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Abstract

The DeKAF study was developed to better understand the causes of late allograft loss. Preliminary 

findings from the DeKAF cross-sectional cohort (with follow-up < 20 months) have been 

published. Herein, we present long-term outcomes in those recipients (mean follow-up ± SD, 6.6 ± 

0.7 years). Eligibility included being transplanted prior to October 1, 2005; serum creatinine ≤ 2.0 

mg/dL on January 1, 2006; and subsequently developing new-onset graft dysfunction leading to a 

biopsy. Mean time from transplant to biopsy was 7.5 ± 6.1 years. Histologic findings and DSA 

were studied in relation to postbiopsy outcomes. Long-term follow-up confirms and expands the 

preliminary results of each of 3 studies: (1) increasing inflammation in area of atrophy 

(irrespective of inflammation in nonscarred areas [Banff i]) was associated with increasingly 

worse postbiopsy death-censored graft survival; (2) hierarchical analysis based on Banff scores 

defined clusters (entities) that differed in long-term death-censored graft survival; and (3) C4d

−/DSA− recipients had significantly better (and C4d+/DSA+ worse) death-censored graft survival 

than other groups. C4d+/DSA− and C4d−/DSA+ had similar intermediate death-censored graft 

survival. Clinical and histologic findings at the time of new-onset graft dysfunction define high- vs 
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low-risk groups for long-term death-censored graft survival, even years posttransplant. These 

findings can help differentiate groups for potential intervention studies.
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1 | INTRODUCTION

In the last 2 decades, there has been improvement in the short-term outcomes after kidney 

transplantation but little commensurate improvement in long-term outcomes.1,2 A significant 

proportion of recipients with 1-year graft survival are thought to experience a slow and 

steady decline in graft function leading to graft loss. Initially, this process was with 1-year 

graft survival are thought to experience a slow and steady decline in graft function leading to 

graft loss. Initially, this process was attributed to an inevitable immune response associated 

with allogeneic transplantation and was termed “chronic rejection.”3,4 Recognition that 

nonimmunologic injury was also associated with late deterioration of function led to use of 

the term “chronic allograft nephropathy” (CAN) to encompass both immune and 

nonimmune injury.5 Given that high calcineurin inhibitor (CNI) levels early posttransplant 

could cause acute nephrotoxicity, one hypothesis that became popular was that late graft 

dysfunction was due to chronic CNI nephrotoxicity.6,7

The Deterioration of Kidney Allograft Function (DeKAF) study was developed to better 

understand the causes of late allograft loss. Specifically, its 2 hypotheses were that (1) 

chronic graft dysfunction was not the result of past events but was due to new ongoing active 

injury, and (2) discrete, definable entities were responsible for injury leading to chronic graft 

deterioration.8 The hope was that defining different entities could lead to individual trials on 

preventing and/or treating such entities. Seven transplant centersa in the United States and 

Canada participated in the study, which also included a central pathology core,b a central lab 

for anti-HLA donor-specific antibody (DSA)c determination, a central database, and a 

central biostatistical core.d

The DeKAF study included a cross-sectional cohort of previously transplanted recipients 

who, at the time of study initiation, had a serum creatinine ≤ 2 mg/dL (irrespective of when 

transplanted) and subsequently developed new-onset graft dysfunction leading to a graft 

biopsy. This cohort provided an opportunity to assess grafts that had survived as long as 

several decades posttransplant before developing dysfunction but there was no a comparable 

control group to determine clinical and demographic factors leading to late dysfunction.

aUniversity of Alabama; University of Alberta; Hennepin County Medical Center; Mayo Clinic (Rochester, MN); University of Iowa; 
University of Manitoba; University of Minnesota.
bMayo Clinic (Rochester, MN).
cUniversity of California – Los Angeles.
dUniversity of Minnesota.
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Three preliminary findings of the cross-sectional cohort — (1) the impact of inflammation in 

areas of atrophy on graft survival;9 (2) hierarchical cluster analysis of Banff scores to define 

individual “entities” affecting graft outcome10 and (3) the impact of C4d staining and/or 

circulating DSA on graft outcome11— have been published. Mean follow-up in these 

analyses was < 20 months. Herein, we update these 3 analyses with a mean (SD) follow-up 

of 6.6 (0.7) years.

2 | METHODS

2.1 | Study population

Enrollment criteria and patient characteristics have been described in detail.8,10 Recipients 

were eligible for enrollment into the cross-sectional cohort if they had undergone a kidney or 

kidney/pancreas transplant before October 1, 2005, had a serum creatinine ≤ 2.0 mg/dL 

before January 1, 2006, and subsequently developed deterioration of graft function resulting 

in an allograft biopsy (“index biopsy”). Participants were enrolled at the time of biopsy and 

followed until graft loss, death, or September 1, 2013. The research was approved by the 

University of Minnesota institutional review board (IRB; #0407M62262) and the IRB at 

each participating clinical center.

2.2 | Central pathology and donor-specific antibody determination

All index biopsies were read by a central pathologist (JG) masked to clinical information, 

local pathology findings including C4d staining, and DSA results. In addition to traditional 

Banff scoring (e.g., “i”: 0 = inflammation in < 10% of unscarred parenchyma; 1 = 10% to 

25% parenchyma inflamed; 2 = 26% to 50% parenchyma inflamed; 3 = > 50% parenchyma 

inflamed), the central pathologist also made specific histologic observations that, at the time 

the biopsies were obtained, were not included in Banff scoring. Those observations (which 

were scored in a manner similar to Banff scoring) included inflammation in areas of atrophy 

(termed “iatr”) and tubulitis in areas of atrophy (termed “tatr”). The iatr score was assessed 

as the percentage of atrophic cortex with inflammatory infiltrates: 0 = inflammation in < 

10% of atrophic regions; 1 = inflammation in 10% to 25% of atrophic regions; 2 = 

inflammation in 26% to 50% of atrophic regions; 3 = inflammation in > 50% of atrophic 

regions. The tatr score was derived similarly.

The histologic sections were stained for C4d by immunoperoxidase and interpreted as 

positive if more than 10% of peritubular capillaries stained positively.12 Local primary and 

secondary pathology diagnoses were also recorded. Blood samples collected at the time of 

the biopsy, recipient and donor HLA types, and recipient pretransplant sensitization status 

were sent to the central lab (FMC) for DSA determination. DSA was considered positive if 

antibody were detected against donor HLA-A, B, DR, or DQ. The central lab used a mean 

fluorescent intensity (MFI) cutoff of 1000 to classify a DSA as positive.

2.3 | Three analyses with extended follow-up

The original methodology for the 3 DeKAF analyses that were updated for this report is 

briefly described here:
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2.3.1 | Inflammation in areas of atrophy (iatr)—Using index biopsies where both 

C4d and DSA determinations were available, we studied the difference in time to death-

censored graft failure from index biopsy by iatr score alone and by iatr in combination with i 
score. Groups were defined as no inflammation (i = 0; iatr = 0), iatr only (iatr > 0; i = 0), and 

presence of i (i > 0; iatr ≥ 0).

2.3.2 | Hierarchical cluster analysis—A full description of the clustering method has 

previously been reported.10 Briefly, clusters were formed using hierarchical clustering by 

centroids using L_1 norm distance on the vector of Banff scores for inflammation (i), 
glomerulitis (g), tubular atrophy (ct), vascular fibrous intimal thickening (cv), hyalinosis 

(ah), and mesangial matrix (mm), plus a scoring of tubulitis in areas of atrophy (tatr). 
Recipients with a local diagnosis explaining new-onset graft dysfunction (recurrent disease, 

BK nephropathy) were excluded. Because iatr and tatr were highly correlated, only one of 

the scores (tatr) was included in clustering. Of the 13 clusters created by the algorithm, 7 

were very small and the original publication focused on death-censored graft failure in the 6 

larger clusters.

2.3.3 | Impact of DSA and positive C4d staining—Index biopsies (where both C4d 

and DSA were available) were classified by C4d and DSA into 4 groups: C4d−/DSA−, C4d

−/DSA+, C4d+/DSA−, and C4d+/DSA+. Recipients with a local diagnosis explaining new-

onset graft dysfunction (recurrent disease, BK nephropathy) were excluded. In our original 

publication, the primary endpoint was time from biopsy to death or graft failure. To be 

consistent with the other analyses in this report, the endpoint studied herein is time from 

index biopsy to death-censored graft failure.

With additional data cleaning since the initial analyses, it was discovered that 3 of the 

biopsies included in these initial analyses (1 in the iatr analysis, 3 in the cluster analysis, and 

1 in the DSA/C4d analysis) were incorrectly labeled as long-term cohort index biopsies in 

preliminary results and are excluded from our updated analyses.

2.4 | Statistical analysis

Mean baseline characteristics were compared between clusters using chi-square tests for 

categorical variables and ANOVA or Kruskal-Wallis tests for continuous variables. Survival 

analysis methods were used to compare groups for time to death-censored graft failure, 

defined as the return to dialysis or retransplantation. Kaplan-Meier plots were used to 

summarize graft failure times and the log-rank test was used to compare graft survival 

curves. Cox proportional hazards regression was used to compare graft survival between 

groups, adjusted for covariates and stratified by clinical center. All hazard ratios (HRs) are 

presented with their 95% confidence interval (CI). Multivariable analyses were adjusted for 

the following, as was done in the original publications: creatinine at biopsy and central i, t, 
ci, and ct scores (iatr score analysis); creatinine at biopsy and central t, ci, and ct scores (iatr 
and i groups); time from transplant to biopsy and creatinine at biopsy (clusters); and age at 

biopsy, race (black or nonblack), prior transplant status, creatinine at biopsy and central i, t, 
g, and ptc scores (C4d and DSA). Treatment with steroids, antibodies, intravenous 

immunoglobulin (IVIG), plasmapheresis, rituxumab, or another drug for an acute rejection 
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event diagnosed at index biopsy was included as a binary covariate in the updated analyses. 

Banff scores (scaled 0-3) were fit as categorical covariates. The updated Cox proportional 

hazards regression analyses correct for multiple comparisons via the Tukey-Kramer method. 

A Tukey-Kramer adjusted P < .05 was used as the threshold for significance that ensures an 

overall Type I error rate of 5% for all pairwise comparisons.

3 | RESULTS

There were 336 cross-sectional cohort participants included in the iatr update, 237 in the 

cluster update, and 172 in the C4d and DSA update (Table 1). The iatr cohort was 53% 

female, 78% Caucasian and 14% black, with a mean (SD) age at index biopsy of 48 (14) 

years, and a mean biopsy creatinine at the time of graft dysfunction of 2.6 (1.5) mg/dL. The 

participants analyzed in the cluster paper and the C4d/DSA paper were subsets of the iatr 
cohort and had similar characteristics (Table 1).

3.1 | Inflammation in areas of atrophy (iatr)

Traditional Banff scoring ignored iatr. One of the first major findings of the DeKAF study 

was that iatr and tatr were associated with an increased postbiopsy risk of death-censored 

graft loss (iatr P < .0001 and tatr P = .03).9 This association remained when we corrected for 

serum creatinine level at biopsy and the traditional Banff scores of i (inflammation) and ct 
(tubular atrophy).

With 7 years of follow-up, the impact of iatr persists (Figure 1). Recipients with an iatr score 

of 0 had the best postbiopsy death-censored graft survival; death-censored graft survival 

declined as the degree of iatr increased (log-rank P < .0001). In our multivariable 

proportional hazards regression model that compared all iatr groups in pairwise fashion, 

severe iatr (score = 3) had worse graft survival than iatr = 0 (HR = 4.0 [95% CI = 1.6, 10.1], 

P = .018) (Table 2). Although the comparisons of iatr = 3 to iatr = 2 and iatr = 3 to iatr = 1 

were significant univariately (P < .01), they were not significant after covariate adjustment 

(HR = 1.5 [0.7, 3.4], P = .728 vs HR = 2.3 [1.0, 5.3], P = .178). An iatr score of 2 had worse 

graft survival than a score of 0 (HR = 2.6 [1.4, 5.0], P = .019).

We also studied the relative impact of iatr and i on postbiopsy outcome. Biopsies with no 

inflammation (i = 0 and iatr = 0) were associated with the best graft survival; however, 

death-censored graft survival after biopsies showing iatr without i versus biopsies showing 

iatr with i did not differ (HR = 1.1 [0.7, 1.8], P = .75).9 With an additional 4 years of follow-

up, there is still a significant difference in graft survival between the groups (log-rank P 
= .0013) (Figure 2). The difference between the group with no inflammation and the 2 

groups with any inflammation remains after adjustment for covariates (HR = 1.8 [1.1, 3.0], P 
= .030 vs i = 0; HR = 1.8 [1.1, 3.0], P = .022 vs i > 0), however, those associations are no 

longer significant after controlling for the Type 1 error rate (P = .076 vs P = .057). There is 

still no difference between the presence of i group vs. the iatr-only group (HR = 0.97 [0.6, 

1.5], P = .993).
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3.2 | Hierarchical cluster analysis

The population studied for the cluster analyses had a mean (SD) serum creatinine level as of 

January 2006 of 1.4 (0.3) mg/dL, which increased to 2.6 (1.5) mg/dL at the time of index 

biopsy for graft dysfunction (Table 1). The mean time from transplant to the index biopsy 

was 7.0 (5.9) years (median, 5.2).

Per hierarchical cluster analysis based on central Banff scores plus tatr, we grouped biopsies 

into individual entities associated with different death-censored graft failure rates.10 In the 

initial analysis, we identified 6 major clusters. We depicted each of them as a wheel, with the 

individual Banff scores as spokes (Figure 3); the length of each spoke = the percent of 

biopsies within that cluster with a Banff score > 0. Mild lesions (eg, i = 1) are shown as a 

dotted line; moderate lesions (eg, i = 2) as a dashed line; and severe lesions (eg, i = 3) as a 

solid line. We observed clear differences between the clusters. For example, clusters 1 and 2 

both showed mild fibrosis, but although cluster 1 had no inflammation, all the biopsies in 

cluster 2 also had inflammation (i) and tubulitis (t). Clusters 3-6 showed varying degrees of 

inflammation and tubulitis but also chronic changes, including varying degrees of tubular 

atrophy, intimal thickening, mesangial matrix increases, and arterial hyalinosis, with cluster 

6 showing the most severe chronic changes.

The clusters were not significantly different with respect to gender, ethnicity, race, age 

(recipient or donor), primary cause of kidney disease, diabetes (recipient), hypertension 

(recipient or donor), prior kidney transplant, donor type (living or deceased), last stable 

creatinine prior to 2006, or cumulative cyclosporine or tacrolimus exposure prior to index 

biopsy (Table 3), but differed in the number of HLA Class I mismatches (P = .03) and total 

number of HLA mismatches (P = .01). In addition, at the time of index biopsy, we noted a 

significant difference between clusters in the time from transplant to biopsy (P < .001), in 

the mean creatinine level (P < .001), and in the prevalence of DSA (P < .001).

Local pathologist interpretations of biopsy results (primary and secondary diagnoses) for 

each cluster are summarized in Table 4. The interpretations were relatively similar across 

clusters with 2 exceptions: a high percentage of CAN (54%) and CNI nephrotoxicity (45%) 

in cluster 1 and a high percentage of acute rejection in cluster 2 (72%).

Our initial finding with a median of 18 months of follow-up was that the death-censored 

graft failure rate significantly differed by cluster (P = .0002). With 7 years of follow-up, 

there is increased differentiation between clusters in the death-censored graft failure rate (P 
< .0001, Figure 4). Using a proportional hazards model to perform pairwise comparisons, we 

found that cluster 1 had better graft survival than clusters 3, 4, 5, and 6: 6 vs 1: HR = 5.8 

[2.5, 13.7], P < .001; 5 vs 1: HR = 3.1 [1.5, 6.1], P = .016; 4 vs 1: HR = 4.9 [2.4, 9.9], P 
< .001; 3 vs 1: HR = 2.9 [1.6, 5.4], P = .007 (Table 2).

3.3 | Impact of positive C4d staining and DSA

In contrast to the preceding analyses that looked at death-censored graft survival, our 

original C4d/DSA analysis examined the impact of C4d and DSA positivity on graft survival 

(including death and graft loss).11 Using proportional hazards regression, including ethnicity 

and serum creatinine at biopsy, we showed that C4d+ biopsy specimens irrespective of DSA 

Matas et al. Page 6

Am J Transplant. Author manuscript; available in PMC 2020 November 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



status were associated with significantly worse graft survival than biopsy specimens that 

were C4d− and DSA−. Herein, to be consistent with the preceding analyses, we studied the 

impact of C4d and DSA positivity on death-censored graft failure.

With 7 years of follow-up, there is a significant difference between groups in death-censored 

graft survival (P < .0001, Figure 5). Participants whose biopsies were C4d- and DSA- had 

significantly better graft survival than the other three groups: vs C4d+ and DSA− HR = 4.5 

[1.7, 11.7], P = .010; vs C4d− and DSA+ HR=4.2 [1.7, 10.2], P = .008; and vs C4d+ and 

DSA+ HR=3.6 [1.5, 8.3], P = .016 (Table 2).

Importantly, in the initial analysis, there was a suggestion that outcome differed between 

C4d+/DSA− and C4d−/DSA+ groups. With long-term follow-up, it is clear that the 

postbiopsy death-censored graft failure rate for these 2 groups is similar (HR=1.1 [0.4, 2.8], 

P = .999) (Figure 5).

4 | DISCUSSION

Since the beginning of the DeKAF study, a number of studies have used histopathology to 

gain a better understanding of the pathophysiology of late graft dysfunction and graft loss. 

Protocol biopsy studies have shown the natural history of graft histopathology and the 

evolution of histologic findings.13 Studies of biopsies done at the time of graft dysfunction 

have provided additional data on histopathology at the time of dysfunction and the impact on 

subsequent outcomes.

The DeKAF study focused on biopsies done at the time of new-onset graft dysfunction; its 

initial findings have already contributed to the understanding of late graft dysfunction and 

graft loss. With the addition of several years of follow-up, we have confirmed these initial 

findings. We found the best postbiopsy graft survival in cluster 1 (Figure 4), the cluster 

showing only interstitial fibrosis and tubular atrophy and no evidence of inflammation. 

Biopsies in that cluster had frequently been interpreted by local pathologists as showing CNI 

nephrotoxicity and/or CAN. Importantly, the DeKAF study was the first to show that the 

diagnoses of “chronic allograft nephropathy” and “CNI nephrotoxicity” are meaningless in 

terms of prognostic significance. One of the goals of the DeKAF study was to identify 

entities that could be subjected to clinical intervention trials. DeKAF indicated that the 

entity of tubular atrophy in the absence of inflammation, even when found in a biopsy 

performed for graft dysfunction, may not warrant intervention. We noted that acute 

inflammation (without significant chronic changes) is an entity for which there are ongoing 

clinical trials (cluster 2). For clusters 3-6, with different proportions of acute and chronic 

changes, we found differing outcomes. Analyses of data from the DeKAF prospective 

cohort, which followed a much larger cohort of recipients, may help further determine 

whether each of these clusters can be clearly defined to be used as criteria for entry into a 

clinical trial.

Moreover, our longer follow-up confirmed the finding that iatr is associated with an 

increased rate of death-censored graft failure. Mengel et al also showed that the total 

inflammation score (iatr plus inflammation in nonatrophic parenchyma [as routinely scored 

Matas et al. Page 7

Am J Transplant. Author manuscript; available in PMC 2020 November 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in Banff]) was associated with worse graft survival.14 These observations have been 

confirmed in 2 recent studies,15,16 and recently, inflammation in areas of atrophy/fibrosis has 

been incorporated into the latest Banff scoring, using the terminology “i-ifta”.17

At the initiation of the DeKAF study, the single-bead method for DSA determination was 

just becoming widely used. Now, after extensive use of that method, it has become clear that 

the presence of posttransplant DSA, particularly against Class II HLA antigens, is associated 

with an increased risk of graft dysfunction and graft loss. Not surprisingly, in both our initial 

and current analyses, we found that biopsies that were C4d+/DSA+ were associated with an 

increased death-censored graft failure rate. Of note, in our initial analysis, biopsies that were 

DSA+/C4d− had a better prognosis than those that were DSA−/C4d+. In contrast, with 

longer follow-up, biopsy specimens that were DSA+/C4d− and that were DSA−/C4d+ were 

associated with similar death-censored graft failure. That finding is consistent with recent 

studies reporting C4d− antibody-mediated rejection, as well as with recent studies 

confirming the histologic appearance of antibody-mediated rejection in the absence of DSA.
18,19

There are limitations to our analyses. First, although the study design is a prospective cohort 

study, these analyses are post hoc in nature, which carries a potential risk of bias. 

Additionally, the usual care must be taken in comparing survival curves in plots as the 

standard error grows as the number of participants at risk declines over time. Therefore, 

Kaplan-Meier curves are provided with numbers of participants at risk. As seen in the 

figures, there are only a small number of patients remaining 7 years after the index biopsy. 

In summary, these longer-term data confirm a principal hypothesis of the DeKAF study. 

Namely, late graft dysfunction and graft loss are the consequence of active, ongoing injury. 

Even when elevated creatinine levels lead to a biopsy, grafts without evidence of active, 

ongoing injury have prolonged survival. New-onset late graft dysfunction, with 

inflammation at the time of for-cause biopsy, often accompanied by C4d positivity and 

circulating DSA, is associated with increased risk of graft loss.
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DeKAF Deterioration of Kidney Allograft Function

DSA donor-specific antibody

HR hazard ratio

iatr inflammation in areas of atrophy

IvIG intravenous Immunoglobulin

MFI mean fluorescent intensity

SD standard deviation

tatr tubulitis in areas of atrophy
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FIGURE 1. 
Years from biopsy to graft failure by iatr scoring: extended follow-up
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FIGURE 2. 
Years from biopsy to graft failure by iatr and i scoring: extended follow-up
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FIGURE 3. 
Original clusters based on Banff i, g, ct, cv, ah, mm, plus tatr (data shown for the 6 larger 

clusters N = 240). Only scores used in clustering are shown
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FIGURE 4. 
Years from biopsy to graft failure by cluster: extended follow-up
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FIGURE 5. 
Years from biopsy to graft failure by C4d and DSA: extended follow-up
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