordance with the Declaration of
Helsinki, and the protocol was approved by the Ethics Committee of the Medical University Innsbruck
(Project-ID: 1137/2019).

The median observation duration on Belatacept was 35 months, no patient was lost for follow-up
and the total period on therapy analysed was 1194 months. All renal allograft recipients (1 = 309) on
CNI-based immunosuppression that received their transplant between 1 January, 2010 and 31 December,
2012 formed the control cohort. Of these, 150 also fulfilled the criteria for high cardiovascular risk.
No patients were lost for follow-up, the median follow-up was 48 months and the total analysed period
of months on therapy was 7309. High cardiovascular risk was defined by the presence of any significant
pre-transplant coronary artery disease (CAD) confirmed on angiography, a history of myocardial
infarction, peripheral artery disease (PAD) (cardiovascular disease) or stroke (cerebrovascular disease)
or the presence of diabetes mellitus in combination with arterial hypertension.

2.2. Endpoints

Efficacy endpoints were renal allograft function as assessed by a change of eGFR on therapy,
number of rejection episodes (either confirmed by biopsy or clinically based on an improvement of
allograft function after anti-rejection therapy) or graft loss. The estimated glomerular filtration rate
(eGFR) was calculated using the abbreviated MDRD formula. AeGFR was calculated by dividing
the difference between eGFR at last follow-up and the baseline by the number of follow-up years.
The safety endpoints were de novo cardiovascular events (new myocardial infarction, newly diagnosed
CAD of any stage, newly diagnosed peripheral artery disease), severe infections (defined as infection
leading to the admission of the patient to hospital), cytomegalo virus (CMV) reactivation (diagnosed
by PCR with or without a clinical CMV infection), BKV reactivation (as determined by PCR in serum
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and/or urine), de novo malignancy and death. All efficacy and safety endpoints were identified using
patients’” records.

2.3. Statistics

The reported values represent either medians and interquartile ranges (IQR) or the number of
patients and percentages of the respective cohort. Proportions were compared using the Chi? or Fisher
exact tests. Non-parametric tests were used to compare continuous variables. The factors potentially
associated with the eGFR, the eGFR-slope (eGFR), and efficacy and safety parameters were assessed
using a Cox regression analysis. In particular, those factors were: Belatacept treatment, recipient age,
male gender of the recipient, recipient BMI, a CMV high risk mismatch (D+/R-), the presence of diabetes
mellitus or arterial hypertension, the presence of cerebrovascular or cardiovascular disease, the time on
renal replacement therapy (RRT) before renal transplantation (RTx), number of previous RTx, number
of HLA mismatches, intraoperative urine production (initial diuresis), number of post-operative
(PO)—meaning after renal transplantation—hemodialysis sessions (HDs), the absence or presence of
steroids at discharge, the presence of serum-creatinine at discharge, the absence or presence of steroids
at the last follow-up, the extended criteria donor (ECD) organ, the male sex of the donor, and donor
age. A history of rejection was also included, with an exception for the endpoint rejection episodes.
Variables with a p-value < 0.05 in univariate analysis were included in the multivariate analysis,
where again a p-value < 0.05 was considered statistically significant. The analysis was performed using
SPSS Version 24.

3. Results

3.1. Baseline

Baseline data are shown in Table 1. Belatacept patients spent a shorter period of time on renal
replacement therapy (RRT) before renal transplantation, were more likely to suffer from CV disease or
hypertension and less likely to have diabetes mellitus compared to CNI patients. The baseline data
were not significantly different between de novo and converted Belatacept patients, except for the
higher proportion of male recipients in de novo patients (17/18 vs. 8/16, p = 0.003).

3.2. Renal Transplantation

Concerning renal transplantation (RTx, Table 2), the donor type was significantly different between
CNI- and Belatacept-treated patients. This was primarily driven by a higher proportion of living donors
and deceased donors that died due to circulatory reasons in the Belatacept group. The Belatacept
patients received more organs from female donors and donors were older (61 vs 49.5 years) and
had a higher BMI compared to CNI patients. The proportion of patients with intraoperative urine
production (initial diuresis) was lower (76% vs. 95%) and the number of hemodialysis sessions (HDs)
was significantly higher in Belatacept patients. Hence, renal allograft function at discharge, as assessed
by serum creatinine (1.52 vs. 2.20 mg/ml, p = 0.001) and eGFR (MDRD) (44.5 vs. 28 mL/min/1.73 m?,
p = 0.001), was significantly worse in Belatacept patients.

3.3. Efficacy

The median follow-up (Table 3) was 1462 and 1054 days in CNI and Belatacept patients (p = 0.084),
respectively. Belatacept was continued in all patients with a maintained graft function during follow-up
(31/34). The number of patients on steroids at follow-up and the proportion of hypertensive patients
were higher in the Belatacept group.
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Table 1. Baseline data of control and Belatacept patients.

Control (1 = 150) Belatacept (7 = 34)
Median/n IQR/(%) Median/n IQR/(%) 4
BMI [kg/m?] 25.1 22.6-28.4 26.1 22.6-30.6 0.304
Male Sex 1 (%) 37 (24.67) 9 (26.47) 0.826
Age at time of RTx [years] 59.6 49.4-66.8 57.2 38.7-65.4 0.325
Time on RRT [months] 53.8 29.6-80.5 35.6 22.2-52.1 0.006 *
Primary Renal Disease 7 (%)
Diabetic Nephropathy 51 (34.00) 5 (14.71) 0.031*
Vascular Nephropathy 25 (16.67) 5 (14.71) 0.768
IgA Nephropathy 7 (4.67) 6 (17.65) 0.017*
other Glomerulonephritis 18 (12.00) 2 (5.88) 0.377
ADPKD 12 (8.00) 5 (14.71) 0.321
other hereditary disease 2 (1.33) 0 (0.00) 1.000
ANCA Vasculitis 0 (0.00) 0 (0.00) n.c.
Lupus nephropathy 2 (1.33) 0 (0.00) 1.000
chronic kidney disease NOS 33 (22.00) 11 (32.35) 0.209
Number of previous RTx 1 (%) 0.671
0 114 (76.00) 29 (85.29)
1 24 (16.00) 4 (11.76)
2 10 (6.67) 1 (2.94)
3 1 (0.67) 0 (0.00)
4 1 (0.67) 0 (0.00)

Diabetes 1 (%) 85 (56.67) 11 (32.35) 0.009 *
Cerebrovascular disease 1 (%) 12 (8.00) 4 (11.76) 0.503
Cardiovascular disease 7 (%) 113 (75.33) 32 (94.12) 0.016 *

Arterial Hypertension 7 (%) 126 (84.00) 34 (100) 0.014 *

The median and interquartile range (IQR) are depicted except for nominal variables, where the number of patients
(n) and percentages are shown. p-values < 0.05 are marked with an asterisk *. BMI: body mass index, RTx: renal
transplantation, RRT: renal replacement therapy, ADPKD: autosomal dominant polycystic kidney disease, ANCA:
antineutrophil cytoplasmic antibody, NOS: not otherwise specified, n.c.: not calculated.

Table 2. Data at the time of Renal Transplantation (RTx).

Control (1 = 150) Belatacept (n = 34)
Median/n IQR/(%) Median/n IQR/(%) r
Donor Type 1 (%)
Living donor 6 (4.00) 5 (14.71) 0.032*
DD (CVA/SAB/SDH) 86 (57.33) 22 (64.71) 0.431
DD (trauma) 41 (27.33) 0 (0.00) 0.001 *
DD (circulatory) 6 (4.00) 5 (14.71) 0.032*
DD (suicide) 7 (4.67) 2 (5.88) 0.673
DD (other) 4 (2.67) 0 (0.00) 1.000
ECD n (%) 65 (43.33) 18 (52.94) 0.309
Male Donor Sex 1 (%) 80 (53.33) 9 (26.47) 0.005 *
Donor Age [years] 49.5 37-66 61 51-68 0.003 *
Donor BMI [kg/m?] 249 22.5-27.7 26.3 245-286  0.034*
CMV mismatch n (%) 0.947
Donor-/Recipient- 20 (13.33) 5 (14.71)
Donor-/Recipient+ or
Donor+/Recipient+ 100 (66.66) 22 (64.71)
Donor+/Recipient- 30 (20.00) 7 (20.59)
Number of HLA Mismatches 3 3-5 3 2-5 0.843
Initial Diuresis 1 (%) 143 (95.33) 26 (76.47) <0.001 *
Number of PO HDs after RTx 0 0-2 1 0-5 0.015*
On Steroids at discharge 1 (%) 141 (94.00) 34 (100.00) 0.214
S-Creatinine at discharge (mg/dL) 1.52 1.21-2.11 2.20 1.40-2.98 0.001 *
eGFR at discharge (MDRD) 445 30-9 28 051 0.001 *

(mL/min/1.73 m?)

Median and IQR are depicted except for nominal variables, where the number of patients (1) and percentages are
shown. p-values < 0.05 are marked with an asterisk *. DD: deceased donor, CVA: cerebrovascular event, SAB:
subarachnoidal bleeding, SDH: subdural hematoma, ECD: extended criteria donor, CMV mismatch: “~” means
sero-negative, “+” means sero-positive, PO HDs: postoperative hemodialysis sessions, RTx: renal transplantation,
S-Creatinine: serum creatinine.
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Table 3. Data at last follow-up.

Control (1 = 150) Belatacept (n = 34)
Median/n IQR/(%) Median/n IQR/(%) P
Follow-up [days] 1462 718-2115 1054 772-1363 0.084
IS-CNI/mTor/Bela n (%) <0.001 *
none 14 9.33 3 8.82
Tac 105 70.00 0 0.00
CsA 25 16.67 0 0.00
Bela 0 0.00 31 91.17
mTORi 6 4.00 0 0
IS-Antimetabolites 1 (%) 0.221
none 32 21.33 5 14.71
Mycophenolate Mofetil (MMF) 75 50.00 19 55.88
Mycophenolic acid (MPA) 16 10.67 7 20.59
Azathioprine 25 16.67 2 5.88
other 2 1.33 1 2.94
IS-On steroids 1 (%) 71 47.33 28 82.35 <0.001 *
Serum Creatinine (mg/dL) 1.62 1.25-2.36 1.96 1.342.31 0.404
eGFR (MDRD) (mL/min/1.73m?) 41 27-60 36.5 25-52 0.329
(méﬁiﬁ.%ﬁg/];gar) —-0.89 —6.05-3.02 2.6 —-1.85-7.76 0.006*
Cerebrovascular disease 1 (%) 13 8.67 5 14.71 0.335
Cardiovascular disease n (%) 118 78.67 33 97.06 0.004 *
Arterial Hypertension 1 (%) 120 80.00 30 88.24 1.000

Median and IQR are depicted except for nominal variables, where the number of patients (1) and percentages are
shown. p-values < 0.05 are marked with an asterisk *. Data on cerebro- and cardiovascular diseases show cumulative
numbers of events at follow-up. De novo events are depicted in Table 5. IS-CNI/mTOR/Bela: immunosuppression
concerning tacrolimus (Tac), cyclosporine A (CsA), Belatacept (Bela), mTOR inhibitors (mTORi). IS-Antimetabolites:
immunosuppression concerning mycophenolate mofetil (MMF), mycophenolic acid (MPA), azathioprine (Aza).

Concerning efficacy, renal allograft function as assessed by serum creatinine/eGFR improved in
Belatacept-treated patients and slightly worsened in CNI patients, yielding a non-significant difference
between the groups at follow-up (in contrast to the time of discharge after RTx). AeGFR of the
patients on Belatacept was positive compared to CNI patients (+2.60 vs. —0.89 mL/min/1.73 m?/year,
p = 0.006). The median AeGFR in the whole cohort (Belatacept plus CNI patients, n = 184) was + 0.35
mL/min/1.73 m? (Table 4). The only factor significantly associated with a AeGFR above the median in
the multivariate model (adjusted for significant factors in the univariate analysis including Belatacept
treatment, recipient BMI, number of postoperative HDs, the presence of serum-creatinine at discharge
and donors’ age) was Belatacept treatment (HR 4.35, 95%CI 2.387-7.926, p < 0.001, Table 4). Rejection
episodes and graft loss were not significantly different between Belatacept and CNI patients (Table 5).
Neither Belatacept nor any other parameter was a significant risk factor for rejection in the univariate
Cox regression. Univariate correlated risk factors for graft loss were a higher recipient BMI (HR 1.126,
95%CI 1.038-1.222, p = 0.004), number of postoperative HDs (HR 1.178, 95%CI 1.041-1.333, p = 0.009)
and higher serum-creatinine at discharge (HR 1.598, 95%CI 1.179-2.166, p =0.03). BMI (HR 1.116, 95%ClI
1.003-1.242, p = 0.043) and number of postoperative HDs (HR 1.253, 95%CI 1.027-1.530, p = 0.027)
remained significant after multivariate adjustments. Belatacept was not a risk factor for graft loss (HR
0.987, 95%CT 0.283-3.417, p = 0.980).
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Table 4. Cox regression for eGFR better than the median (+0.35 mL/min/1.73 m?/year) at last follow-up.
We calculated univariate hazard ratios (HR) for risk factors. All significant univariate risk factors
were used in the multivariate model. BMI: body mass index, RTx: renal transplantation, PO HD:
postoperative hemodialysis session, ECD: extended criteria donor.

Univariate Analysis

Multivariate Analysis !

Factor
HR 95%-CI p HR 95%-CI 14
Belatacept 5.629 3.239-9.783  <0.001 * 4.350 2.387-7.926  <0.001 *
Recipient Age 1.012 0.994-1.030 0.184
Male recipient Sex 1.435 0.863-2.388 0.164
BMI 1.063 1.018-1.111 0.006* 1.024  0.979-1.072 0.300
Diabetes 0.799 0.524-1.218 0.297
Cerebrovascular disease 1.365 0.704-2.646 0.357
Cardiovascular disease 1.050 0.624-1.767 0.853
Arterial hypertension 0.846 0.475-1.508 0.572
Number of previous RTx 0.741 0.499-1.098 0.135
HLA mismatch 0.649 0.416-1.011 0.056
Initial Diuresis 0.502 0.200-1.260 0.142
Number of PO HDs 1.117 1.051-1.187  <0.001 * 1.037  0.953-1.129 0.395
Steroid at discharge 2.424 0.760-7.731 0.134
Creatinine at discharge 1.437 1.238-1.667  <0.001 * 1.218 0.885-1.675 0.226
ECD 1.357 0.891-2.066 0.154
Male Donor Sex 1.131 0.742-1.725 0.566
Donor Age 1.018 1.005-1.032 0.007 * 1.004  0.990-1.019 0.546

1 adjusted for Belatacept treatment, BMI, number of postoperative (PO) hemodialysis sessions (HDs), eGFR at

discharge and donor age. p-values < 0.05 are marked with an asterisk *.

Table 5. Efficacy and safety endpoints at last follow-up. p-values < 0.05 are marked with an asterisk *.

CMV: cytomegalo virus, BKV: polyoma virus.

CNI (1 = 150) Belatacept (1 = 34)
EFFICACY n % % P Log-Rank
Rejection 13 8.7 11.8 0.524 0.295
Graft loss 17 11.3 3 8.8 1.000 0.980
SAFETY
De novo CV events 5 3.33 1 2.94 1.000 0.550
Severe Infection 35 23.3 13 38.2 0.074 0.013*
Type of severe Infection 0.003 *
none 115 76.7 21 61.8
Diarrhea 1 0.7 3 8.8
Urinary tract infection 15 10.0 6 17.6
Pneumonia 15 10.0 1 29
Sepsis 4 2.7 3 8.8
Any CMV reactivation 60 40.0 16 47.1 0.450 0.932
BKYV reactivation in serum 16 10.7 7 20.6 0.148 0.136
BKYV reactivation in urine 37 247 10 294 0.567 0.718
Malignancy 2 1.3 0 0.0 1.000 0.650
Death 22 14.7 4 11.8 0.790 0.861
Cause of Death 0.921
unknown 5 3.3 1 29
Sepsis 7 4.7 2 59
Cardiac 7 4.7 1 29
Malignancy 2 13 0 0.0
Stroke 1 0.7 0 0.0
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3.4. Safety

We found no difference between CNI- and Belatacept-treated patients concerning all safety
endpoints, except for severe infection (Figure 1, Table 5).
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Figure 1. KM-Plot for severe infection (Log-Rank p = 0.013), defined as infection leading to the
admission of the patient to hospital.

Concerning severe infections, defined as infections leading to the admission of the patient to
hospital, we found more infections in the Belatacept group (38.2 vs. 23.3%, Log-Rank p = 0.013). The type
of severe infection also differed between the groups, with a higher proportion of diarrhoea, urinary
tract infections and sepsis, but fewer instances of pneumonia, in Belatacept-treated patients. In the
univariate Cox regression analysis, Belatacept treatment, number of postoperative HDs, the presence of
creatinine at discharge, ECD and donor age were significant risk factors for severe infections (Table 6),
while the male sex of the recipient was a protective factor. In the multivariate analysis, no risk
factor remained significant (including Belatacept), whereas the male sex of the recipient remained a
significant protective factor for severe infection in our cohort. It is noteworthy that Belatacept was
not a significant risk factor in any Cox regression analysis for all other safety endpoints. Risk factors
for CMV reactivation were number of postoperative HDs (HR 1.123, 95%CI 1.050-1.201, p = 0.001)
and the presence of serum-creatinine at discharge (HR 1.335, 95%CI 1.087-1.638, p = 0.006) of which
none remained significant in a multivariate model. A risk factor for BKV reactivation in patients’
plasma was treatment with steroids at follow-up (HR 3.358, 95%CI 1.246-9.051, p = 0.017) whereas the
male sex of the donor was protective (HR 0.362, 95%CI 0.142-0.917, p = 0.032). The treatment with
steroids at follow-up remained significant in the multivariate model (HR 2.850, 95%CI 1.042-7.796,
p = 0.041). BKV reactivation in patients’ urine was significantly correlated with recipient (HR 1.041,
95%CI11.013-1.069, p = 0.004) and donor age (HR 1.020, 95%CI 1.001-1.038, p = 0.036), of which recipient
age remained multivariately significant (HR 1.033, 95%CI 1.003-1.064, p = 0.029).
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Table 6. Cox regression for severe infection. All the significant risk factors from the univariate
Cox-Regression are shown and were included in the multivariate analysis. p-values < 0.05 are marked
with an asterisk *.

Univariate Analysis Multivariate Analysis !
Factor
HR 95%-CI p HR 95%-CI p

Belatacept 223 11634301  0016* 1363  0.659-2819 0403
Male recipient Sex 0548 0305-0.983  0.044* 0459  0242-0.870  0.017*
Number of POHDs 1156  1.062-1259 ~ 0.001* 1057  0939-1189  0.358
Creatinine at 1602 12552044 <0.001* 1131  0.628-2.087  0.682

discharge
ECD 2867  1578-5200 0001* 1373  0488-3858 0548
Donor Age 1032 1.012-1.052  0.002* 1019  0.985-1.054  0.287

1 adjusted for belatacept treatment, male recipient sex, number of post-operative (PO) hemodialysis sessions (HDs),
creatinine ad discharge, extended criteria donor (ECD), donor age.

The only univariate risk factor for the safety endpoint de novo cardiovascular events was
pre-existing cerebrovascular disease (HR 6.144, 95%CI 1.026-36.798, p = 0.047). All other parameters,
and especially Belatacept (HR 1.938, 95%CI 0.214-17.591, p = 0.557), were not significant. Concerning
malignancy, we found no significant factor in the univariate Cox regression. Univariate risk factors for
death were recipient age (HR 1.044, 95%CI 1.006-1.083, p = 0.023), HLA mismatch (HR 2.27, 95%CI
1.011-5.099, p = 0.047) and the presence of creatinine at discharge (HR 1.350, 95%CI 1.018-1.791,
p = 0.037). Recipient age was the only significant risk factor for death in multivariate Cox regression
(HR 1.036, 95%CI 1.001-1.074, p = 0.046).

4. Discussion

We conducted a retrospective cohort study of renal allograft recipients at high cardiovascular risk
either treated with a Belatacept- or CNI-based immunosuppressive regimen. eGFR improved with
Belatacept treatment, but slightly decreased during CNI therapy and, in the multivariate analysis,
Belatacept treatment was the only significant factor for the improvement of AeGFR. This is in line
with the BENEFIT and BENEFIT-EXT studies, which also demonstrated an increase of GFR over a
follow-up of seven years [12-14]. However, the CNI comparator cohort consisted of cyclosporine
A-treated patients only, whereas our group was mainly treated with tacrolimus (68% of patients).
Our recipients were of a similar age (56 years) to recipients in BENEFIT-EXT, but older compared to
BENEFIT (43 years). Additionally, our CV high risk cohorts consisted of more diabetic patients (CNI
group: 57%, Belatacept group: 32% vs. BENEFIT: 15%, BENEFIT-EXT: 16%) and had worse donor
characteristics (living donors: CNI group 4%, Belatacept group 15% vs. BENEFIT 58%, BENEFIT-EXT
not reported). Furthermore, the BENEFIT studies did not report the number of patients suffering from
established cardiovascular disease, which was substantial in our Belatacept (94%) and CNI patients
(75%). Nevertheless, and although Belatacept patients had inferior renal allograft function at the time
of discharge after transplantation, serum creatinine levels and eGFR were similar at follow-up in this
high CV risk cohort compared to CNI-treated patients. Bertrand et al. [15] and Le Meur et al. [16]
reported similar results in 17 and 25 patients treated with Belatacept, because of vascular damage and
CNI intolerance.

Belatacept was not associated with an increased risk of rejection in our patients. BENEFIT-EXT [17]
reported a higher risk in Belatacept-treated patients, whereas BENEFIT [18] found no significant
difference. However, our CNI cohort was mainly treated with tacrolimus, which is generally accepted to
have aslightly higher immunosuppressive potential, rather than cyclosporine A as in the BENEFIT(-EXT)
studies. Belatacept was not a risk factor for graft loss in our cohort (HR 0.987, 95%CI 0.283-3.417,
p = 0.980), which is in line with the literature [17,18].

Concerning safety and in contrast to Florman et al. [13], we found that Belatacept treatment was
associated with an increased incidence of severe infections in the univariate Cox regression. The most
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obvious differences were higher event rates of diarrhoea, urinary tract infection and sepsis. Sepsis
as an endpoint has not been reported in any previous studies of Belatacept patients. In line with our
data, gastroenteritis and urinary tract infections were numerically higher in the switch studies [7,8,19].
However, in the multivariate regression analysis, Belatacept treatment was not associated with an
increase of this endpoint. One explanation for the higher incidence of gastroenteritis (diarrhoea) might
be the more frequent use of mycophenlate in Belatacept patients (76.47 vs. 60.67%; 1.26—fold more),
which is known to have such gastrointestinal side-effects. The reason for this is that physicians tend to
prescribe the triple combination of mycophenolic acid, steroids and Belatacept, as only this regimen
was approved for renal allograft recipients. However, it cannot be ruled out that some examples
of mycophenolate-associated diarrhoea have been misdiagnosed as infectious diarrhoea, therefore
increasing the proportion of diarrhoea in Belatacept patients compared to CNI patients, although
the fold-change of diarrhoea (8.8 vs. 0.7%, 12.57-fold) substantially exceeds the use of mycophenlate
in the Belatacept compared to the CNI group (1.26-fold, see above). Additionally, the proportion of
mycophenolate-treated patients in the switch studies was almost identical between the groups (and
higher compared to our data (approx. 94%)) [7,8,19].

In our cohort, Belatacept treatment was not a risk factor for CMV reactivation, malignancy or
death. This is in line with the published data cited above. Additionally, Belatacept treatment was not
a risk factor for BKV reactivations either in patients” serum or urine. Unfortunately, data on these
endpoints were not reported in the BENEFIT and BENEFIT-EXT studies. Nevertheless, our data is in
line with the phase II studies, which showed only slightly increased cumulative incidence rates (0.85
vs. 0 [19]) and events (4 vs. 0% [8] and 2 vs. 0% [7]) in Belatacept patients. Unfortunately, no statistics
were calculated in these studies.

Published data suggest a beneficial impact of Belatacept on arterial stiffness and metabolic
parameters (e.g., arterial hypertension and lipid profile) or post-transplant diabetes mellitus.
The authors concluded that this could improve kidney transplant recipients’ survival by reducing
events related to those factors [9,17,18,20]. However, available data from the long-term outcomes of
these studies do not show a significant difference in severely adverse events (including cardiac or
vascular disorders) [12,14]. Concerning patients with high cardiovascular risk, the only study that has
been published so far was a post-hoc analysis of patients with pre-existing diabetes of the BENEFIT
and BENEFIT-EXT cohorts. Patient survival and renal function were numerically but not significantly
higher in Belatacept patients at 12 months’ follow-up and, unfortunately, cardiovascular events were
not reported [8]. Hence, to the best of our knowledge, this is the first report on cardiovascular events
in Belatacept compared to CNI-treated patients. We found no difference between Belatacept- and
CNI-treated patients concerning de novo cardiovascular events with a cumulative follow-up of 1194
months in Belatacept (1 = 35) and 7309 months in CNI patients (1 = 150).

Our study has limitations. Firstly, this is a retrospective study, which by nature does not provide the
same data quality as a prospective design. Secondly, the size of the study population is relatively small,
as we included only 34 Belatacept patients and 150 CNI patients as a comparator. Thirdly, the baseline
characteristics of time on RRT, primary renal disease, diabetes, cardiovascular disease and arterial
hypertension were different between our two populations (Table 1) and it is possible that statistical
methods were not able to correct appropriately for this issue. Fourthly, the median time of follow-up
was longer in CNI patients (Belatacept: 1054 vs. CNI: 1462 days) but not statistically significant
(p = 0.084). From our point of view, the duration of follow-up is still significant, although one might
argue that a longer follow-up would have been beneficial, especially for the end point “cardiovascular
event”. However, the number of studies that have published data of renal allograft recipients on
Belatacept-based immunosuppression is generally limited. In total, until the end of 2014, the data of
521 Belatacept patients, which were compared to CNI-treated controls, were published [21]. Recently,
one study of 17 Belatacept patients matched to 18 control patients, and two studies of 25 and 6 cases
that were converted from CNI to Belatacept without a control population, were published [15,16,22].
The randomized controlled trials BENEFIT [18], BENEFIT-EXT [17] and the switch study [8] originally
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reported one-year results of 181, 129 and 81 belatacept patients compared to a CNI-treated cohort
of similar size. Hence, we believe that our cohort size and follow-up period is considerable and
contributes information in a real world setting.

In conclusion, we believe that Belatacept is an efficient, beneficial and safe option for renal allograft

recipients at high cardiovascular risk. In our cohort, Belatacept treatment was associated with a
superior graft function compared to a CNI-treated cohort and was not a risk factor for renal allograft
rejection, -loss, severe infection, CMV- or BKV-reactivation, malignancy or death.
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Abbreviations

BKV polyoma virus

BMI body mass index

CAD coronary artery disease

CD cluster of differentiation

CMV cytomegalo virus

CNI calcineurin inhibitor

Ccv cardiovascular

CVA cerebrovascular event

DD deceased donor

ECD extended criteria donor

eGFR estimated glomerular filtration rate

HD hemodialysis

HLA human leukocyte antigen

HR hazard ratio

IQR interquartile range

mTORi  mammalian target of rapamycin inhibitor

PAD peripheral artery disease

PCR polymerase chain reaction

PO post-operative after renal transplantation

RRT renal replacement therapy

RTx renal transplantation

SAB subarachnoideal bleeding

SDH subdural hematoma

95%CI 95% confidence interval
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Abstract: Sleep deprivation and disruption of the circadian rhythms could impair individual surgical
performance and decision making. For this purpose, this study identified potential confounding
factors on surgical renal transplant patient outcomes during day and night. Our retrospective cohort
study of 215 adult renal cadaver transplant recipients, of which 132 recipients were allocated in the
“day-time” group and 83 recipients in the “night-time” group, primarily stratified the patients into two
cohorts, depending on the start time. Within a 24 h operational system, “day-time” was considered as
being from 8 a.m. to 8 p.m. and “night-time” from 8 p.m. to 8 a.m.. Primary outcomes examined
patient and graft survival after three months and one year. Secondary outcomes included the
presence of acute rejection (AR) and delayed graft function (DGF), as well as the rate of postoperative
complications. In log-rank testing, “day-time” surgery was associated with a significantly higher
risk of patient death (p = 0.003), whereas long-term graft survival was unaffected by the operative
time of day. The mean cold ischemia time (CIT), which was 12.4 + 5.3 h in the “night-time” group,
was significantly longer compared to 10.7 + 3.6 for those during the day (p = 0.01). We observed that
“night-time” kidney recipients experienced more wound complications. From our single-centre data,
we conclude that night-time kidney transplantation does not increase the risk of adverse events or
predispose the patient to a worse outcome. Nevertheless, further research is required to explore the
effect of fatigue on nocturnal surgical performance.

Keywords:  night-time renal transplantation; graft survival, patient survival/outcome;
surgical complications

1. Introduction

Kidney transplant outcomes have improved in recent years through novel technical approaches
and immunosuppressive therapy [1-4]. There is still a deleterious impact of surgical complications
on graft and patient survival [5,6]. Several risk factors of surgical complications have been identified,
including donor and recipient characteristics, organ recovery and surgical implantation techniques [7].
Recipients with a prolonged cold ischemia time (CIT) have a greater risk for delayed graft function
(DGF) and diminished long-term allograft survival [8]. To reduce CIT, surgery is initiated at any time
of the day to preserve the organ quality. Further risk factors which are detrimental for patient outcome
are human factors, including physical and mental fatigue and sleep deprivation, which are known to
affect communication, attention and situational awareness, as well as psychomotor function [9,10].
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It has been hypothesized that sleep deprivation reduces the performance of surgeons by affecting
cognitive and fine motor skills [11,12]. In a technically demanding field, such as renal transplantation,
meticulous preparation and excellent suturing techniques are required to prevent vascular and urologic
complications [7]. The impact of physician fatigue on the medical error rate and clinical outcomes has
been actively researched [13-15]. A number of studies demonstrated that operative outcomes were
not related to sleep deprivation [16-18], whereas others link mental fatigue to surgical complication
rates after general procedures [19]; and mortality after liver transplants [20]. To our knowledge,
the literature regarding the impact of night-time surgery on outcomes after kidney transplantation
is underrepresented and recent studies have reported conflicting results [21-24]. For this purpose,
we conducted a retrospective cohort study to examine the association between the time of day of
transplantation surgery (night-time vs. day-time) on surgical renal transplant patient outcomes.
The primary outcomes examined were patient and graft survival after three months and one year.
Secondary outcomes included the presence of acute rejection (AR) and DGF and other postoperative
complications. We hypothesize, that renal transplantation surgery performed during the night-time
would have inferior outcomes compared to those performed during the day.

2. Methods

We performed a retrospective cohort study of all adult patients undergoing cadaver renal
transplantation at Charité University Hospital Campus Mitte, between 01.01.2011 and 31.12.14. Data on
kidney transplantation and operative variables, as well as follow-up data, were obtained retrospectively
from internal SAP (System, Anwendung, Produkte) and national TBase (Kidney Transplant Information
System) electronic databases. The entire analysis was in adherence with correct scientific research work
terms of the Charité Medical University of Berlin including full anonymization of patient data (‘Good
Scientific Practice’, version 29/03/18).

2.1. Study Population

Transplants were stratified by the operative time of day. “Day-time” surgery was defined as
surgery that started between 8:00 a.m. and 8:00 p.m. and “night-time” surgery was defined as surgery
that started between 8:00 p.m. and 8:00 a.m. Twelve surgeons performed all the transplantations
using standard surgical techniques. Kidneys were placed either in the right or left iliac fossa via
an extraperitoneal approach. The renal graft vessels were anastomosed end-to-side to the recipient
external or common iliac vessels. In all cases, except for one patient with urinary diversions (ileal
conduit), a standard Lich—Gregoir ureteroneocystostomy was performed. A double-] ureteral stent
was systematically inserted and removed six weeks later, followed by a urethral catheter for ten days
postoperatively. All recipients received intravenous prophylactic antibiotics at the time of transplant.
Graft function was monitored by Doppler ultrasound scanning, serum creatinine level and urine
output measurements. The routine immunosuppression protocol that was initiated consisted of
a triple regimen, including calcineurin inhibitors or a mammalian target of rapamycin inhibitors,
mycophenolate mofetil (MMF), and steroids.

2.2. Data Collection

Patient and donor demographics and clinical data were collected by chart review. The parameters
evaluated in this study were, recipient characteristics of age, gender, body mass index (BMI),
comorbidities (hypertension, diabetes mellitus, cardiovascular disease, stroke and peripheral vascular
disease), previous abdominal surgery, causation of end-stage renal disease, previous transplantation,
duration of pre-transplant dialysis, and human leukocyte antigen (HLA) mismatches. The donor
features were age, gender, BMI, site of donor kidney, number of graft arteries and the presence of graft
vessels atherosclerosis. Perioperative factors included the surgeon’s experience (consultant, resident),
cold and warm ischemia time (WIT), and incidence of intraoperative complications. CIT was defined
as the time between the start of cold perfusion and removal of the renal allograft from ice. Warm
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ischemia time was defined as the time between the placement of the renal allograft into the iliac fossa
of the recipient until revascularization of the kidney occurred.

2.3. Outcome Measures

The primary outcomes examined were patient and graft survival after three months and one
year, respectively. Secondary outcomes included the presence of AR and DGEF, as well as the rate of
postoperative complications. Postoperative complications were examined for the first three months
after surgery and defined according to the Clavien-Dindo classification system [20].

2.4. Statistical Analysis

Univariate comparisons were performed using the Chi-Square test or Fisher exact test for
categorical variables. Continuous variables were tested with the non-paired Student t-test and the
Mann-Whitney-U test for data with non-normal distribution. Categorical variables were displayed
as n (%) and continuous variables mean + standard deviation (SD); and nonparametric distribution
as median (minimum-maximum). Patient and allograft survival rates were estimated using the
Kaplan-Meier method and comparisons of survival rates were performed using the log-rank test.
For all statistical measures, a p-value below 0.05 was considered statistically significant. Statistical
analyses were performed using SPSS software (SPSS Inc., version 25, Armonk, NY, USA).

3. Results

The baseline characteristics and operative parameters in the two groups stratified according to
the time surgery was performed are presented in Table 1. The two groups were similar with respect to
most of the baseline characteristics, except for the higher distribution of male donors for the “day-time”
group (p = 0.05). The mean CIT was 12.4 + 5.3 h in the “night-time” group compared with 10.7 + 3.6
for the “day-time” cohort (p = 0.01). The total operative time from skin incision to wound closure
was similar in kidney transplants performed at all times. Considering the surgical expertise, 76.5% of
“day-time” procedures were performed by a consultant compared to 72.3% during the “night-time”
(p = 0.49). A total of six intraoperative surgical complications occurred in the overall cohort of 215
recipients (2.8%): renal artery stenosis (1 = 2), renal vein injury (n = 2), renal vein thrombosis (n = 1)
and iatrogenic bladder perforation (1 = 1), which were immediately treated. The difference in incidence
of intraoperative surgical complication was statistically insignificant with 3.8% (1 = 5) during the
day and 1.2% (n = 1) during the night (p = 0.34). We observed a higher incidence of DGF nocturnal
operations with 54.2% compared to 47.7% in the “day-time” group (p = 0.35). The incidence of AR was
25% for “night-time” compared to 22% for “day-time” allograft recipients (p = 0.57). Table 2 shows
patient outcomes.

Table 1. Recipient and donor characteristics and operative details. Results are presented as mean and
standard deviations or as absolute and relative frequencies; h—hours; min—minutes; ESRD—end-stage
renal disease; * statistically significant.

8:00 a.m.-8:00 p.m.  8:00 p.m.-8:00 a.m.

Donor Characteristics All (n = 215) (= 132) (1= 83) p-Value

Age (years) 542 +14.8 55.2+15.1 525+ 14.3 0.19

Male gender 114 (53.0%) 77 (58.3%) 37 (44.6%) 0.05

BMI (kg/m?) 258 +4.4 258 +4.2 258 +4.8 0.88

Right kidney side 107 (49.8%) 66 (50.0%) 41 (49.4%) 0.93

Multiple renal arteries (%) 45 (20.9%) 28 (21.2%) 17 (20.5%) 0.90

Atherosclerosis of graft vessels 128 (59.5%) 77 (58.3%) 51 (61.4%) 0.65
Recipient Characteristics

Age (years) 53.3 +14.7 54.6 + 14.6 51.1 +14.7 0.12

Age > 65 years 64 (29.8%) 44 (33.3%) 20 (24.1%) 0.15
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Table 1. Cont.

8:00 a.m.-8:00 p.m.  8:00 p.m.-8:00 a.m.

Donor Characteristics All (n = 215) = 132) (1 = 83) p-Value
Male gender 120 (55.8%) 78 (59.1%) 42 (50.6%) 0.22
BMI (kg/mz) 258 +4.4 262 +44 252 +45 0.12
Cause of ESRD
Glomerulonephritis 85 (39.5%) 52 (39.4%) 33 (39.8%)
Hypertension/renovascular 41 (19.1%) 25 (18.9%) 16 (19.3%)
Polycystic kidney disease 31 (14.4%) 20 (15.2%) 11 (13.3%)
Diabetes mellitus 16 (7.4%) 10 (7.6%) 6 (7.2%)
Interstitial nephritis 8 (3.7%) 5 (3.8%) 3 (3.6%)
System diseases 8 (3.7%) 4 (3.0%) 4 (4.8%)
Reflux nephropathy 6 (2.8%) 3(2.3%) 3 (3.6%)
Congenital uropathy 4 (1.9%) 2 (1.5%) 2 (2.4%)
Other 12 (5.6%) 8 (6.1%) 4 (4.8%)
Unknown 4(1.9%) 3 (2.3%) 1(1.2%)
Re-transplantation 29 (13.5%) 17 (12.9%) 12 (14.5%) 0.74
Duration on dialysis (days) 2304 + 1155 2331 + 1145.5 2261 + 1174.6 0.67
Mean HLA-mismatches 25+15 25+15 25+1.5 0.95
Co-Morbidities
Diabetes mellitus 44 (20.5%) 29 (22.0%) 15 (18.1%) 0.49
Hypertension 184 (85.6%) 110 (83.3%) 74 (89.2%) 024%
P re'tra“SPlgr_“ cardiovascular 47 (21.9%) 33 (25.0%) 14 (16.9%) 0.16
isease
Stroke 18 (8.4%) 11 (8.3%) 7 (8.4%) 0.98
Peripheral vascular disease 21 (9.8%) 7 (5.3%) 14 (16.9%) 0.05
Pre-transplant abdominal 84 (39.1%) 56 (42.4%) 28 (33.7%) 0.20
surgery
Operation Characteristics
Total operative time (min) 203 +46.3 203.5 + 44.4 202.3 +49.6 0.85
Warm ischemia time (min) 51.2+12.3 514 +12.1 50.8 +£12.6 0.74
Cold ischemia time (h) 114 +4.5 10.7 £ 3.6 124 +5.3 0.01*
Consultant 161 (74.9%) 101 (76.5%) 60 (72.3%) 0.49
Intraoperative complication 6 (2.8%) 5 (3.8%) 1(1.2%) 0.34
Table 2. Graft and recipient outcome, * statistically significant.
_ 8:00 a.m.—8:00 p.m.  8:00 p.m.—8:00 a.m. _
All (n = 215) (= 132) (1 = 83) p-Value
Overall patient survival 0.017 *
At 3 months 212 (98.6%) 129 (97.7%) 83 (100%)
At1 year 206 (95.8%) 123 (93.2%) 83 (100%)
Death censored graft survival 0.907
At 3 months 207 (96.3%) 126 (95.5%) 81 (97.6%)
At1 year 202 (93.9%) 123 (93.2%) 79 (95.2%)
Delayed graft function 108 (50.2%) 63 (47.7%) 45 (54.2%) 0.350
Acute rejection rate 50 (23.3%) 29 (22%) 21 (25.3%) 0.570
Serum creatinine (mg/dL) after
transplantation median (range)
1 week (1 = 213) 4.4 (0.93-14.51) 4.4 (0.93-12.99) 4.4 (1.06-14.51) 0.730
4 weeks (1 = 212) 1.72 (0.68-17.0) 1.74 (0.68-17.0) 1.71 (0.80-7.16) 0.710
24 weeks (n = 205) 1.45 (0.59-4.42) 1.45 (0.59-4.42) 1.45 (0.71-3.35) 0.660
60 weeks (n = 200) 1.38 (0.46-4.71) 1.39 (0.46-4.71) 1.34 (0.67-2.49) 0.270
Follow-up (months) 492 +14.6 47.1+15.6 52.50 +12.4 0.008 *

3.1. Patient and Graft Survival

The Kaplan-Meier survival curves for patient survival (Figure 1a) and death-censored allograft
survival (Figure 1a) by status are shown in Figure 1. In log-rank testing, “day-time” operation was
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associated with a significantly higher risk of patient death (log-rank test 5.65; p = 0.017). During
the first 12 months after surgery, a total of nine deaths occurred in the overall sample of 215 kidney
transplants recipients (4.18%). No death occurred in the “night-time” kidney group within one year of
transplantation, whereas two of the 132 “day-time” renal recipients died with a functioning transplant
(one case of coronary heart disease, and one of malignancy) and seven patients died after returning
to dialysis (all cases due to bacterial sepsis). Kaplan-Meier analyses demonstrated no statistically
significant differences for death-censored graft survival (Figure 1b) between the “night-time” and
“day-time” recipient cohorts (log-rank test 0.014; p = 0.907).
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Figure 1. (a) Kaplan-Meier survival curve for patient survival after “day-time” and “night-time” renal
transplantation (log-rank test 5.65; p = 0.017); (b) Kaplan-Meier survival curve for death censored
graft survival of patients after “day-time” and “night-time” renal transplantation (log-rank test 0.014;
p = 0.907).

3.2. Early Graft Failure

During the first three months post-operation, graft failure was noticed in seven out of 132
“day-time” allograft recipients (5.3%), and in two out of 83 (2.4%) “night-time” transplant recipients
(p = 0.49). In the “day-time” cohort, the most common cause of graft failure was primary non-function
(n = 3), whereas recurrent disease, sepsis and death with functioning graft were noticed in the other
cases, respectively. One “day-time” renal transplant recipient suffered an invasive fungal infection,
which produced an allograft vessels aneurysm leading to graft loss. From the “night-time” group,
two recipients (2.4%) lost the graft during the first three months after transplantation, due to AR and
graft infection.
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3.3. Postoperative Complications

One or more postoperative complications occurred in 74 out of the 132 “day-time” renal transplant
recipients (56%) compared to 41 of the 83 “night-time” allograft recipients (49%) during the first three
months post-operation (p = 0.34). Each category of complication assessed by the Clavien-Dindo
grading system was analysed separately against the two-time groups, of which no category was
significantly different (Table 3). In particular, “night-time” and “day-time” renal recipients did not
differ significantly in the incidence of postoperative complications requiring medical or surgical
reintervention (Clavien-Dindo Grade Illa/b). Table 4 shows the number of operations that were
performed within each time period and the incidence of surgical complications. The most common
surgical complications in both groups included haemorrhagic events requiring blood transfusions
or surgical intervention (17.2%), lymphoceles (10.7%), seromas (9.7%), and wound dehiscence (7%).
A statistically insignificant higher incidence of wound complications among “night-time” kidney
recipients was observed. The incidence of urologic complications was higher for the “day-time”
surgery, which was also statistically insignificant. Among the 12 patients with urological complications,
nine (6.8%) occurred within the “day-time” group and three (3.6%) during the “night-time” group.
Five patients (2.3%) were treated with interventional procedures and two (0.7%) received surgical
intervention under general anaesthesia. Ureteric necrosis occurred in one “day-time” renal recipient,
which was treated with ureteric re-implantation. The incidence of vascular complications within
three months post-transplantation was, respectively, 4.5% for “day-time” and 2.4% for “night-time”
surgery. In four cases (1.9%), an early secondary surgical intervention was required for vascular
complications. Renal artery stenosis occurred in 0.9% of all recipients. Renal artery aneurysm and
renal vein thrombosis occurred equally at the rate of 0.5%.

Table 3. Postoperative complications with Clavien-Dindo Classification. Results are presented as absolute
and relative frequencies. * If more than one occurred per case, according to patient records, the complication
with the highest degree was selected (Minor I+II, Major complications Illa-IVb, Mortality V).

8:00 a.m.-8:00 p.m.  8:00 p.m.-8:00 a.m.

All (n = 215) o = 132) (1= 83) p-Value
Complications (all grades) 115 (46.5%) 58 (43.9%) 42 (50.6%) 0.340
Grade of complication *

I 25 (11.6%) 17 (12.9%) 8 (9.6%) 0.470

1I 39 (18.1%) 24 (18.2%) 15 (18.1%) 0.984

IIa 15 (7.0%) 11 (8.3%) 4 (4.8%) 0.325

b 28 (13.0%) 16 (12.0%) 12 (14.5%) 0.620

IVa 3 (1.4%) 3(2.3%) 0 (0%) 0.286

Vb 41.9%) 2 (1.5%) 2(2.4%) 0.640

\% 1 (0.5%) 1 (0.8%) 0(0%) 1.000

Table 4. Incidence of surgical complications. Incidence is expressed as percentages (%) of total number
(n) of patients.

8:00 a.m.-8:00 p.m.  8:00 p.m.-8:00 a.m.

Surgical Complications All (n = 215) (= 132) (1 = 83) p-Value
Vascular

Renal artery stenosis 2 (0.9%) 1(0.8%) 1(1.2%) 1.0
Renal vein thrombosis 1 (0.5%) 1 (0.8%) 0 1.0
Tliac artery thrombosis 1 (0.5%) 1(0.8%) 0 1.0
Renal artery aneurysm 1 (0.5%) 1(0.8%) 0 1.0
Renal anastomotic leak 1(0.5%) 0 1(1.2%) 0.39
Renal pole infarct 1 (0.5%) 1(0.8%) 0 1.0
Coeliac Trunk stenosis 1 (0.5%) 1 (0.8%) 0 1.0
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Table 4. Cont.

8:00 a.m.-8:00 p.m.  8:00 p.m.-8:00 a.m.

Surgical Complications All (n = 215) = 132) (1 = 83) p-Value
Haemorrhagic
Haematoma 31 (14%) 20 (15.2%) 11 (13.3%) 0.70
Haemorrhage 6 (2.8%) 3(2.3%) 3(3.6%) 0.56
Urological
Urinary leak 3 (1.4%) 2 (1.5%) 1(1.2%) 1.0
Urethral necrosis 1 (0.5%) 1(0.8%) 0 1.0
Urethral stent complication 1 (0.5%) 1 (0.8%) 0 1.0
Urethral stricture 2(0.9%) 1 (0.8%) 1(1.2%) 1.0
Bladder outflow
obstruction/Blood clot 4 (1.9%) 4 (3.0%) 0 0.16
retention
Wound related
Lymphocele 23 (10.7%) 13 (9.8%) 10 (12%) 0.53
Seroma 17 (7.9%) 9 (6.8%) 8(9.6%) 0.46
Wound dehiscence 15 (7%) 9 (6.8%) 6 (7.3%) 0.89
Impaired wound healing 3 (1.4%) 0 3(3.6%) 0.06
Wound infection 3 (1.4%) 3 (2.3%) 0 0.29

4. Discussion

Over the past decade, increased understanding of the effects of shift work and sleep deprivation
on neurocognitive functions and physicians health has been established [25]. A single-center study by
Rothschild et al. suggested that surgical outcomes were compromised if surgeons had less than six
hours of sleep per shift [19]. Traffinder et al. reported that fatigued surgeons made 20% more errors
and took 14% longer to perform laparoscopic tasks [26]. On the other hand, studies have demonstrated
that outcomes of surgical procedures may not be adversely affected by fatigue or disruption of the
normal circadian rhythm [16-18]. Five studies with limited numbers of transplants have previously
assessed this issue by focusing on the impact of night-time surgery on graft outcome or complications
in patients undergoing renal transplantation [21-24]. Only one single-center study, performed by
Fechner et al., demonstrated that night-time surgery carries a higher risk of adverse events and poorer
outcomes, particularly driven by higher rates of vascular complications [21]. Kienzel et al. reported
that, if transplantations were postponed until the next morning, the increase in CIT would decrease the
long-term survival [22]. Seow et al. did not observe an adverse effect of night-time surgery on patient
outcomes but highlighted surgical clinical expertise to be a crucial factor for surgical complications [23].
Several limitations need to be considered in the interpretation of the contradictory results. Most studies
published to date reported great variability in the methodology and outcome measures. In addition,
the definition and understanding of sleep deprivation varied widely among previous investigators.
Mentioned studies are frequently single-center and reported the results of a small groups of surgeons,
which limits the generalizability. In the present study, we did not find any significant impact of
night-time kidney transplant surgery on outcomes including three-month and one-year patient or
allograft survival, postoperative complications, DGF or AR in the first year. Our analysis revealed
a variable incidence of complications among the different time groups and we could not determine
any consistent trend. While the incidence of vascular, haemorrhagic and urological complications
was greatest in the “day-time” operative group, wound complications occurred more often among
recipients of “night-time” transplants without statistical significance. The mean CIT was slightly
longer among those who underwent night-time transplant operations compared to the “day-time”
cohort. We observed diminished patient survival among “day-time” renal transplant recipients
compared to “night-time” allograft recipients, whereas long-term graft survival was unaffected by the
time of day. With no significant difference in baseline characteristics, except for the slighter higher
distribution of male donors in the “day-time” cohort, the reasons for this observation are still unclear.
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We have controlled for a majority of the clinically meaningful variables available to us in this data
set, but it is possible that yet unidentified biologic factors could account for the difference in patient
survival between the “night-time” and “day-time” cohorts. With this in mind, there is an urgent
need for research in order to clarify the biological consequences of sleep disturbance and fatigue
among renal transplant patients. The influence of circadian rhythmicity on physiologic functions
related to renal cells, including blood pressure control and homeostasis regulation, is a well-studied
phenomenon [27-30]. Evidence suggests that reduced sleep duration and disturbed circadian rhythms
may increase sympathetic nervous system stimulation, increase blood pressure, and impair metabolic
regulation [31-33]. Thus, misalignment of intrinsic circadian rhythms with environmental time may
contribute to poor kidney functioning and renal injury among kidney transplant recipients and donors.
Future study is required to clarify this issue. There may be several possible explanations for the
lack of ‘night-time effect’ on outcomes after renal transplantation in this study. Recent studies have
demonstrated that there is inter-individual variability in vulnerability to cognitive deficits from sleep
loss and the ability to sustain effective neurocognitive performance [34,35], suggesting a reason why
there were no differences between the “day-time” and “night-time” cohorts in our study. Van Dongen
et al. reported differences in endogenous regulatory processes among individuals, which may affect
their tolerance for shift work and cognitive performance during work shifts [36]. Performance adaption
across successive shifts has been observed [37,38]. Leff et al. suggested improvement in technical
procedural skills across remaining night shifts may be due to ongoing learning or adaption to chronic
fatigue [37]. When considering the impact of nocturnal shift work on surgical performance, it is
essential to also consider the effects of societal and environmental forces that may contribute to the
biological consequences of circadian misalignment. Itis known, that there is a detrimental effect of noise
inside the operating room on the performance of surgeons and anaesthesiologists [39]. The exposure
to excessive operating room noise and distractions during the main day-time business hours may
impair cognitive skills. Other factors influencing the performance of a surgeon, such as leadership and
communication may be at least as important as technical skills and the number of hours slept [40].
In addition, the use of caffeine and periods of short naps may mitigate the potential risks associated with
sleep deprivation [41]. A study of this nature has some limitations, primarily through its retrospective
design. The small overall number of patients and individual complications in our cohort might weaken
the conclusions of our pilot-study and limits the power to detect differences. To assess severity, we
additionally categorised all postoperative complications using the Clavien-Dindo classification system.
Although this system has been proven to be reproducible and applicable with minimal interobserver
variability, it has some limitations [42]. Data regarding a surgeon’s subjective perception of fatigue,
resting time and quantification of sleep deprivation were not available and could not be included in
the analysis. It is further possible, that transplant surgeons perform day-time procedures beginning
at 8 am after being ‘on-call’ overnight. With that in mind, one may argue whether the classification
based on time group selections assumes that day-time surgeons are well rested, and perform better
than night-time surgeons regardless of their overall workload. We cannot lose sight of other potential
variables such as the effect of procurement-related organ lesions on renal transplant outcome. Data
concerning surgeons’ fitness before procurement were not available. Further investigation is needed
aiming to record errors during organ procurement related to surgeons’ fatigue.

5. Concluding Remarks and Future Directions

To date, there are very few reports on the effect of night-time surgery on renal transplant outcomes.
We, therefore, believe that the initial results from this pilot-study are a welcome addition to the
urological literature and provide encouragement for further analysis. We concluded that night- time
kidney surgery does not carry a higher risk of adverse events and poorer outcome among patients
undergoing renal transplantation. Consequently, kidney transplantation should be immediately
performed regardless of the time of the day, with the known adverse effects of prolonged CIT. However,
in order to fully assess the effects of sleep deprivation and circadian rhythm disturbance on surgical
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performance in kidney transplantation, prospective research involving larger cohorts is needed.
Therefore, among other things, a transparent evidence-based assessment of the level of fatigue, shift
intensity and sleep quality in medicine, especially in the field of surgery, is required. Moreover,
systems-based interventions, as well as individual coping strategies and experiences that mitigate
the effects of fatigue and disruption of the circadian rhythms, should be taken into consideration.
In addition, there is a need for future research focusing on the impact of sleep displacement and circadian
misalignment on renal functioning among recipients and donors in the field of kidney transplantation.
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Abstract: Predictive biomarkers of acute rejection (AR) are lacking. Pre-transplant expression of
CD45RC on blood CD8* T cells has been shown to predict AR in kidney transplant (KT) patients.
The objective of the present study was to study CD45RC expression in a large cohort of KT recipients
exposed to modern immunosuppressive regimens. CD45RC expression on T cells was analyzed in
128 KT patients, where 31 patients developed AR, of which 24 were found to be T-cell mediated
(TCMR). Pre-transplant CD4* and CD8* CR45RCM8 T cell proportions were significantly higher
in patients with AR. The frequency of CD45RCh8" T cells was significantly associated with age at
transplantation but was not significantly different according to gender, history of transplantation,
pre-transplant immunization, and de novo donor specific anti-Human Leucocyte Antigen (HLA)
antibody. Survival-free AR was significantly better in patients with CD8* CD45RCM8" T cells below
58.4% (p = 0.0005), but not different according to CD4* T cells (p = 0.073). According to multivariate
analysis, CD8* CD45RCh8" T cells above 58.4% increased the risk of AR 4-fold (HR 3.96, p = 0.003).
Thus, pre-transplant CD45RC expression on CD8" T cells predicted AR, mainly TCMR, in KT
patients under modern immunosuppressive therapies. We suggest that CD45RC expression should
be evaluated in a prospective study to validate its usefulness to quantify the pre-transplant risk of AR.

Keywords: kidney transplantation; acute rejection; lymphocyte; CD45RC

1. Introduction

Significant progress has been made over the past few years in the immunological and histological
fields, allowing for better differentiation and to refine the diagnosis and prognosis of T cell-mediated
rejection (TCMR) and of antibody-mediated rejection (ABMR) in kidney transplant patients [1].
While both rejection types may develop concomitantly, TCMR mainly occurs within the first year
post-transplant, while ABMR usually develops later in the course and is associated with the presence
of preformed or de novo donor-specific anti-Human Leucocyte Antigen (HLA) antibodies (DSA) [1,2].
Although modern immunosuppressive regimens efficiently prevent allograft rejection in most patients,
acute rejection (AR) episodes still occur in some patients and are associated with premature graft loss
and morbidity [1-3].

Several risk factors of AR have been identified in previous studies including young age, female
gender, black race, and immunological characteristics (HLA mismatch, pre-transplant or de novo
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DSA) [4]. However, despite being indicative at the population level, when considered at the individual
level, most of these factors do not allow for the accurate stratification of AR risk, especially in “low
immunological risk patients,” which represents most kidney transplant candidates. The identification of
patients with higher versus lower AR risk among low immunological risk patients would theoretically
allow one to tailor the immunosuppressive regimen according to the AR risk and thus to decrease
post-transplant morbidity [5,6].

The risk of allograft rejection relies on graft-, environmental-, and host-related factors [1]. However,
the molecular mechanisms underlining the development of alloreactivity are far from being fully
understood [7]. An illustrative example of the inter-individual variability of AR risk is represented by
operationally tolerant patients, defined as solid allograft recipients that do not develop allograft rejection
despite immunosuppressive treatment discontinuation [7]. Thanks to intrinsic immunological factors,
and probably also acquired factors, these patients are unable to mount an efficient alloreactive response.

The identification of biomarkers reflecting the level of tolerance emerges as a major goal in solid
organ transplantation. This would allow one to tailor the immunosuppressive regimens, especially
in low immunological risk kidney transplant candidates. Given that CD4* and CD8" T cell subsets
have an essential role in the development of alloimmune response, defining T cell subpopulations with
higher and lower alloimmune properties may constitute an interesting approach.

CD45 is a transmembrane protein tyrosine phosphatase heavily expressed on T cells and critical for
signal transduction by regulating kinases of the Src-family [8,9]. Four CD45 isoforms (RO, RA, RB, RC),
resulting from an alternative splicing of three exons, are expressed in humans [9]. The CD45RC isoform
is highly expressed on human naive T cells with a bimodal and a trimodal pattern on CD4* T cells
(high and low expression) and CD8+ T cells (low, intermediate, and high) [10,11]. These patterns of
expression define CD45RC T cell subsets with different cytokine profiles. Interestingly, the expression
of CD45RC on T cells is highly variable between individuals and is genetically determined [10-12].

We demonstrated in a previous work that the level of CD45RC expression at the surface
of blood CD8" T cells before kidney transplantation was associated with the risk of AR after
transplantation [10,13]. This study was conducted on a cohort of 89 kidney transplant recipients
transplanted between 1999 and 2004, and we observed that a pre-transplant proportion of CD8*
CD45RCh8M T cells above 54.7% conferred a 6-fold increased risk of developing AR after 4.8 years of
follow-up [10]. The aim of the present study was thus to confirm this observation in a prospective
cohort of kidney transplant patients treated with current immunosuppressive regimens.

2. Material and Methods

2.1. Study Design and Aim

This is a monocentric cohort study that included patients transplanted in the University Hospital
of Angers between 2007 and 2015. During the period of the study, after giving their written consent,
patients were offered the chance to participate to a biocollection (“Collection Néphrologie et voies
urinaires”). Samples were collected before kidney transplantation and stored at the dedicated
department (“Centre de Ressources Biologiques BB-0033-00038”). All patients that gave their written
consent to the study were included. The primary aim of the study was to analyze the value of CD45RC
expression on T cells for AR prediction. The study was approved by the Medical Ethics Committee of
Angers University Hospital (2009/10).

2.2. Immunosuppressive Regimens

The immunosuppressive treatment was not imposed by the study and was based on the assessment
of immunological risk according to clinical practice in our department as detailed hereafter. Low
immunological risk patients, defined as first time kidney transplant recipients and with PRA < 20%,
received two injections of Basiliximab (Simulect; Novartis Pharma, Basel, Switzerland), while higher
immunological risk recipients (previous transplantation, PRA > 20%) were more likely to receive

104



J. Clin. Med. 2019, 8, 1147

antithymocyte globulines (ATG; Thymoglobuline; Genzyme, Lyon, France) during the first 3 to 7 days
post-transplant. ATG was also used for induction in donors with cardiac arrest before brain death, in
non-heart-beating donors, and when delayed graft function was anticipated by clinician. Moreover,
between 2010 and 2013, no induction therapy was performed in patients aged >70 years old. All
patients received a single methylprednisolone bolus of 500 mg followed by prednisone (1 mg/kg/day)
with a progressive tapering and discontinuation at the end of month 5 post-transplant, unless there was
an occurrence of AR. A maintenance immunosuppressive regimen relied mainly on mycophenolate
mofetil or mycophenolic acid and tacrolimus.

2.3. Data Collection and Definitions

Characteristics of the study population were collected prospectively via the systematic screening
of patients” medical records. All clinical events and biological data were retained until last follow-up:
anthropometric data, nature of original kidney disease, and graft donor characteristics. Diagnosis of
acute rejection (AR) episodes was based on conventional clinical and laboratory criteria and confirmed
using a histological examination of a graft biopsy (according to the last Banff Classification) [14]. AR
diagnosis was based on clinical and laboratory criteria (clinically diagnosed AR) when the graft biopsy
was non-contributive or contra-indicated.

2.4. Sample Collection

Peripheral blood mononuclear cells (PBMC) of kidney transplant candidates were prospectively
harvested before transplantation and stored in liquid nitrogen. Patients with samples showing PBMC
viability below 80% were excluded from the analysis.

After giving their written consent, fresh samples of end-stage renal disease (ESRD) patients and
heathy individuals (HD) were used to monitor the proliferation capacities of CD45RC T cells.

2.5. Antibodies and Flow Cytometry Analysis

The following conjugated antibodies were used to characterize CD45RC T cell subpopulations:
CD3-VioGreen (REA613), CD4-PerCP-Vio700 (REA623), CD8-PE-Vio770 (REA734), from Milteny Biotec,
Bergisch-Gladbach, Germany; CD45RA-APC (HI100) from BD Biosciences, San Jose, CA, USA; and
CD45RC-FITC (MT?2) from IQ Product, Houston, TX, USA. Cell viability was systematically assessed
(LIVE/DEAD Fixable Near-IR Dead Cell Stain kit; Fischer Scientific, Pittsburgh, PA, USA). Briefly,
10° cells were incubated with the viability dye according to the manufacturer’s recommendations
before incubation with the antibodies. Data were collected using a FACS-Canto II (BD Biosciences)
cytometer and analyzed using the Flow]o software, Ashland, OR, USA. The expression of CD45RC
is bimodal on CD4* T cells, some cells expressing low levels of CD45RC (CD45RC!°%), and others
expressing high levels (CD45RCM&"). On CD8* T cells, expression of CD45RC is trimodal, the first
fraction of cells expressing low levels (CD45RCIOW), the second fraction expressing intermediate levels
(CD45RC'™), and the last fraction expressing high levels of CD45RC (CD45RCMi8h). Figure S1 illustrates
the gating strategy.

2.6. CD45RC* T Cell Purification and T Cell Proliferation Analyses

CD45RC T cells were sorted from freshly isolated PBMC of end-stage renal disease (ESRD) patients
and age/sex matched healthy donors (HD) using a FACS-Aria cytometer, BD Bioscience, San Jose,
CA, USA. Briefly, after a gradient centrifugation, 2 X 107 PBMCs were stained using a Cell Trace
Violet proliferation kit (Thermofischer, San Jose, CA, USA) for proliferation assessment and then
stained using CD4-BV421 (L3T4, BD Biosciences), CD8-PE-Vio770 (REA734, Miltenyi Biotec), and
CD45RC-FITC (MT2, IQ Product). CD45RCM8" and CD45RC'*Y subpopulations were sorted among
CD4* and CD8™ T cells. Purity was always routinely above 95%. Then, 5 X 10* T cells were cultured at
37 °C in RPMI 1640 medium (containing 8% fetal calf serum) in 96-well round-bottomed microplates
(Becton Dickinson, Franklin Lakes, NJ, USA), with or without a 1 ug/mL plate-bound anti-CD3
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(Beckman-Coulter, Brea, CA, USA) and 0.5 pg/mL soluble anti-CD28 (Beckman-Coulter). After 72 h of
culture, cells were harvested and proliferation was assessed using flow cytometry (FACS-Canto II;
BD Biosciences).

2.7. Statistical Analysis

Data were expressed as a median with minimum to maximum values for continuous variables
and absolute count with percentage for categorical variables. Categorical and continuous data were
analyzed with X2 or Fischer’s exact test and Mann-Whitney U tests, respectively. The Wilcoxon
matched-pairs rank test was used to compare the proliferative capacities of T cells. The predictive
values of the CD45RC subset frequency for the first AR episode were analyzed using receiver operating
characteristics (ROC) curves. Subsequently, cut-off values were determined by using the Youden
index. The Kaplan-Meyer method was used to analyze AR-free survivals according to predetermined
cut-off values of CD45RC subset frequencies. A log-rank test was used to compare survival curves.
Correlations were analyzed using Spearman’s rank correlation test. Multivariate cox models were
used to analyze the association between CD45RC subset frequencies and AR. Results are reported
as hazard ratio (HR) with 95% ClIs. All p-values were two-sided and a p-value lower than 0.05 was
considered statistically significant. Statistical analysis was performed using Graphpad Prism® version
7 (San Diego, CA, USA) and SPSS® software version 22.0 (IBM, Armonk, NY, USA).

3. Results

3.1. Characteristics of the Population

Between January 1, 2007, and December 31, 2015, 396 patients underwent kidney transplantation
in Angers University hospital. Among them, 292 patients had blood samples collected and stored in a
biocollection before transplantation, and 140 gave their written consent to participate in the present
study. Among these 140 patients, samples from 12 patients were excluded because of technical errors
(n = 6) or poor blood cell viability (n = 6). Thus, 128 patients were included and finally analyzed
(Figure 1, flowchart).

| 396 kidney transplantations between 01/01/2007 and 12/31/2015 ‘

v

| 140 patients with blood sample and written consent ‘

12 excluded following technical error or cell
viability <80%

v

128 patients included in the study

Figure 1. Flowchart of the study.

The population was predominantly composed of males, with a median age of 50.2 years. The main
cause of ESRD was autosomal dominant polycystic kidney disease and patients were first-time
transplanted in 90% of cases. Based on PRA, 69.5% were non-sensitized before transplantation, while
6.25% of patients had a PRA > 20%. Basiliximab was used predominantly for induction in 56.3% of
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patients and most patients received tacrolimus with mycophenolate mofetil as a maintenance regimen.
These data are detailed in Table 1.

Table 1. Baseline characteristics of the population. Results are presented as a median with
minimum to maximum value ranges for continuous variables and absolute count and percentage for
categorical variables.

All Patients

(n =128)
Baseline Characteristics
Sex (M/F) 80/48
Age (years) 50.2 (18.0-79.2)
Weigh (kg) 71.0 (41.0-115.0)
BMI (kg/m?) 25.0 (17.3-40.2)
Original nephropathy, n (%)
ADPKD 33 (25.8)
IgA nephropathy 17 (13.3)
Other GN 13 (10.2)
TIN/urologic 13 (10.2)
Vascular nephropathy/diabetic GN 13 (10.2)
Vasculitis 3(2.3)
Lupus nephritis 5(3.9)
Undetermined nephropathy 18 (14.1)
Others 13 (10.2)
History of transplantation
Pre-transplant dialysis, n (%) 92 (71.9)
Previous kidne}; u;r)ansplantation, n 13 (10.2)
Donor age, years 50.0 (3.0-87.0)
Cold ischemia time (hours) 16.6 (2.0-35.4)
HLA mismatch
HLA A&B&DR 4.0 (0-6)
HLA A&B 3.0 (04)
HLA DR 1.0 (0-2)
Sensitization, 1 (%)
Nonsensitized at transplantation 89 (69.5)
PRA < 10% 30 (23.4)
PRA 10-20% 1(0.8)
PRA > 20% 8(6.2)
Immunosuppressive regimens
Induction therapy
None, 1 (%) 6(4.7)
Basiliximab, 1 (%) 72 (56.3)
Antithymocyte globulins, 1 (%) 50 (39.1)
Maintenance regimen
Tac-based, 1 (%) 102 (79.6)
Cyclosporin-based, n (%) 26 (20.3)
MMF or MPA, 1 (%) 127 (99.2)

ADPKD, autosomic dominant polycystic kidney disease; BMI, body mass index; GN, glomerulonephritis; HLA,
human leukocyte antigens; MMEF, mycophenolate mofetil; MPA, mycophenolic acid; PRA, Panel Reactive Antibody;
Tac, tacrolimus; TIN, tubulo-interstitial nephropathy.

3.2. Acute Rejection Episodes

The mean follow-up of the cohort was 3.82 + 2.22 years. During the follow-up, AR occurred in
31 patients (24.2%) at a mean delay of 0.73 + 1.24 years post-transplant. When considering only the
first AR episode, 28 were histologically-proven and 3 were diagnosed based on clinical and biological
criteria. Among the histologically-proven AR cases, 24 were TCMR, and 6 being borderlines. The four
other AR episodes were ABMR in one case and mixed AR (TCMR and ABMR) in the three other cases.
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At one-year post-transplant, mean serum creatinine was 141.4 + 75.2 pmol/L and mean glomerular
filtration rate (GFR) was 53.2 + 21.8 mL/min/1.73 m?. DSA developed in 15 patients (11.7%) during
follow-up. These data are reported in Table 2.

Table 2. Acute rejection episodes. Results are presented as a median with minimum to maximum value
ranges for continuous variables and absolute count and percentage for categorical variables.

Mean Follow-Up (Years) 3.82 +2.22 (0.02-8.53)
Acute Rejection
Number of patients, 1 (%) 31(24.2)
Mean delay to first AR (years) 0.73 + 1.24 (0.02—4.83)
Histologically proven, n (%) 28 (90.3)
TCMR 24 (85.7)
Borderline 6 (25.0)
Grade IA 9 (37.5)
Grade IB 8(33.3)
Grade ITA 14.2)
AMR 1(3.6)
Mixed AR 3(107)
Non histologically proved AR 3(9.7)
More than one AR episode 9 (7.0)
DSA, 1 (%) 15 (11.7)
Class I 4(26.7)
Class IT 11 (73.3)
Year 1 Post-Transplant Biological Results
Serum creatinine (umol/L) * 141.4 £ 75.2 (60.0-716)
GFR (mL/min/1.73 m2) * 53.2 + 21.8 (7.3-123)
Proteinuria/Creatininuria (g/g) * 0.25 + 0.69 (0-5.78)

* In patients followed at the indicated time; AR, acute rejection; DSA, donor specific antibodies; GFR, glomerular
filtration rate; disorder; TCMR, T-cell-mediated rejection; AMR, antibody-mediated rejection.

Patients that experienced AR received more frequently Basiliximab as induction therapy as
compared to patients that did not experienced AR, who received more-frequent ATG (p = 0.035).
Baseline characteristics, including age and pre-transplant immunization, were not significantly different
between groups. These data are reported in Table 3. When borderline ARs were excluded, no significant
differences were observed between patients with and without AR (Table S1).
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3.3. Proliferative Capacities of CD45RC T Cells

The proliferative properties of CD45RC T cells have been studied only in HD [10,11]. Thus, we
analyzed the proliferative properties of subpopulations in ESRD patients as compared to age and
sex-matched HD. As shown in Figure 2, proliferative properties of CD45RC T cells were not different
between ESRD patients and HD, suggesting that their immune function was maintained in ESRD.
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Figure 2. Analysis of proliferative capacities of CD45RC!" and CD45RCM8" T cells in ESRD patients
and HD. After 72 h, the proliferation of activated CD4*CD45RC'®" (A), CD4*CD45RCi8" (B),
CD8*CD45RCY (C), and CD8*CD45RCM8" (D) T cell subsets of ESRD patients (black bars) and HD
(white bars) was analyzed. The experiment reported results of four ESRD patients and four age and
matched HD. Error bars show the median with a 95% CI. Comparisons were done using the Wilcoxon

matched-pairs rank test. ns, non-significant. CI, Confidence Interval; ESRD: end-stage renal disease;
HD: heathy individuals.

3.4. Association between CD45RC Expression on T Cells and Acute Rejection

We first analyzed the association of CD45RC expression on T cells with patient’s characteristics.
As shown in Figure 3, the level of CD45RC expression on CD4* and CD8* T cells were not
significantly different according to gender, the number of previous transplantations, the level of
pre-transplant immunization, or de novo DSA development. As previously reported in healthy
subjects [10,11], CD45RC expression on CD4" and CD8* T cells was correlated with age (p = 0.047 and
p = 0.0002, respectively).
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Figure 3. Proportion of CD45RCM8" and CD45RC!®" CD4+ and CD8+ T cells according to gender
(A), previous transplantation (B), pre-transplant PRA (C), de novo DSA occurrence (D), and age at
transplantation (E). For A-D, comparisons were done using the Mann-Whitney U test and error
bars show median with a 95% CI. For E, correlation analysis was done using the Spearman test. CI,
Confidence Interval; PRA, Panel Reactive Antibody.

We next analyzed the frequency of CD45RC T cell subsets according to the occurrence of AR
(Table 4). In line with our previous observations [10], patients who experienced AR had a higher
proportion of CD4* and CD8* CD45RCh8" compared to patients that did not develop AR. The difference
between groups remained significant regardless of whether all AR episodes were considered, when
analysis was restricted to biopsy-proven ARs, or when borderline AR episodes were excluded.
Moreover, the absolute number of both CD4* and CD8* CD45RCMig" cells was significantly greater in
patients that experienced AR (p = 0.0101 and 0.0073, respectively; Figure S2).
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Table 4. Frequency of CD4* and CD8* CD45RC subsets according to AR occurrence. Comparisons
were done using the Mann-Whitney U test. Significant p-values appear in bold.

.. Yes No
Acute Rejection (all) n=31 n=97 p
CD4*CD45RC high 58.4 +13.7 51.2 +15.7 0.023
CD8*CD45RC high 62.5+13.3 53.6 +19.3 0.019
CD8*CD45RC int 201 +7.7 232+93 0.096
CD8*CD45RC low 179+ 9.8 237 +14.2 0.035
Biopsy-Proven AR * nf;s n1:%7 P
CD4*CD45RC high 59.2 +13.3 51.2 +15.7 0.016
CD8*CD45RC high 62.3 +13.0 53.6 + 18.0 0.010
CD8*CD45RC int 201 +79 232+93 0.117
CD8*CD45RC low 18.0 £ 10.3 237 £ 14.2 0.049
.. . . Yes No
Acute Rejection (excluding borderline AR) ** =22 =97 P
CD4*CD45RC high 60.0 +13.4 51.2 +15.7 0.016
CD8*CD45RC high 64.4 +122 53.6 +19.3 0.014
CD8*CD45RC int 19.7 + 8.1 232+93 0.110
CD8+CD45RC low 164 +7.9 237 £14.2 0.020

* Patients with clinical diagnosed AR without biopsy were excluded. ** Patients with biopsy-proven AR excluding
patients with borderline AR. CD45RC subsets were determined as specified in the Materials and Method section.
High, high expression; Low, low expression; Int, intermediate expression.

3.5. Value of CD45RC Expression on T Cell for Acute Rejection Prediction

We next analyzed the best thresholds of CD4* and CD8* CD45RCMgh T cell frequencies for AR
prediction. Using ROC curve analysis, we could determine 45.4% and 58.4% as the best thresholds
of CD4* and CD8* CD45RCM8" frequencies for AR prediction, respectively (Figure 4A). Using these
thresholds, we observed that AR-free survival w