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Abstract

Introduction

The association of delayed graft function (DGF) and biopsy proven acute rejection (BPAR)
of renal allografts is controversial. Borderline rejections comprise a major portion of biopsy
results but the significance of such histologic changes is debated. The present study
explores the impact of DGF on BPAR with a special emphasis on discriminating the effects
of borderline rejection.

Methods

Single center analysis of 417 deceased donor kidney recipients (age>18; transplantation
date 1/2008-2/2015). Patients with primary non-function were excluded. DGF was defined
as the need for dialysis within the first week after transplantation. Acute rejection was
defined according to Banff criteria. Cox proportional hazards models were used to examine
the relationship of DGF with BPAR within the first year.

Results

No graft loss was observed during the first year after transplantation. DGF significantly asso-
ciated with BPAR in the first year, irrespective of whether borderline rejections were included
(HR 1.71, 95%Cl 1.16,2.53) or excluded (HR 1.79, 95%CI 1.13,2.84).

Conclusion

DGF is significantly associated with rejection—with or without borderline changes—within
the first year.
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Introduction

Kidney transplantation represents the treatment of choice in patients with kidney failure.
However, especially in the first weeks after transplantation, complications are not uncommon.
Among these complications is delayed graft function (DGF), which is most commonly defined
as the need for dialysis within the first week after transplantation [1]. Multiple studies have
reported incidences of DGF in deceased donor kidney transplant recipients between 20% and
50% [2-6]. DGF can be viewed as a form of severe acute kidney injury (AKI) attributed to the
transplant process. It is a result of donor and recipient factors as well as ex vivo storage and
manipulation of the organ itself [4,7]. A cascade of events results in injury of endothelial as
well as tubular cells [4]. These mechanisms are suspected to trigger an inflammatory response
causing increased allograft immunogenicity, which may then lead to allograft rejection [8,9].

DGF has been shown to be a risk factor for chronic allograft dysfunction and allograft fail-
ure [3,9]. These associations may in part be explained by a higher incidence of acute rejections
in kidneys affected by DGF [3,10]. Nevertheless, studies linking DGF to biopsy proven acute
rejections (BPAR) have been inconsistent, presumably due to inhomogeneous study cohorts,
varying definitions for DGF or different thresholds for dialysis [3,5,6,11-19]. Also, most of
these studies were published more than a decade ago or included participants who were trans-
planted 20 years prior. A recent study demonstrated an independent association of DGF and
BPAR in a Canadian single center cohort [20]. However, due to differences in waiting time,
use of expanded criteria donors (ECD), and donors after cardiac death organs, these results
may not be generalizable to European cohorts.

‘Borderline rejection’ is an ambiguous category in the current Banff classification. It reflects
the difficulty of distinguishing inflammatory lesions from changes induced by injuries other
than rejection and defines changes insufficient for a diagnosis of acute rejection. It may reflect
early T-cell mediated rejection, but it may also merely resemble the histological correlate of
acute kidney injury. A study that examined molecular changes using microarrays revealed that
67% of indication biopsies classified as ‘borderline’ in light microscopy were reassigned as ‘non-
rejection like’ after molecular phenotyping [21]. To our knowledge no prior study investigating
the association of DGF and BPAR has accounted for borderline biopsies in its analysis. There-
fore, overestimating the numbers of ‘true’ rejections might also explain the inconsistent results.

The main objective of the present study was to explore the association of DGF and BPAR in
the first year after transplantation, with special consideration of the impact of the histological
diagnosis of borderline rejection.

Methods

Study participants

Patients (aged >18 years) who received a deceased donor kidney allograft at the University
Hospital Erlangen between January 1, 2008 and February 28, 2015 comprised the study popu-
lation of this observational cohort study. The cohort comprised recipients of extended criteria
donors, dual kidney recipients, and recipients who had a prior kidney transplant. We excluded
living donor kidney transplant recipients and recipients with primary non-function. Further-
more we excluded patients who were lost to follow up within the first year (Fig 1). All trans-
plant recipients were followed up at our outpatient clinic. The institutional review board of the
University of Erlangen-Niirnberg approved the study protocol.

Variables of interest

Patient medical records were reviewed by trained abstractors to obtain information on age,
gender, body mass index (BMI), cause of end-stage renal disease, recipients of ECD organs,
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Fig 1. Schematic diagram. Study cohort.
https://doi.org/10.1371/journal.pone.0199445.9001

Final study cohort
n=417
patients with prior kidney
transplant(s) n= 41
dual kidney recipients n=15
ECD recipients n= 110

Excluded patients n=185
Living donor transplantation n=159
Primary non-function n= 24
Early loss to follow up n=2
(moved out of country)

recipient diabetes status and history of coronary artery disease, number of prescribed anti-
hypertensives, dialysis vintage, number of previous kidney transplantations, donor age, donor
gender, donor BMI, donor diabetes status, donor history of hypertension, donor terminal kid-
ney function, immunosuppressive induction regimen, type of calcineurin-inhibitor, and
human leukocyte antigen (HLA) mismatch. In addition information was abstracted on warm
ischemia time (WIT), cold ischemia time (CIT), peak panel reactive antibody (PRA) level,
delayed or immediate graft function, number of dialysis sessions after transplantation, histo-
logical results of kidney biopsies, rejection therapy, number of biopsies, and renal function 12
months after transplantation. All patients were followed until the completion of the first post-
transplant year.

Immunosuppression/Post-transplant care

All patients received a triple immunosuppressive regimen, consisting of prednisone, mycophe-
nolate and either tacrolimus or cyclosporine. In our center, unsensitized patients > 55 years
and patients with reported pathological glucose tolerance without any immunological risk fac-
tors are treated with cyclosporine. All other patients are treated with tacrolimus. Recipients in
ECD-program or with identified panel reactive antibodies > 5%, donor specific antibodies as
well as prior kidney transplantation(s) receive anti-thymocyte globulin (ATG). The standard
induction therapy is basiliximab.

Our center conducts protocol biopsies at 3 months after transplantation in patients with
high PRA levels prior to transplantation, ECD organs or within the Eurotransplant acceptable
mismatch program.

Definitions

The exposure of interest, DGF, was defined as the need for > 1 dialysis session during the first
week after kidney transplantation. The clinical outcome in the present study was time to first
BPAR including or excluding borderline rejection, which was defined according to Banff crite-
ria on a renal biopsy pathology report. All pathology reports were read at our department of
nephropathology. Only the first rejection of an individual patient was considered in the mod-
els. To reduce the possibility of a diagnostic bias, only indication biopsies were taken into
account; none of the protocol-biopsies at 3 months after transplantation were included in the
analysis. Indications for biopsies were at the discretion of the treating physician and included
rising creatinine levels, persistent DGF or inability to achieve a better renal function within the
first couple of months after transplantation. In context to DGF: we usually biopsy within 7 to
10 days after transplantation, if the patient is still dialysis dependent. Exact timing may be also
influenced by other factors such as organ quality, immunology, cessation of urine output, and
cold ischemia time. Renal function at 12 months after transplantation was assessed by the esti-
mated glomerular filtration rate (¢GFR) using the MDRD formula [22].
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Statistical analysis

STATA 14 (StataCorp LP, College Station, TX) was used for all statistical analyses. A p-value <
0.05 was considered statistically significant and all tests were two tailed. Descriptive data are pre-
sented as means (SD) for continuous variables or frequencies for count data. Two-sided Student’s
t-test, with adjustment for unequal variances where appropriate, or the Wilcoxon rank-sum test
were used to examine differences between groups. Kaplan Meier curves and the log rank test were
used to examine the cumulative incidence of time to first rejection in both groups.

Using a Cox proportional hazards model, the association of DGF with time to first BPAR,
both including and excluding borderline rejection was tested. Despite full follow up a Cox pro-
portional hazards model instead of a logistic regression model was chosen because of its ability
to include the information of the exact timing of rejection [23-25]. Log-log plots and STATA’s
“phtest” command were used to look for violations of the proportional hazards assumption.
These models were adjusted for potential confounders using a sequential forward stepwise
approach. These covariates were chosen on clinical judgment and literature review [16,26,27].
After careful assessment of correlation structures the following covariates were used in our
models: age, gender, recipient BMI, PRA (as a categorical variable 0 vs. >0) dialysis vintage,
cause of primary renal disease (coded as diabetic nephropathy vs. all others), donor age, donor
sex, donor BMI, CIT, WIT, HLA-mismatch (A, B, DR), HLA-DR mismatch (coded as 0, 1, 2),
tacrolimus as first line immunosuppressant (vs. cyclosporine), prior kidney transplantation
(coded as 0, 1), induction therapy (none vs. IL-2 antagonist vs. depleting agent).

Due to a high correlation coefficient among donor hypertension and donor age, donor dia-
betes and donor age as well as ECD status and donor age, only donor age was included in the
models. Owing to the relatively recent cohort and only very minor changes in our centers’
transplant protocol during the observation period, we did not include the variable “transplant
year” into our model, which is sometimes done to adjust for unmeasured era effects. To assess
robustness of our analysis we also tested an alternative definition of DGF (>2 (vs >1) dialysis
sessions in the first postoperative week).

A cut-off p-value of 0.2 was used for the univariate analysis. Linear regression was used to
analyze determinants of renal function at the end of the observation period and its association
with DGF. The linear regression model was adjusted for rejection, recipient age and sex, BMI,
PRA, dialysis vintage, cause of end-stage renal disease, donor BMI, donor age, CIT, WIT,
HLA-mismatch, HLA-DR mismatch, induction therapy, use of tacrolimus, prior transplant
and terminal donor serum creatinine. We also tested for possible effect modification of DGF
in combination with BPAR.

Results
Cohort characteristics

During the study period, 602 patients received a kidney allograft at our center. We excluded
159 living donor recipients, 24 patients who suffered from primary non-function and 2
patients who moved away from our center before completion of a 12 month follow up. The
cohort comprised 417 patients. Out of these, 15 were recipients of a dual kidney transplanta-
tion, 41 underwent either the second, third or fourth kidney transplantation and 110 received
a kidney from an ECD. (Fig 1) Most common causes of kidney failure in our cohort were
glomerulonephritis (28.8%), followed by diabetes (12%), hypertension (11.3%) and ADPKD
(11%). In 100 cases (23.9%) the cause for end-stage kidney disease was unknown. Seven
Patients died with a functioning graft in their first year after transplantation. Cause of death
was cardiac disease in 4 patients and unknown in 3 patients.
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Table 1. Participant characteristics.

Participant characteristics

The characteristics of the cohort stratified by DGF status are summarized in Table 1. In total,
143 patients (34.3%) developed DGF. There was no difference between the two groups regard-
ing recipient and donor age, mean HLA or mean HLA-DR mismatch. Patients experiencing
DGF were more often male and have had longer dialysis vintages before transplantation. The
DGF group had higher terminal donor creatinine levels (115.05 umol/I (+ 88.5 umol/I) vs
84.96 umol/I (+ 44.25 pmol/l), p <0.05) and included a higher percentage of patients with a
previous transplant (14.0% vs. 7.7%, p <0.05). While WIT was significantly longer in our DGF
group, CIT was not different. The majority of patients (75.5%) received tacrolimus as primary
calcineurin inhibitor, 24.5% received cyclosporine. To 24.5% of all patients anti-thymocyte

Final Study Cohort Non- DGF DGF p-value
N 417 274 143
Age (years) 53.5 (+£12.7) 53.3 (+13) 53.8 (£12.1) ns
Female 139 (33.3%) 104 (38%) 35 (24.5%) o
BMI (kg/m2) 25.2 (+4) 25.1 (+4) 25.5 (£3.9) ns
# of antihypertensive medications:0 28 (6.7%) 261 (62.6%) 92 (22.1%) 32 17 (6.2%) 175 (63.7%) 59 (21.5) 11 (7.7%) 86 (60.1%) 33 (23.1%) ns
<3 (7.7%) 21 (7.7%) 11 (7.7%)
>3
>6
DM 88 (21.1%) 57 (20.8%) 38 (26.6%) ns
CAD 95 (22.8%) 57 (20.8%) 38 (26.6%) ns
Cause of Kidney Failure: 50 (12%) 35 (12.8%) 15 (10.5%) ns
Diabetes 2 vs. Other
Donor Age 529 (£16.2) 524 (£16.7) 53.8 (+15.3) ns
Donor Female 213 (51.1%) 137 (50%) 76 (53.2%) ns
Donor BMI (kg/m2) 27 (£5.9) 26.7 (£5.4) 27.5 (£6.6) ns
Mean donor term. serum creatinine 97.35 (+66.38) 84.96 (+44.25) 115.05 (+88.5) *
(nmol/l)
Donor DM 51 (12.2%) 29(10.6%) 22 (15.4%) ns
Donor hypertension 207 (49.6%) 132(48.2%) 75 (52.5%) ns
PRA >0 51 (12.2%) 33 (12%) 18 (12.6%) ns
Dialysis vintage (months) 70.6 (+46.3) 65.9 (+44.8) 79.7 (+48) o
Mean HLA mismatch 2.8 (x1.7) 2.7 (1.7) 2.9 (+1.6) ns
Mean HLA DR mismatch 0.9 (+0.8) 0.8 (0.8) 0.9 (+0.8) ns
Mean CIT (h) 12.4 (4.2) 12.2 (+0.3) 12.9 (+0.4) ns
Mean WIT (min) 44.1 (£17.9) 41.4 (£15.4) 49.2 (£21.1) o
CNI: Tacrolimus 315 (75.5%) 207 (75.5%) 108 (75.5%) ns
Induction: anti-thymocyte globulin 102 (24.5%) 72 (26.3%) 30 (21%) ns
Prior kidney transplantation 41 (9.8%) 21 (7.7%) 20 (14%) *
Transplantation in ECD-program 110 (26.4%) 76 (27.7%) 34 (23.8%) ns
Dual kidney transplantation 15 (3.6%) 10 (3.7%) 5(3.5%) ns

Variables either presented as mean (SD) or absolute values (relative frequencies)

* = p<0.05
** = p<0.01
% = p<0.001

BMI: body mass index, DM: diabetes mellitus, CAD: coronary artery disease, PRA: panel reactive antibody, HLA: human leukocyte antigen, CIT: cold ischemia time,

WIT: warm ischemia time, CNI: calcineurin inhibitor, ECD: expanded criteria donor

https://doi.org/10.1371/journal.pone.0199445.t001
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globulin was administered as induction therapy. Most patients (71.7%) received basiliximab
and only 3.8% did not receive immunosuppressive induction. There was no difference in
tacrolimus vs cyclosporine or anti-thymocyte globulin vs basiliximab use between the DGF
and non-DGF groups.

Rejection and renal function

Relative frequencies of BPAR including borderline rejections in year 1 were 24.8% in the non-
DGF and 37.1% in the DGF group. In a total of 121 biopsy-proven rejections, we registered
100 T-cell mediated rejections and 21 antibody-mediated rejections. Patients in the DGF
group developed more frequent T-cell mediated rejections (23.1%) compared with the non-
DGEF group (12.4%) (OR 1.98, 95%CI: 1.21, 3.24, p <0.01). Relative frequencies of BPAR
excluding all ‘borderline rejections’ were 27.3% and 17.9% respectively (OR 1.72, 95%CI: 1.03,
2.85, p <0.05). (S1 Table) Kaplan-Meier curves of cumulative incidence of BPAR within the
first year are presented in Fig 2A and 2B.

The unadjusted hazard ratio for developing acute rejection in the DGF group was 1.68
(95%CI: 1.17, 2.41, p <0.01). DGF remained an independent risk factor for BPAR after

Cumulative Probability of BPAR according to DGF Status

INCLUDING borderline rejection

EXCLUDING borderline rejection

0.40 0.40
0.30 1 0.30
0.20 0.20
0.10 0.10
T T T T T T T T T T T T
0 73 146 219 292 365 0 73 146 219 292 365
days since transplant days since transplant
Number at risk Number at risk
DGF =0272 231 217 212 21 207 DGF =0272 231 217 212 21 207
DGF =1143 116 96 92 92 90 DGF=1143 116 96 92 92 90
NoDGF  ————— DGF NoDGF  ————-— DGF
a b
Fig 2. Kaplan Meier curves. Cumulative probability of BPAR according to DGF statusincluding borderline rejection (a) and .excluding borderline rejection (b).
https://doi.org/10.1371/journal.pone.0199445.g002
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Table 2. Multivariate table: HR for BPAR due to DGF.

Cox Model Hazard ratio (95% CI) p-value
Model 1 1.68 (1.17, 2.41) +r
Model 2 1.74 (1.2, 2.53) o
Model 3 1.69 (1.16, 2.46) +r
Model 4 1.72 (1.18, 2.52) *x
Model 5 1.71 (1.16, 2.53) >

Model 1: unadjusted model

Model 2: includes age, sex, BMI, PRA, dialysis vintage, cause of kidney failure

Model 3: includes covariates from Model 1 + donor age, donor BMI, donor sex, donor diabetes

Model 4: includes covariates from Models 1&2 + CIT, HLA DR mismatch, tacrolimus use, re-transplant status
Model 5: includes covariates from Model 1&2&3 + WIT, terminal donor serum creatinine, induction therapy
** = p<0.01

https://doi.org/10.1371/journal.pone.0199445.t1002

adjustment for multiple other variables in the stepwise cox regression models. Notably, hazard
ratios did not change after expanding the model by covariates. In our full model (Model 5)
recipient sex, dialysis vintage, CIT, WIT, cause of end-stage renal disease, recipient BMI,
induction therapy, and terminal donor serum creatinine did not affect the association. Besides
DGEF, the hazard ratio for BPAR was significantly elevated for the categorical variable
HLA-DR mismatch and prior transplant (DR mismatch = 1: HR 1.78, 95%CI: 1.13, 2.86,

p = 0.01; DR mismatch = 2: HR 1.78, 95%CI: 1.05, 3.02, p <0.05; prior transplant: HR 2.09,
95%CI: 1.03, 4.27, p <0.05). PRA level and donor age missed the significance level (PRA level:
HR: 1.81, 95%CI: 0.88, 3.72, p >0.05; donor age: HR 1.01, 95%CI: 0.99, 1.03, p >0.05). Protec-
tive factors for BPAR were older recipient age (HR 0.98, 95%CI: 0.96, 0.99, p <0.01) and tacro-
limus use (HR 0.38, 95%CI: 0.25, 0.58, p<0.001). Multivariate cox models were calculated
both with and without borderline rejections. (Tables 2 & 3)

When excluding borderline rejection, the unadjusted HR for developing BPAR was 1.74
(95%CI: 1.13, 2.65, p <0.05). The HR was robust after expanding the model with the earlier
mentioned covariates (HR full model 1.79, 95%CI: 1.13, 2.84, p <0.05). HR for BPAR exclud-
ing borderline rejection was also significantly higher for HLA-DR mismatch (DR mismatch = 1:
HR 1.83, 95%CI: 1.07, 3.14, p <0.05; HLA-DR mismatch = 2: HR 2.21, 95%ClI: 1.19, 4.12,

Table 3. Multivariate table: HR for BPAR excluding borderline rejections due to DGF.

Cox Model Hazard ratio (95% CI) P-value
Model 1 1.74 (1.13, 2.65) *
Model 2 1.8 (1.16, 2.79)
Model 3 1.9 (1.15,2.77) *
Model 4 1.77 (1.13, 2.77) *
Model 5 1.79 (1.13, 2.84) *

Model 1: unadjusted model

Model 2: includes age, sex, BMI, PRA, dialysis vintage, cause of kidney failure

Model 3: includes covariates from Model 1 + donor age, donor BMI, donor sex, donor diabetes

Model 4: includes covariates from Models 1&2 + CIT, HLA DR mismatch, tacrolimus use, re-transplant status
Model 5: includes covariates from Model 1&2&3 + WIT, terminal donor serum creatinine, induction therapy
* = p< 0.05

= p<0.01

https://doi.org/10.1371/journal.pone.0199445.t1003
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p <0.05). Use of tacrolimus (HR 0.4, 95%CI: 0.24, 0.66, p <0.001) and older recipient age (HR
0.77, 95%CI: 0.63, 0.95, p <0.05) were protective factors. Sensitivity analyses were conducted
defining DGF as the need for at least 2 dialysis sessions. Of 143 patients undergoing post-trans-
plant dialysis treatment, 111 (77.6%) required more than one session, of whom 41 (36.9%)
experienced BPAR. After altering the definition for DGF, the hazard for BPAR was still signifi-
cantly higher for DGF compared to non-DGF patients (HR 1.56, 95%CI: 1.03, 2.36, p <0.05).
However, for this definition of DGF, the association between DGF and BPAR did not reach
significance after exclusion of borderline rejections (HR 1.40, 95%CI: 0.85, 2.20, p >0.05). (52
Table)

The overall number of biopsies in the first year was higher in the DGF group (non-DGF x
2.17 SD = 1.72; DGF x 2.50 SD = 1.94). This difference was not significant (p >0.05). (S1
Table, S1 Fig)

There was a significant difference in renal function at the end of the observation period.
Mean eGFR in the DGF group was at 44.8 (+ 4.02) ml/min and 46.6 (+2.46) in the non-DGF
group. A linear regression model with eGFR at one year as the outcome showed no association
between DGF and the outcome. Our model identified BPAR (Coefficient (c):

-5.01 ml/min, 95%CI: -8.18, -1.84) and donor age per decade (c: -2.38 ml/min, 95%CI:

-3.62, -1.13) as significant factors for a reduction in eGFR at one year. (Table 4) No effect mod-
ification was detected when using DGF*BPAR as an interaction term in the model.

Discussion

In the present study the hazard ratio for developing BPAR within the first year after transplan-
tation was 71% higher in the DGF group. This association was independent of covariates
related to DGF in our cohort as well as covariates that were reported in previous studies
[28,29]. Despite a probable biological link, previous studies could not uniformly demonstrate
this association. These studies either used surrogate definitions for DGF or for the outcome of
acute rejection, included inhomogeneous study cohorts or did not use multivariate modeling
[19]. Our findings are consistent with the results from a very recent study by a Canadian
group [20]. However, in this carefully executed study, the authors did not take into account
WIT, choice of induction therapy and did not report on the number of biopsies in each group.
Since WIT and induction therapy have both been shown to be associated with DGF, BPAR
and transplant function [30-32] our data significantly contributes to the understanding of the
association of DGF and BPAR as these are included in the present analysis.

An important difference of this study compared to previous studies is the thorough analysis
of the contribution of borderline rejection. We believe that this is a critical distinction since

Table 4. Multivariate table: Causes for decrease in eGFR at one year.

Linear Regression Model Coefficient (95% CI) P-value
DGF 0.06 (-2.91, 3.05) ns
BPAR -5.01 (-8.18, -1.84)
Donor age (per decade) -2.38(-3.62,-1.13) o

Coefficient for eGFR in ml/min (MDRD) 1 year post transplantation
ns = not significant

**=p<0.01

*** = p<0.001

https://doi.org/10.1371/journal.pone.0199445.t1004
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biopsies labeled ‘borderline’ may reflect either early T-cell mediated rejection (which could
advance to more severe inflammatory lesions), or the morphological correlate of AKI [21].
However, most of borderline changes without therapy do not progress to acute rejection [33]
or lead to a deterioration of renal function after 2 years [34]. The course of the graft seems to
depend on clinically manifest borderline changes (i.e. increased creatinine) which show
immunity-related molecular changes [35]. Subclinical, histological borderline changes
detected in protocol biopsies—at least on a molecular level-seem to reflect primarily the
injury-repair response [35,36], and have been shown to be greater in organs with DGF. Thus,
by excluding borderline rejections, the sensitivity of our analysis linking DGF to BPAR is
increased: the inclusion of changes not progressing to rejection would inadvertently bias
results away from the null hypothesis leading to an over-diagnosis of BPAR.

Our results are supported by the implementation of using different definitions of DGF, as
these are not uniform in the literature [1]. The most commonly used definition (>1 dialysis in
the first week) encompasses patients with a great range of ischemic injury. The reason for dial-
ysis can be somewhat arbitrary and therefore lead to possible distortion of the definition of
DGF, which has been shown to impact the results of previous studies [1,15]. When using a dif-
ferent cutoff for the number of dialysis sessions in the first week (> 2 dialysis), the association
between DGF and BPAR remained robust. However, when using the altered definition of
DGEF, in combination with the exclusion of borderline rejections, the significance level was
barely missed. This may have been a sample size problem, as the number of patients with DGF
dropped by almost 25% and the HR was still well above 1 with an asymmetric 95% CI ranging
from 0.85 to 2.20.

After a 12 months follow-up period, patients in the DGF group had a lower eGFR com-
pared to those with immediate allograft function. This was a result from the higher incidence
of BPAR in the DGF group. The difference was statistically significant, however the absolute
difference of 1.8 ml/min is, from our point of view, not clinically meaningful. Two single cen-
ter studies on DGF, where the outcome was graft survival, reported similar results [19,37]. A
recent registry study, analyzing more than 28.000 mate kidney transplants, has found an
increased risk of graft failure in kidneys with DGF within the first year irrespective of BPAR
[18]. Since we did not observe any graft losses within the first year (except for the patients with
primary non-function who were excluded), no conclusion can be drawn whether DGF influ-
enced graft survival.

Our study has several limitations. The most important caveat in any study of such kind is
the possibility of a diagnostic bias from an unbalanced number of biopsies in the two groups.
The overall number of biopsies in the first year was numerically higher in the DGF group. This
difference was not statistically significant and was presumably caused by a greater number of
repeat biopsies in the DGF group. In order to further reduce the risk of imbalance, we only
considered results from indication biopsies for our analysis. The dataset lacked information
on HLA- and donor-specific antibodies (DSA) at baseline and during follow up. We acknowl-
edge that PRA is inferior to DSA regarding the risk for the development of an antibody medi-
ated rejection (ABMR). However, the assessment whether or not patients with DGF have a
predisposition to develop such antibodies was not our primary focus and incidence of T-cell
mediated rejection outnumbered ABMR in our population. Nevertheless, due to the lack of
HLA testing our data does not allow the conclusion of the association of DGF and ABMR.
Additionally, information on immunosuppressant levels was not available. Although it is gen-
erally accepted that optimal calcineurin-inhibitor target concentrations reduce the risk for
acute rejection, the effect is not always clearly seen in epidemiologic studies due to the interval
between the beginning of a rejection episode and the ascertainment of the immunosuppressant
level, as well as for suspected non-calcineurin driven mechanisms [38,39]. Generalizability of
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our results may be reduced because it represents a Caucasian only, single center study popula-
tion. Furthermore, as with any retrospective study there may be residual confounding despite
multivariate adjustment. The short follow up time prohibited any inference on the long-term
impact of DGF on graft function. We did not have the exact biopsy-dates, which prohibited us
from adjusting for the number of biopsies until the occurrence of first rejection.

One of the strengths of this study is the high granularity of our cohort, which allowed us to
include important covariates such as WIT, which we feel is underreported in the literature. In
our non-DGF group no patient required dialysis treatment during the observation period and
we had to exclude only 2 patients due to loss of follow up. Moreover, since all biopsies were
analyzed at the same nephropathology lab, we have a high level of consistency of the histologi-
cal diagnoses compared to registry data, which is of special relevance for our aim of identifying
the contribution of borderline rejection.

In summary our results confirm the importance of DGF as an independent risk factor for
BPAR. The assumption is strengthened by omitting borderline rejections, which could have
inflated the association due to an overestimation of rejection episodes in previous studies.
Despite improvements in organ allocation and advances in immunosuppressive therapy, the
incidence of DGF has increased since the 1990s and may still rise in the future due to the
acceptance of more marginal organs [6,40-43]. A close surveillance of patients with DGF is
warranted to mitigate potentially adverse effects in this group.

Supporting information

S1 Table. Study outcome due to DGF status (mean and absolute values).
(PDF)

S2 Table. Multivariate table: HR (Model 5) for BPAR due to DGF (> 2 dialysis post-trans-
plant).
(PDF)

S1 Fig. Bar diagram. Relative frequency of biopsies in each group.
(PDF)

Acknowledgments

The present work was performed in fulfillment of the requirements for obtaining the degree
“Dr. med.” at the University of Erlangen-Niirnberg.

Author Contributions

Conceptualization: Susanne Weber, Thomas Dienemann, Kai-Uwe Eckardt, Alexander
Weidemann.

Data curation: Susanne Weber, Thomas Dienemann, Johannes Jacobi.
Formal analysis: Susanne Weber, Thomas Dienemann.

Funding acquisition: Thomas Dienemann.

Investigation: Susanne Weber, Thomas Dienemann, Johannes Jacobi.
Methodology: Susanne Weber, Thomas Dienemann.

Project administration: Susanne Weber, Thomas Dienemann.

Resources: Johannes Jacobi, Alexander Weidemann.

PLOS ONE | https://doi.org/10.1371/journal.pone.0199445  June 21, 2018 10/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0199445.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0199445.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0199445.s003
https://doi.org/10.1371/journal.pone.0199445

@° PLOS | ONE

Delayed graft function is associated with acute rejection in kidney transplantation

Supervision: Kai-Uwe Eckardt, Alexander Weidemann.

Validation: Thomas Dienemann.

Writing - original draft: Susanne Weber, Thomas Dienemann.

Writing - review & editing: Susanne Weber, Thomas Dienemann, Johannes Jacobi, Kai-Uwe

Eckardt, Alexander Weidemann.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

Yarlagadda SG, Coca SG, Garg AX, Doshi M, Poggio E, Marcus RJ, et al. (2008) Marked variation in
the definition and diagnosis of delayed graft function: a systematic review. Nephrol Dial Transplant 23:
2995-3003. https://doi.org/10.1093/ndt/gfn158 PMID: 18408075

Lebranchu Y, Halimi JM, Bock A, Chapman J, Dussol B, Fritsche L, et al. (2005) Delayed graft function:
risk factors, consequences and parameters affecting outcome-results from MOST, A Multinational
Observational Study. Transplant Proc 37: 345-347. https://doi.org/10.1016/j.transproceed.2004.12.
297 PMID: 15808638

Yarlagadda SG, Coca SG, Formica RN Jr., Poggio ED, Parikh CR (2009) Association between delayed
graft function and allograft and patient survival: a systematic review and meta-analysis. Nephrol Dial
Transplant 24: 1039—1047. https://doi.org/10.1093/ndt/gin667 PMID: 19103734

Siedlecki A, Irish W, Brennan DC (2011) Delayed graft function in the kidney transplant. Am J Trans-
plant 11:2279-2296. https://doi.org/10.1111/j.1600-6143.2011.03754.x PMID: 21929642

Kayler LK, Srinivas TR, Schold JD (2011) Influence of CIT-induced DGF on kidney transplant out-
comes. Am J Transplant 11: 2657—2664. https://doi.org/10.1111/j.1600-6143.2011.03817.x PMID:
22051325

Ojo AO, Wolfe RA, Held PJ, Port FK, Schmouder RL (1997) Delayed graft function: risk factors and
implications for renal allograft survival. Transplantation 63: 968—-974. PMID: 9112349

Ponticelli C (2014) Ischaemia-reperfusion injury: a major protagonist in kidney transplantation. Nephrol
Dial Transplant 29: 1134—1140. https://doi.org/10.1093/ndt/gft488 PMID: 24335382

Land WG (2005) The role of postischemic reperfusion injury and other nonantigen-dependent inflam-
matory pathways in transplantation. Transplantation 79: 505-514. PMID: 15753838

Fonsecal |, Teixeira L, Malheiro J, Martins LS, Dias L, Castro Henriques A, et al. (2015) The effect of
delayed graft function on graft and patient survival in kidney transplantation: an approach using compet-
ing events analysis. Transpl Int 28: 738-750. https://doi.org/10.1111/tri. 12543 PMID: 25689397

Qureshi F, Rabb H, Kasiske BL (2002) Silent acute rejection during prolonged delayed graft function
reduces kidney allograft survival. Transplantation 74: 1400-1404. https://doi.org/10.1097/01.TP.
0000036053.99338.C4 PMID: 12451239

Mikhalski D, Wissing KM, Ghisdal L, Broeders N, Touly M, Hoang AD, et al. (2008) Cold ischemia is a
major determinant of acute rejection and renal graft survival in the modern era of immunosuppression.
Transplantation 85: S3-9. https://doi.org/10.1097/TP.0b013e318169c29e PMID: 18401260

Oppenheimer F, Aljama P, Asensio Peinado C, Bustamante Bustamante J, Crespo Albiach JF, Guirado
Perich L (2004) The impact of donor age on the results of renal transplantation. Nephrol Dial Transplant
19 Suppl 3:iii11-15.

Rodrigo E, Fernandez-Fresnedo G, Ruiz JC, Pinera C, Palomar R, Gonzalez-Cotorruelo J, et al. (2005)
Similar impact of slow and delayed graft function on renal allograft outcome and function. Transplant
Proc 37:1431-1432. https://doi.org/10.1016/j.transproceed.2005.02.052 PMID: 15866627

Perasaari JP, Kyllonen LE, Salmela KT, Merenmies JM (2016) Pre-transplant donor-specific anti-human
leukocyte antigen antibodies are associated with high risk of delayed graft function after renal transplanta-
tion. Nephrol Dial Transplant 31: 672—678. https://doi.org/10.1093/ndt/gfv391 PMID: 26614272

Akkina SK, Connaire JJ, Israni AK, Snyder JJ, Matas AJ, Kasiske BL (2009) Similar outcomes with dif-
ferent rates of delayed graft function may reflect center practice, not center performance. Am J Trans-
plant 9: 1460-1466. https://doi.org/10.1111/j.1600-6143.2009.02651.x PMID: 19459804

Chaumont M, Racape J, Broeders N, El Mountahi F, Massart A, Baudoux T, et al. (2015) Delayed Graft
Function in Kidney Transplants: Time Evolution, Role of Acute Rejection, Risk Factors, and Impact on
Patient and Graft Outcome. J Transplant 2015: 163757. https://doi.org/10.1155/2015/163757 PMID:
26448870

Nicholson ML, Wheatley TJ, Horsburgh T, Edwards CM, Veitch PS, Bell PR (1996) The relative influ-
ence of delayed graft function and acute rejection on renal transplant survival. Transpl Int 9: 415-419.
PMID: 8819280

PLOS ONE | https://doi.org/10.1371/journal.pone.0199445  June 21, 2018 11/13


https://doi.org/10.1093/ndt/gfn158
http://www.ncbi.nlm.nih.gov/pubmed/18408075
https://doi.org/10.1016/j.transproceed.2004.12.297
https://doi.org/10.1016/j.transproceed.2004.12.297
http://www.ncbi.nlm.nih.gov/pubmed/15808638
https://doi.org/10.1093/ndt/gfn667
http://www.ncbi.nlm.nih.gov/pubmed/19103734
https://doi.org/10.1111/j.1600-6143.2011.03754.x
http://www.ncbi.nlm.nih.gov/pubmed/21929642
https://doi.org/10.1111/j.1600-6143.2011.03817.x
http://www.ncbi.nlm.nih.gov/pubmed/22051325
http://www.ncbi.nlm.nih.gov/pubmed/9112349
https://doi.org/10.1093/ndt/gft488
http://www.ncbi.nlm.nih.gov/pubmed/24335382
http://www.ncbi.nlm.nih.gov/pubmed/15753838
https://doi.org/10.1111/tri.12543
http://www.ncbi.nlm.nih.gov/pubmed/25689397
https://doi.org/10.1097/01.TP.0000036053.99338.C4
https://doi.org/10.1097/01.TP.0000036053.99338.C4
http://www.ncbi.nlm.nih.gov/pubmed/12451239
https://doi.org/10.1097/TP.0b013e318169c29e
http://www.ncbi.nlm.nih.gov/pubmed/18401260
https://doi.org/10.1016/j.transproceed.2005.02.052
http://www.ncbi.nlm.nih.gov/pubmed/15866627
https://doi.org/10.1093/ndt/gfv391
http://www.ncbi.nlm.nih.gov/pubmed/26614272
https://doi.org/10.1111/j.1600-6143.2009.02651.x
http://www.ncbi.nlm.nih.gov/pubmed/19459804
https://doi.org/10.1155/2015/163757
http://www.ncbi.nlm.nih.gov/pubmed/26448870
http://www.ncbi.nlm.nih.gov/pubmed/8819280
https://doi.org/10.1371/journal.pone.0199445

@° PLOS | ONE

Delayed graft function is associated with acute rejection in kidney transplantation

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Gill J, Dong J, Rose C, Gill JS (2016) The risk of allograft failure and the survival benefit of kidney trans-
plantation are complicated by delayed graft function. Kidney Int 89: 1331-1336. https://doi.org/10.
1016/j.kint.2016.01.028 PMID: 27165823

McLaren AJ, Jassem W, Gray DW, Fuggle SV, Welsh KI, Morris PJ (1999) Delayed graft function: risk
factors and the relative effects of early function and acute rejection on long-term survival in cadaveric
renal transplantation. Clin Transplant 13: 266—272. PMID: 10383108

Wu WK, Famure O, Li Y, Kim SJ (2015) Delayed graft function and the risk of acute rejection in the mod-
ern era of kidney transplantation. Kidney Int 88: 851-858. https://doi.org/10.1038/ki.2015.190 PMID:
26108067

de Freitas DG, Sellares J, Mengel M, Chang J, Hidalgo LG, Famulski KS, et al. (2012) The nature of
biopsies with "borderline rejection" and prospects for eliminating this category. Am J Transplant 12:
191-201. https://doi.org/10.1111/j.1600-6143.2011.03784.x PMID: 21992503

Levey AS, Greene T, Schluchter MD, Cleary PA, Teschan PE, Lorenz RA, et al. (1993) Glomerular fil-
tration rate measurements in clinical trials. Modification of Diet in Renal Disease Study Group and the
Diabetes Control and Complications Trial Research Group. J Am Soc Nephrol 4: 1159-1171. PMID:
8305642

Annesi |, Moreau T, Lellouch J (1989) Efficiency of the logistic regression and Cox proportional hazards
models in longitudinal studies. Stat Med 8: 1515—1521. PMID: 2616941

Abbott RD (1985) Logistic regression in survival analysis. Am J Epidemiol 121: 465-471. PMID:
4014135

van der Net JB, Janssens AC, Eilkemans MJ, Kastelein JJ, Sijbrands EJ, Steyerberg EW (2008) Cox
proportional hazards models have more statistical power than logistic regression models in cross-sec-
tional genetic association studies. Eur J Hum Genet 16: 1111-1116. https://doi.org/10.1038/ejhg.2008.
59 PMID: 18382476

Irish WD, lIsley JN, Schnitzler MA, Feng S, Brennan DC (2010) A risk prediction model for delayed graft
function in the current era of deceased donor renal transplantation. Am J Transplant 10: 2279-2286.
https://doi.org/10.1111/j.1600-6143.2010.03179.x PMID: 20883559

Doshi MD, Garg N, Reese PP, Parikh CR (2011) Recipient risk factors associated with delayed graft
function: a paired kidney analysis. Transplantation 91: 666—671. https://doi.org/10.1097/TP.
0b013e318209f22b PMID: 21317839

Pratschke J, Dragun D, Hauser IA, Horn S, Mueller TF, Schemmer P, et al. (2016) Immunological risk
assessment: The key to individualized immunosuppression after kidney transplantation. Transplant
Rev (Orlando) 30: 77-84.

Dunn TB, Noreen H, Gillingham K, Maurer D, Ozturk OG, Pruett TL, et al. (2011) Revisiting traditional
risk factors for rejection and graft loss after kidney transplantation. Am J Transplant 11:2132-2143.
https://doi.org/10.1111/j.1600-6143.2011.03640.x PMID: 21812918

Brennan DC, Daller JA, Lake KD, Cibrik D, Del Castillo D (2006) Rabbit antithymocyte globulin versus
basiliximab in renal transplantation. N Engl J Med 355: 1967-1977. https://doi.org/10.1056/
NEJMoa060068 PMID: 17093248

Hellemans R, Bosmans JL, Abramowicz D (2017) Induction Therapy for Kidney Transplant Recipients:
Do We Still Need Anti-IL2 Receptor Monoclonal Antibodies? Am J Transplant 17: 22-27. hitps://doi.
org/10.1111/ajt. 13884 PMID: 27223882

Tennankore KK, Kim SJ, Alwayn IP, Kiberd BA (2016) Prolonged warm ischemia time is associated
with graft failure and mortality after kidney transplantation. Kidney Int 89: 648—658. https://doi.org/10.
1016/j.kint.2015.09.002 PMID: 26880458

Meehan SM, Siegel CT, Aronson AJ, Bartosh SM, Thistlethwaite JR, Woodle ES, et al. (1999) The rela-
tionship of untreated borderline infiltrates by the Banff criteria to acute rejection in renal allograft biop-
sies. J Am Soc Nephrol 10: 1806—1814. PMID: 10446950

Seron D, Moreso F (2007) Protocol biopsies in renal transplantation: prognostic value of structural mon-
itoring. Kidney Int 72: 690-697. https://doi.org/10.1038/sj.ki.5002396 PMID: 17597702

Hruba P, Brabcova |, Gueler F, Krejcik Z, Stranecky V, Svobodova E, et al. (2015) Molecular diagnos-
tics identifies risks for graft dysfunction despite borderline histologic changes. Kidney Int 88: 785-795.
https://doi.org/10.1038/ki.2015.211 PMID: 26176825

Mengel M, Chang J, Kayser D, Gwinner W, Schwarz A, Einecke G, et al. (2011) The molecular phenotype
of 6-week protocol biopsies from human renal allografts: reflections of prior injury but not future course. Am
J Transplant 11: 708—-718. https://doi.org/10.1111/j.1600-6143.2010.03339.x PMID: 21114657

Troppmann C, Gillingham KJ, Gruessner RW, Dunn DL, Payne WD, Najarian JS, et al. (1996) Delayed
graft function in the absence of rejection has no long-term impact. A study of cadaver kidney recipients
with good graft function at 1 year after transplantation. Transplantation 61: 1331-1337. PMID: 8629292

PLOS ONE | https://doi.org/10.1371/journal.pone.0199445  June 21, 2018 12/13


https://doi.org/10.1016/j.kint.2016.01.028
https://doi.org/10.1016/j.kint.2016.01.028
http://www.ncbi.nlm.nih.gov/pubmed/27165823
http://www.ncbi.nlm.nih.gov/pubmed/10383108
https://doi.org/10.1038/ki.2015.190
http://www.ncbi.nlm.nih.gov/pubmed/26108067
https://doi.org/10.1111/j.1600-6143.2011.03784.x
http://www.ncbi.nlm.nih.gov/pubmed/21992503
http://www.ncbi.nlm.nih.gov/pubmed/8305642
http://www.ncbi.nlm.nih.gov/pubmed/2616941
http://www.ncbi.nlm.nih.gov/pubmed/4014135
https://doi.org/10.1038/ejhg.2008.59
https://doi.org/10.1038/ejhg.2008.59
http://www.ncbi.nlm.nih.gov/pubmed/18382476
https://doi.org/10.1111/j.1600-6143.2010.03179.x
http://www.ncbi.nlm.nih.gov/pubmed/20883559
https://doi.org/10.1097/TP.0b013e318209f22b
https://doi.org/10.1097/TP.0b013e318209f22b
http://www.ncbi.nlm.nih.gov/pubmed/21317839
https://doi.org/10.1111/j.1600-6143.2011.03640.x
http://www.ncbi.nlm.nih.gov/pubmed/21812918
https://doi.org/10.1056/NEJMoa060068
https://doi.org/10.1056/NEJMoa060068
http://www.ncbi.nlm.nih.gov/pubmed/17093248
https://doi.org/10.1111/ajt.13884
https://doi.org/10.1111/ajt.13884
http://www.ncbi.nlm.nih.gov/pubmed/27223882
https://doi.org/10.1016/j.kint.2015.09.002
https://doi.org/10.1016/j.kint.2015.09.002
http://www.ncbi.nlm.nih.gov/pubmed/26880458
http://www.ncbi.nlm.nih.gov/pubmed/10446950
https://doi.org/10.1038/sj.ki.5002396
http://www.ncbi.nlm.nih.gov/pubmed/17597702
https://doi.org/10.1038/ki.2015.211
http://www.ncbi.nlm.nih.gov/pubmed/26176825
https://doi.org/10.1111/j.1600-6143.2010.03339.x
http://www.ncbi.nlm.nih.gov/pubmed/21114657
http://www.ncbi.nlm.nih.gov/pubmed/8629292
https://doi.org/10.1371/journal.pone.0199445

@° PLOS | ONE

Delayed graft function is associated with acute rejection in kidney transplantation

38.

39.

40.

41.

42,

43.

Bouamar R, Shuker N, Hesselink DA, Weimar W, Ekberg H, Kaplan B, et al. (2013) Tacrolimus predose
concentrations do not predict the risk of acute rejection after renal transplantation: a pooled analysis
from three randomized-controlled clinical trials(dagger). Am J Transplant 13: 1253-1261. https:/doi.
org/10.1111/ajt.12191 PMID: 23480233

Rodrigo E, Segundo DS, Fernandez-Fresnedo G, Lopez-Hoyos M, Benito A, Ruiz JC, et al. (2016)
Within-Patient Variability in Tacrolimus Blood Levels Predicts Kidney Graft Loss and Donor-Specific
Antibody Development. Transplantation 100: 2479-2485. https://doi.org/10.1097/TP.
0000000000001040 PMID: 26703349

Maggiore U, Oberbauer R, Pascual J, Viklicky O, Dudley C, Budde K, et al. (2015) Strategies to
increase the donor pool and access to kidney transplantation: an international perspective. Nephrol Dial
Transplant 30: 217-222. https://doi.org/10.1093/ndt/gfu212 PMID: 24907023

Klein R, Galante NZ, de Sandes-Freitas TV, de Franco MF, Tedesco-Silva H, Medina-Pestana JO
(2013) Transplantation with kidneys retrieved from deceased donors with acute renal failure. Transplan-
tation 95: 611-616. https://doi.org/10.1097/TP.0b013e318279153c PMID: 23274968

Halloran PF (2004) Immunosuppressive drugs for kidney transplantation. N Engl J Med 351: 2715—
2729. https://doi.org/10.1056/NEJMra033540 PMID: 15616206

Sharif A, Borrows R (2013) Delayed graft function after kidney transplantation: the clinical perspective.
Am J Kidney Dis 62: 150—158. https://doi.org/10.1053/j.ajkd.2012.11.050 PMID: 23391536

PLOS ONE | https://doi.org/10.1371/journal.pone.0199445  June 21, 2018 13/13


https://doi.org/10.1111/ajt.12191
https://doi.org/10.1111/ajt.12191
http://www.ncbi.nlm.nih.gov/pubmed/23480233
https://doi.org/10.1097/TP.0000000000001040
https://doi.org/10.1097/TP.0000000000001040
http://www.ncbi.nlm.nih.gov/pubmed/26703349
https://doi.org/10.1093/ndt/gfu212
http://www.ncbi.nlm.nih.gov/pubmed/24907023
https://doi.org/10.1097/TP.0b013e318279153c
http://www.ncbi.nlm.nih.gov/pubmed/23274968
https://doi.org/10.1056/NEJMra033540
http://www.ncbi.nlm.nih.gov/pubmed/15616206
https://doi.org/10.1053/j.ajkd.2012.11.050
http://www.ncbi.nlm.nih.gov/pubmed/23391536
https://doi.org/10.1371/journal.pone.0199445

