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Abstract: Rejection-associated gene expression has been characterized in renal allograft biopsies for 

cause. The aim is to evaluate rejection gene expression in subclinical rejection and in biopsies with 

borderline changes or interstitial fibrosis and tubular atrophy (IFTA). We included 96 biopsies. Most 

differentially expressed genes between normal surveillance biopsies (n = 17) and clinical rejection (n 

= 12) were obtained. A rejection-associated gene (RAG) score was defined as its geometric mean. 

The following groups were considered: a) subclinical rejection (REJ-S, n = 6); b) borderline changes 

in biopsies for cause (BL-C, n = 13); c) borderline changes in surveillance biopsies (BL-S, n = 12); d) 

IFTA in biopsies for cause (IFTA-C, n = 20); and e) IFTA in surveillance biopsies (IFTA-S, n = 16). 

The outcome variable was death-censored graft loss or glomerular filtration rate decline ≥ 30 % at 2 

years. A RAG score containing 109 genes derived from normal and clinical rejection (area under the 

curve, AUC = 1) was employed to classify the study groups. A positive RAG score was observed in 

83% REJ-S, 38% BL-C, 17% BL-S, 25% IFTA-C, and 5% IFTA-S. A positive RAG score was an 

independent predictor of graft outcome from histological diagnosis (hazard ratio: 3.5 and 95% 

confidence interval: 1.1–10.9; p = 0.031). A positive RAG score predicts graft outcome in surveillance 

and for cause biopsies with a less severe phenotype than clinical rejection. 

Keywords: renal transplantation; biopsies; rejection; transcriptomics; microarrays; borderline 

changes; interstitial fibrosis and tubular atrophy 

 

1. Introduction 

Rejection-associated gene expression has been well-characterized in for cause renal allograft 

biopsies. Three groups of rejection gene transcripts have been differentiated: a) gene transcripts that 

are shared by T cell-mediated and antibody-mediated rejection; b) specific differentially expressed 

transcripts in T cell-mediated rejection; and c) specific differentially expressed transcripts in 

antibody-mediated rejection [1–3]. Rejection-associated gene expression is shared among different 

transplanted organs [4] and is involved in the immune response against infection, cancer, or 
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autoimmune diseases [5]. They are also expressed in surveillance biopsies with subclinical rejection 

[6], and in biopsies with a histological diagnosis below the threshold of rejection such as borderline 

changes or interstitial fibrosis and tubular atrophy (IFTA). 

Subclinical rejection in surveillance biopsies has been associated in some studies with decreased 

renal allograft survival [7–9]. It has been shown in a study comparing clinical and subclinical rejection 

that both phenotypes shared differentially expressed genes and pathways. These data suggest that 

there exists a continuum of alloimmune activation in both situations [10]. 

The significance of borderline changes is difficult to interpret since it can represent true T cell-

mediated rejection (TCMR), acute kidney injury associated with ischemia-reperfusion or other types 

of tissue injury [11]. Thus, it is not surprising that the histological definition of borderline changes 

has been modified over the years. In the first Banff meeting, this category was defined as the presence 

of mild tubulitis (t1) associated with mild to severe interstitial inflammation (i1–i3) [12]. Later, the 

classification was modified, and biopsies showing mild to severe tubulitis (t1–t3) without interstitial 

inflammation (i0) were included in this category [13]. Recently, it has been described that patients 

with biopsy scoring ≥ i1t1 have a poorer outcome than patients with biopsies displaying i0t1 [14], 

leading to the actual definition of borderline changes as at least i1t1 [15]. Therapeutic approaches 

towards borderline changes vary in different clinical settings. The diagnosis of borderline changes in 

biopsies for cause leads to anti-rejection treatment with steroid pulses in most cases, while in many 

centers the presence of borderline changes in surveillance biopsies is not treated. Thus, borderline 

changes are considered a heterogeneous diagnosis, ranging from mild inconsequential inflammation 

that is resolved without a specific treatment to full blown TCMR [16–18]. Microarray studies in 

biopsies for cause displaying borderline changes have shown that most cases designated borderline 

by histopathology are found to be non-rejection by molecular phenotyping [11]. In the setting of 

surveillance biopsies, it has been shown that molecular changes of rejection are correlated with 

histological diagnosis of TCMR or borderline rejection, but this molecular pattern is not associated 

with graft outcomes [19]. 

The presence of IFTA in biopsies for cause has been described in association with antibody-

mediated rejection, T cell-mediated rejection, glomerulonephritis, and other diseases affecting the 

graft. On the other hand, IFTA without the presence of a well-defined post-transplant disease is 

observed in a proportion of patients [20,21]. In surveillance biopsies, IFTA with interstitial 

inflammation in healthy areas is associated with decreased graft survival when compared with 

biopsies with IFTA without inflammation [8]. 

Microarray studies in surveillance biopsies with IFTA have described the presence of rejection-

associated transcripts [7]. These observations inspired the definition of chronic T cell-mediated rejection 

as the presence of moderate to severe inflammation in areas of fibrosis (i-IFTA ≥ 2 and t ≥ 2) [22]. 

The aim of the present study is to characterize rejection-associated gene transcripts in for cause 

and surveillance biopsies with subclinical rejection, borderline changes and IFTA. 

2. Results 

2.1. Patients 

Between July 2015 and August 2018, 435 renal graft biopsies were performed, and 188 biopsies 

had a third core of tissue stored in the nephrology biobank for microarray studies. Since in 7 patients 

extracted RNA was of insufficient quality for analysis, 181 patients were considered. Patients with 

the following histological diagnosis were discarded: chronic pyelonephritis (1), focal and segmental 

glomerular sclerosis (5), membranous nephropathy (2), IgA nephropathy (6), C3 glomerulopathy (1), 

polyoma virus BK nephropathy (4) and diabetic nephropathy (1). Histological diagnosis of the 

considered 161 biopsies is shown in Table 1. Since rejection was an infrequent diagnosis, all cases 

were included in the microarray study. For the remaining groups, biopsies with the longest follow 

up were included to complete a total of 96 biopsies (Table 1). Clinical characteristics of the included 

patients and histological scores are summarized in Tables 2 and 3. 
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Table 1. Available and included for cause and surveillance biopsies. 

 Available biopsies Included biopsies 

 For cause Surveillance For cause Surveillance 

Normal 0 39 0 17 

Borderline changes 19 18 13 12 

IFTA 35 32 20 16 

TCMR 6 5 6 a 5 c 

ABMR 6 1 6 b 1 d 

Total 66 95 45 51 

IFTA, interstitial fibrosis and tubular atrophy; TCMR, T cell-mediated rejection; ABMR, antibody-

mediated rejection. a3 cases of TCMR grade I and 3 cases grade II; b2 cases of active ABMR and 4 cases 

of chronic active ABMR; c2 cases of TCMR grade I and 3 cases grade II and d1 case of active ABMR.
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Table 2. Demographic data for recipients and donors as well as clinical data at the time of biopsy. 

Variable Normal REJ-C REJ-S BL-C BL-S IFTA-C IFTA-S p-value 

N 17 12 6 13 12 20 16  

Age (y) 54 ± 13 43 ± 12 53 ± 21 59 ± 11b 57 ± 13 b,c 46 ± 15 c 52 ± 17 0.060 

Sex (m/f) 12/5 6/6 4/2 8/5 9/3 16/4 10/6 0.610 

1st Tx /Re-Tx 17/0 8/4 6/0 13/0 12/0 18/2 12/4 0.002 

Donor age (y) 56 ± 15 44 ± 16 59 ± 15 59 ± 14 53 ± 16 58 ± 11 57 ± 16 0.226 

HLA (A + B + DR) mm 3.8 ± 1.0 3.7 ± 1.4 4.0 ± 1.9 3.9 ± 1.0 3.8 ± 0.7 3.5 ± 1.3 3.7 ± 1.1 0.942 

DGF (no/yes) 15/2 10/1 6/0 5/8 10/2 14/1 13/3 0.010 

Rejection (no/yes) 17/0 8/4 4/2 12/1 9/3 19/1 14/2 0.082 

Induction (ATG/IL2RAb) 4/13 7/5 2/4 4/15 7/9 4/14 7/9 0.295 

Immunosuppression 

TAC + MMF + S/other 
16/1 10/2 4/2 9/4 12/0 14/6 16/0 0.036 

Time biopsy (m) 6 ± 5 51 ± 57 a 6 ± 6 b 25 ± 27 7 ± 4 b,d 77 ± 78 a,c,e 7 ± 5 b,f < 0.001 

Creatinine (mg/dL) 1.3 ± 0.3 2.0 ± 0.6 a 1.4 ± 0.2 2.5 ± 0.8 a,b,c 1.3 ± 0.3 b,d 2.1 ± 0.7 a,c,e 1.4 ± 0.3 b,d,f < 0.001 

UPCR (g/g) 0.4 ± 0.3 1.7 ± 1.5 a 0.3 ± 0.1 b 1.1 ± 1.2 a,b,c 0.3 ± 0.2 b,d 1.3 ± 0.9 a,c,e 0.3 ± 0.3 b,d,f < 0.001 

DSA (no/yes) 17/0 8/4 5/1 13/0 12/0 20/0 16/0 < 0.001 

Tx, transplant; HLA mm, HLA mismatches at the loci A + B + DR; DGF, delayed graft function; TAC + MMF + S, tacrolimus associated with mycophenolate and steroids; 

UPCR, urinary protein to creatinine ratio; DSA, HLA donor specific-antibodies determined by Luminex technology. a p < 0.05 vs. normal, b p < 0.05 vs. REJ-C, c p < 0.05 

vs. REJ-S, d p < 0.05 vs. BL-C, e p < 0.05 vs. BL-S, f p < 0.05 vs. IFTA-C by Scheffé test.
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Table 3. Histological Banff scores. 

Variable Normal REJ-C REJ-S BL-C BL-S IFTA-C IFTA-S 

N 17 12 6 13 12 20 16 

Glomeruli (N) 16 ± 8 16 ± 6 17 ± 5 17 ± 6 21 ± 11 17 ± 8 23 ± 12 

Gs (%) 7 ± 7 22 ± 23 12 ± 16 22 ± 15 12 ± 14 31 ± 24 10 ± 6 

g 0.1 ± 0.3 1.4 ± 1.1 0.8 ± 1.3 0.2 ± 0.4 0.4 ± 0.8 0.3 ± 0.6 0.2 ± 0.4 

i 0.1 ± 0.2 1.3 ± 1.1a 1.5 ± 0.5a 1.2 ± 0.7 0.7 ± 0.6 0.1 ± 0.3 0.1 ± 0.2 

t 0 1.2 ± 0.9 1.8 ± 0.7 1.0 ± 0 1.0 ± 0.6 0.2 ± 0.4 0.1 ± 0.3 

v 0 0.3 ± 0.6 0.5 ± 0.5 0 0 0 0 

ah 0.2 ± 0.4 1.4 ± 1.2 0 1.0 ± 0.9 0.7 ± 0.-6 1.3 ± 1.2 0.6 ± 0.6 

cg 0 0.7 ± 0.9 0 0 0.2 ± 0.6 0.2 ± 0.5 0 

ci 0.1 ± 0.3 1.2 ± 0.9 0.8 ± 1.0 1.3 ± 0.6 0.9 ± 0.8 1.8 ± 0.8 1.3 ± 0.5 

ct 0.6 ± 0.5 1.1 ± 0.8 1.0 ± 0.6 1.2 ± 0.4 1.0 ± 0.4 1.6 ± 0.9 1.1 ± 0.3 

cv 0.4 ± 0.7 0.8 ± 0.8 0.3 ± 0.5 1.0 ± 0.8 0.4 ± 0.5 1.3 ± 1.2 0.9 ± 0.8 

mm 0.1 ± 0.2 0.5 ± 0.7 0 0.1 ± 0.3 0 0.2 ± 0.7 0 

ptc 0.1 ± 0.2 1.4 ± 0.8 0.7 ± 1.2 0.6 ± 0.8 0.4 ± 0.8 0.5 ± 0.8 0.1 ± 0.2 

C4d 0 0.3 ± 0.5 0 0 0 0 0 

i-IFTA 0.4 ± 0.9 2.1 ± 1.3 2.2 ± 1.3 2.1 ± 0.8 1.3 ± 1.1 2.2 ± 1.0 1.8 ± 0.9 

t-IFTA 0.2 ± 0.4 0.9 ± 0.6 0.8 ± 0.4 0.7 ± 0.7 0.6 ± 0.7 0.7 ± 0.6 0.7 ± 0.5 

i-total 0.1 ± 0.2 1.3 ± 0.6 1.7 ± 0.6 1.5 ± 0.7 0.8 ± 0.6 0.7 ± 0.5 0.4 ± 0.3 

Gs, percentage of globally sclerosed glomeruli; g, glomerulitis; i, interstitial infiltrate; t, tubulitis; v, endothelialitis; ah, arteriolar hyalinosis; cg, transplant glomerulopathy; 

ci, interstitial fibrosis; ct, tubular atrophy; cv, intimal thickening; mm, mesangial matrix increase; C4d, deposition of C4d in peritubular capillaries; i-IFTA, inflammation 

in areas of interstitial fibrosis; t-IFTA, tubulitis in atrophic tubules.
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2.2. Principal Component Analysis using Gene Transcripts  

The principal component analysis showed that rejection in indication and surveillance biopsies 

clustered in the left upper quadrant, normal surveillance biopsies in the lower right quadrant, while 

borderline changes and IFTA tended to cluster in between (Figure 1). 

 

Figure 1. Principal component analysis of the microarray and histological diagnosis in for cause and 

surveillance biopsies. REJ-C, rejection in biopsies for cause (n = 12); Normal-S, normal surveillance 

biopsies (n = 17); REJ-S, rejection in surveillance biopsies (n = 6); BL-C, borderline changes in biopsies 

for cause (n = 13); BL-S, borderline changes in surveillance biopsies (n = 12); IFTA-C, interstitial 

fibrosis and tubular atrophy in biopsies for cause (n = 20); IFTA-S, interstitial fibrosis and tubular 

atrophy in surveillance biopsies (n =16). 

2.3. Rejection-Associated Gene Score (RAG Score) 

We described the most differentially expressed genes between biopsies for cause with clinical 

rejection and normal surveillance biopsies. For this purpose, we adjusted FC and p-value to obtain 

approximately the 100 most differentially expressed genes between these two groups. A total of 109 

differentially expressed genes (p-value < 0.01 and fold change (FC) > log 1.75) were obtained as listed 

in supplement Table S1. The geometric mean of these 109 differentially expressed genes was 

calculated to obtain a RAG score. 

The RAG score was similar between rejection in biopsies for cause (REJ-C) and subclinical 

rejection (REJ-S). In borderline changes in biopsies for cause (BL-C), borderline changes in 

surveillance biopsies (BL-S), interstitial fibrosis and tubular atrophy in biopsies for cause (IFTA-C), 

and IFTA in surveillance biopsies (IFTA-S) the score was significantly lower than in rejection biopsies. 

On the other hand, it was significantly higher in BL-C, BL-S, and IFTA-C, than in normal biopsies. 
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There were no differences in the RAG score between IFTA-S and, normal surveillance biopsies 

(Normal-S) (Figure 2). 

 

Figure 2. Rejection-associated gene score in the different study groups. REJ-C, rejection in biopsies for 

cause (n = 12); Normal-S, normal surveillance biopsies (n = 17); REJ-S, rejection in surveillance biopsies 

(n = 6); BL-C, borderline changes in biopsies for cause (n = 13); BL-S, borderline changes in surveillance 

biopsies (n = 12); IFTA-C, interstitial fibrosis and tubular atrophy in biopsies for cause (n = 20); IFTA-

S, interstitial fibrosis and tubular atrophy in surveillance biopsies (n = 16). 

To validate this result, we considered the T cell-mediated rejection most differentially expressed 

genes in kidney transplants as reported by Venner et al. [23], the common rejection module reported 

by Khatri et al. [4] and the constant of rejection reported by Wang et al. [5]. These three gene sets were 

identified in our microarray and a rejection score for each of these three gene sets was calculated as 

the geometrical mean in our sample. We observed that rejection genes described in these studies were 

significantly higher in rejection than in the other groups. Using the rejection scores obtained from 

these three studies, we observed that rejection genes in BL-C were significantly higher than in normal 

biopsies. The rejection scores obtained from Wang et al. and Khatri et al., were significantly higher in 

BL-C than in IFTA-S. However, there was no difference in the expression of rejection gene score 

between BL-C, BL-S, and IFTA-C (Figure 3). 

 



Int. J. Mol. Sci. 2020, 21, 8237 8 of 16 

 

 

Figure 3. Rejection gene score according to the most differentially expressed genes in Venner et al. 

[23], Khatri et al. [4], and Wang et al. [5] applied to our set of biopsies (Figures 3A, 3B and 3C 

respectively). REJ-C, rejection in biopsies for cause (n = 12); Normal-S, normal surveillance biopsies 

(n = 17), REJ-S, rejection in surveillance biopsies (n = 6); BL-C, borderline changes in biopsies for cause 

(n =13); BL-S, borderline changes in surveillance biopsies (n = 12); IFTA-C, interstitial fibrosis and 

tubular atrophy in biopsies for cause (n = 20); IFTA-S, interstitial fibrosis and tubular atrophy in 

surveillance biopsies (n = 16). 

2.4. RAG Score and Outcome 

There was no overlap in the RAG score between REJ-C biopsies and Normal-S biopsies (Figure 

2). By receiver operating curve analysis, the best cut off was 5.89 (Youden’s index) with an area under 

the curve of 1. Accordingly, the studied groups of biopsies were classified as positive (≥ 5.89) or 

negative (< 5.89) RAG score (Figure 4). 

 

Figure 4. Positive (≥ 5.89) and negative (< 5.89) rejection-associated gene score in the different 

histological categories in surveillance and for cause biopsies. The number of biopsies in each group 

according to the rejection-associated gene score is displayed. REJ-C, rejection in biopsies for cause; 

Normal, normal surveillance biopsies, REJ-S, rejection in surveillance biopsies; BL-C, borderline 

changes in biopsies for cause; BL-S, borderline changes in surveillance biopsies; IFTA-C, interstitial 

fibrosis and tubular atrophy in biopsies for cause; IFTA-S, interstitial fibrosis and tubular atrophy in 

surveillance biopsies. 
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In the 5 study groups, graft outcome (death-censored graft loss or 2-year eGFR deterioration ≥ 

30%) was associated with histological diagnosis and with RAG score (Figure 5). 

 

Figure 5. Death-censored graft loss or 2-year eGFR deterioration ≥ 30 % from the date of biopsy in the 

different histological categories (left panel) and in biopsies with a positive or negative rejection-

associated gene (RAG) score (right panel). REJ-S rejection in surveillance biopsies; BL-C, borderline 

changes in biopsies for cause; BL-S, borderline changes in surveillance biopsies; IFTA-C, interstitial 

fibrosis and tubular atrophy in biopsies for cause; IFTA-S, interstitial fibrosis and tubular atrophy in 

surveillance biopsies. 

Regarding the control groups, none of the Normal-S group and 6 out of 12 patients with REJ-C 

reached the composite endpoint. 

Multivariate Cox regression analysis showed that RAG score ≥ 5.89 was an independent 

predictor of graft outcome from histological diagnosis (hazard ratio: 3.5 and 95% confidence interval: 

1.1–10.9; p = 0.031). Survival analysis excluding patients with subclinical rejection yielded similar 

results (p = 0.004 for univariate and p = 0.037 for multivariate analysis). 

3. Discussion 

In the present study, most differentially expressed genes between normal surveillance biopsies 

and biopsies for cause with rejection, were consistent with rejection-associated gene sets reported by 

others [4,5,23]. These lists of gene sets have been obtained by different approaches. Venner et al. [23] 

described the most differentially expressed genes between T cell-mediated rejection and all other 

diagnoses, including antibody-mediated rejection in biopsies for cause. Khatri et al. [4] employed 

eight independent data sets from kidney, liver, heart, and lung transplants to characterize the top 

rejection differentially expressed genes between organs. Wang et al. [5] considered top differentially 

expressed genes in allograft or cancer rejection, autoimmune disease, and tissue damage during 

infection. The concordance in the characterization of the top expressed genes during rejection 

between studies employing different strategies, reflects the stereotyped effector immune response 

leading to tissue damage triggered by different injuries. In our study, the RAG-score mainly is 

composed by a set of genes related with antigen presentation, T-cell activation, cytotoxic proteins, 

chemokine expression, B-cell, and plasma-cell transcripts. 

We observed that the RAG-score was not different in surveillance biopsies with subclinical 

rejection and biopsies for cause with clinical rejection. RAG-score was binarized to classify biopsies 

as rejection or non-rejection. Only one out of six patients with rejection in surveillance biopsies had a 

negative RAG-score. This observation suggests that in subclinical rejection, as it has been previously 

described in clinical rejection [2], there is a reasonable concordance between histological and 

molecular diagnosis. Furthermore, this observation argues in favor for treating patients with 

subclinical rejection [18,24,25] 

In biopsies for cause with borderline changes or IFTA, and in surveillance biopsies with 

borderline changes, RAG-score was higher than in normal surveillance biopsies but lower than in 

biopsies with clinical rejection. A rejection signal was observed in 83% of surveillance biopsies with 
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rejection, 38% of biopsies for cause with borderline changes, 25% of biopsies for cause with IFTA, 

17% of surveillance biopsies with borderline changes and 5% of surveillance biopsies with IFTA. The 

RAG score variability in these groups suggests that there were patients with and without rejection 

signal in each diagnostic category. Finally, surveillance biopsies with IFTA were not different from 

normal surveillance biopsies pointing out that stable grafts with IFTA are immunologically quiescent. 

The clinical significance of borderline changes is difficult to interpret ranging from true rejection 

to non-specific inflammation [16]. Lipman et al. [26] showed that inflammatory gene expression in 

surveillance biopsies was negative in biopsies with normal histology, intermediate in borderline 

changes, and high in rejection biopsies. Enhanced inflammatory gene expression in surveillance 

biopsies with borderline changes and rejection was confirmed in a study evaluating early 6-week 

surveillance biopsies [19]. However, in this study, enhanced inflammatory gene expression was 

higher in patients with delayed graft function than in patients with immediate function, suggesting 

that, in early surveillance biopsies, inflammatory gene expression may also reflect injury-repair 

response. In the other hand, no association between inflammatory gene expression and 2-year graft 

outcome was observed. However, studies evaluating the utility of histologic diagnosis in early 

surveillance biopsies to predict outcome have shown that a long follow up is necessary to show an 

association between early inflammation and graft events [27–30]. In the present study, RAG-gene 

score in biopsies with borderline changes was higher in biopsies for cause than in surveillance 

biopsies. A similar observation was reported in a study comparing early biopsies for cause and 3-

month surveillance biopsies [31]. These data suggest that functional deterioration in patients with 

borderline changes could be partly explained by enhanced rejection associated gene expression. In 

biopsies for cause with borderline changes, a positive RAG-score, suggests that these cases represent 

true rejection. This result agrees with previous studies reporting a rejection molecular signature in a 

similar proportion of cases [11,32]. 

In patients with IFTA, the RAG-score was positive in one quarter of biopsies for cause and only 

in 1 out of 20 surveillance biopsies. Graft survival is shortened in surveillance biopsies with IFTA and 

inflammation in comparison to biopsies with IFTA without inflammation [7,33]. In one-year 

surveillance biopsies with IFTA and inflammation an overexpression of innate immune transcripts, 

antigen presentation and cytotoxic T-cell has been described suggesting that mediators of rejection 

signaling are activated [34]. In another study also evaluating 12-month surveillance biopsies without 

rejection, biopsies with IFTA expressed macrophage, IFN-gamma, T-cell antigen presentation and T-

cell toxicity associated genes [35]. Characterization of differentially expressed genes between normal 

biopsies and biopsies with IFTA has confirmed that genes related to immune response, inflammation 

and matrix deposition are overexpressed in biopsies with fibrosis [36]. Furthermore, in a study 

including for cause and surveillance biopsies, Modena et al. [6] not only described the presence of 

rejection associated genes in biopsies with IFTA and inflammation, but also in biopsies with IFTA 

without inflammation. Finally, in another study, it has been observed that there is an overexpression of 

T cell, IFN-gamma, macrophage and injury-repair transcripts in biopsies with inflammation in healthy 

areas. By contrast, in biopsies with IFTA and inflammation in scarred areas there is an overexpression 

of B cells, immunoglobulins, mast cells, and a different set of injury-repair transcripts [37]. 

In summary, the above-mentioned studies suggest that in patients with IFTA, especially when 

it is associated with inflammation, there is an over expression of rejection associated genes. In the 

present study, the inflammatory burden in for cause or surveillance biopsies with IFTA was relatively 

low. However, a significant proportion of biopsies for cause with IFTA were classified as rejection 

according to the RAG-score. Altogether our data confirm that there is a discrepancy between 

histological diagnosis and gene score [38], especially in patients without a histological diagnosis of 

clinical rejection, i.e., borderline changes and IFTA. 

Finally, a positive RAG-score was associated with graft outcome in the study groups. This 

association was independent from biopsy indication and histological diagnosis. Interestingly, this 

association was confirmed when patients with subclinical rejection were excluded from the analysis. 

The main limitation of the study is the lack of a validation cohort to confirm the utility of RAG-score 

to predict outcome. However, in another study evaluating the utility of a rejection gene score in 
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patients with IFTA without inflammation, either in for cause or surveillance biopsies, there was an 

association between a high rejection gene score and graft survival [6]. Another limitation is the 

reduced sample size, especially to evaluate the utility of the RAG-score in surveillance biopsies. 

4. Materials and Methods 

4.1. Patients 

All adult patients biopsied between July 2015 and August 2018, who gave their informed consent 

to obtain an additional biopsy core for the nephrology biobank were considered. For the present 

study, 2 controls and 5 study groups were defined. Control groups were a) normal surveillance 

biopsies (Normal-S) and b) rejection (T cell-mediated and antibody-mediated rejection) in biopsies 

for cause (REJ-C). The study groups were a) rejection (T cell-mediated and antibody-mediated 

rejection) in surveillance biopsies (REJ-S); b) borderline changes in biopsies for cause (BL-C); c) 

borderline changes in surveillance biopsies (BL-S); d) IFTA in biopsies for cause (IFTA-C); and e) 

IFTA in surveillance biopsies (IFTA-S). Clinical T cell-mediated rejection was treated with steroid 

boluses, active antibody-mediated rejection with plasmapheresis, intravenous immunoglobulins, 

and rituximab while chronic antibody-mediated rejection was not treated. REJ-S and BL-C were 

treated according to the attending physician criteria. BL-S and IFTA-C were not treated. 

Clinical and demographic characteristics of patients were recorded and anti HLA antibodies at 

the day of transplant and at the time of biopsy were determined by Luminex technology using the 

product LIFECODES LifeScreen Deluxe (Gen-Probe-Immucor, Stanford, CT, USA). The present study 

has been approved by our ethical committee (Comité Etico de Investigación Clínica del Hospital 

Universitari Vall d’Hebron PR(AG)369/2014, approval date 1 December 2014) and has been 

performed in accordance with the Declaration of Helsinki, and is consistent with the Principles of the 

Declaration of Istanbul on Organ Trafficking and Transplant Tourism. 

4.2. Biopsies 

Renal biopsies were performed under ultrasound guidance by trained radiologists with a 16-

gauge automated needle. Three cores of tissue were obtained: one was processed for optical 

microscopy; one was embedded in OCT for immunofluorescence and the other one was stored in 

RNA later for molecular studies. 

The first core was embedded in formalin, paraffin-fixed and 2–4 m thick sections were stained 

with haematoxylin-eosin, periodic acid Schiff, Masson’s trichrome, and silver methenamine. 

Histological lesions were evaluated according to Banff criteria [15] and accordingly the definition of 

borderline changes was: i ≥ 1 and t ≥ 1. All biopsies were stained with an anti-SV40 antibody. 

Immunofluorescence studies were done in 3-µm cryostat sections stained with FITC-conjugated anti-

human IgG, IgA, IgM, C3, C4, lambda and kappa light chains. C4d was stained with indirect 

immunofluorescence with a monoclonal antibody (Quidel, San Diego, CA, USA) and deposition in 

peritubular capillaries was graded according to the Banff criteria. The third score was treated with 

Ambion® RNAlater® Tissue Collection reagent as indicated by the manufacturer and frozen at −80 °C. 

4.3. RNA extraction and Microarray hybridization 

Total RNA extraction from renal biopsies was performed by lysing the cells with the TissueLyser 

II and following the RNAeasy Mini Kit (QIAGEN). RNA quantity and quality were analyzed with 

the NanoDrop ND2000 (Thermo Scientific, Wilmington, DE) and the Bioanalyzer (Agilent 

Technologies, Sta. Clara, CA). 

Microarrays service was carried out by the High Technology Unit (UAT) at Vall d’Hebron 

Research Institute (VHIR), Barcelona (Spain), using a GeneTitan® System according to the procedure 

described by the manufacturer. One plate, containing 96 Clariom S arrays, was used for this 

experiment. These arrays provide an accurate measurement of the human transcriptome at a gene-

level, by using probes covering more than 20,000 well-annotated genes, distributed through 

constitutive exons. 
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Briefly, 70 ng of total RNA from each sample were used as starting material. The quality of the 

isolated RNA was measured previously by capillary electrophoresis (Bioanalyzer 2100, Agilent 

Technologies, Sta. Clara, CA). Single stranded-cDNA suitable for labeling was generated from total 

RNA using the WT PLUS Reagent Kit (ThermoFisher Scientific, Lutterworth, UK), according to the 

manufacturer’s instructions. Purified sense-strand cDNA was fragmented, labeled, and hybridized 

to the arrays using the GeneTitan Hybridization, Wash and Stain Kit for WT Plates (ThermoFisher 

Scientific, Lutterworth, UK). The plate was loaded into the GeneTitan and, after array scanning, raw 

data quality control was performed to check the performance of the whole processing. 

4.4. Statistics 

Results are expressed as raw numbers for categorical variables and as the mean ± standard 

deviation for continuous variables. Comparison between groups for categorical variables was done 

by chi-squared test with continuity correction. Comparison between groups for continuous variables 

was done by analysis of variance (ANOVA) with Scheffé post hoc test for individual comparisons. 

Kaplan–Meier survival curves with log-rank test and Cox’s proportional hazard model were 

employed for survival analysis. A composite outcome variable including death-censored graft loss 

and eGFR deterioration ≥ 30% at 2-years was defined. All p-values were two-tailed and p-value < 0.05 

was considered significant. 

Bioinformatic analysis was performed at the Statistics and Bioinformatics Unit (UEB) of the Vall 

d’Hebron Institute of Research (VHIR, Barcelona, Spain). Robust Multi-array Average (RMA) 

algorithm [39] was used for pre-processing microarray data. Background adjustment, normalization, 

and summarization of raw core probe expression values were defined so that the exon level values 

were averaged to yield one expression value per gene. Selection of differentially expressed genes was 

based on a linear model analysis with empirical Bayes modification for the variance estimates [40]. 

To account for multiple testing, P-values were adjusted to obtain stronger control over the false 

discovery rate (FDR), as described by the Benjamini and Hochberg method [41]. 

Principal component analysis was performed with normalized data from all the genes used in 

the differential expression analysis. Differentially expressed genes were selected based on a p-value 

< 0.01 and base 2 logarithmic fold change > 1.75. In order to validate our rejection-associated gene set, 

we calculated in our array the geometric mean of the gene expression of the published list of genes 

described by Venner et al. [23], Khatri et al. [4], and Wang et al. [5]. 

5. Conclusions 

In conclusion, the present data support the utility of the characterization of rejection-associated 

genes in biopsies with borderline changes, IFTA, and subclinical rejection to improve the risk 

stratification. These data also raise the question whether characterization of rejection gene expression 

in biopsies without a clinical and histological diagnosis of rejection may be useful to adjust 

immunosuppressive treatments and improve outcome. 
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Abbreviations 

IFTA Interstitial fibrosis and tubular atrophy 

BL-C Borderline changes in biopsies for cause 

BL-S Borderline changes in surveillance biopsies 

IFTA-C Interstitial fibrosis and tubular atrophy in biopsies for cause 

IFTA-S Interstitial fibrosis and tubular atrophy in surveillance biopsies 

REJ-C Rejection in biopsies for cause  

REJ-S Rejection in surveillance biopsies 

RAG  Rejection-associated gene score 

 

References 

1. Mueller, T.F.; Einecke, G.; Reeve, J.; Sis, B.; Mengel, M.; Jhangri, G.S.; Bunnag, S.; Cruz, J.; Wishart, D.S.; 

Meng, C.; et al. Microarray Analysis of Rejection in Human Kidney Transplants Using Pathogenesis-Based 

Transcript Sets. Arab. Archaeol. Epigr. 2007, 7, 2712–2722, doi:10.1111/j.1600-6143.2007.02005.x. 

2. Halloran, P.F.; Pereira, A.B.; Chang, J.; Matas, A.; Picton, M.; De Freitas, D.; Bromberg, J.; Seron, D.; Sellarés, 

J.; Einecke, G.; et al. Potential Impact of Microarray Diagnosis of T Cell-Mediated Rejection in Kidney 

Transplants: The INTERCOM Study. Arab. Archaeol. Epigr. 2013, 13, 2352–2363, doi:10.1111/ajt.12387. 

3. Halloran, P.F.; Pereira, A.B.; Chang, J.; Matas, A.; Picton, M.; De Freitas, D.; Bromberg, J.; Seron, D.; Sellarés, 

J.; Einecke, G.; et al. Microarray Diagnosis of Antibody-Mediated Rejection in Kidney Transplant Biopsies: 

An International Prospective Study (INTERCOM). Arab. Archaeol. Epigr. 2013, 13, 2865–2874, 

doi:10.1111/ajt.12465. 

4. Khatri, P.; Roedder, S.; Kimura, N.; De Vusser, K.; Morgan, A.A.; Gong, Y.; Fischbein, M.P.; Robbins, R.C.; 

Naesens, M.; Butte, A.J.; et al. A common rejection module (CRM) for acute rejection across multiple organs 

identifies novel therapeutics for organ transplantation. J. Exp. Med. 2013, 210, 2205–2221, 

doi:10.1084/jem.20122709. 

5. Wang, E.; Worschech, A.; Marincola, F.M. The immunologic constant of rejection. Trends Immunol. 2008, 29, 

256–262, doi:10.1016/j.it.2008.03.002. 

6. Modena, B.D.; Kurian, S.M.; Gaber, L.W.; Waalen, J.; I Su, A.; Gelbart, T.; Mondala, T.S.; Head, S.R.; Papp, 

S.; Heilman, R.; et al. Gene Expression in Biopsies of Acute Rejection and Interstitial Fibrosis/Tubular 

Atrophy Reveals Highly Shared Mechanisms That Correlate With Worse Long-Term Outcomes. Arab. 

Archaeol. Epigr. 2016, 16, 1982–1998, doi:10.1111/ajt.13728. 

7. Moreso, F.; Ibernon, M.; Goma, M.; Carrera, M.; Fulladosa, X.; Hueso, M.; Gil-Vernet, S.; Cruzado, J.M.; 

Torras, J.; Grinyó, J.M.; et al. Subclinical Rejection Associated with Chronic Allograft Nephropathy in 

Protocol Biopsies as a Risk Factor for Late Graft Loss. Arab. Archaeol. Epigr. 2006, 6, 747–752, 

doi:10.1111/j.1600-6143.2005.01230.x. 

8. Scholten, E.M.; Rowshani, A.T.; Cremers, S.; Bemelman, F.J.; Eikmans, M.; Van Kan, E.; Mallat, M.J.; 

Florquin, S.; Surachno, J.; Berge, I.J.T.; et al. Untreated Rejection in 6-Month Protocol Biopsies Is Not 

Associated with Fibrosis in Serial Biopsies or with Loss of Graft Function. J. Am. Soc. Nephrol. 2006, 17, 

2622–2632, doi:10.1681/asn.2006030227. 

9. Loupy, A.; Vernerey, D.; Tinel, C.; Aubert, O.; Van Huyen, J.-P.D.; Rabant, M.; Verine, J.; Nochy, D.; 

Empana, J.-P.; Martinez, F.; et al. Subclinical Rejection Phenotypes at 1 Year Post-Transplant and Outcome 

of Kidney Allografts. J. Am. Soc. Nephrol. 2015, 26, 1721–1731, doi:10.1681/asn.2014040399. 



Int. J. Mol. Sci. 2020, 21, 8237 14 of 16 

 

10. Kurian, S.M.; Velazquez, E.; Thompson, R.; Whisenant, T.; Rose, S.; Riley, N.; Harrison, F.; Gelbart, T.; 

Friedewald, J.; Charette, J.; et al. Orthogonal Comparison of Molecular Signatures of Kidney Transplants 

With Subclinical and Clinical Acute Rejection: Equivalent Performance is Agnostic to Both Technology and 

Platform. Arab. Archaeol. Epigr. 2017, 17, 2103–2116, doi:10.1111/ajt.14224. 

11. De Freitas, D.G.; Sellarés, J.; Mengel, M.; Chang, J.; Hidalgo, L.G.; Famulski, K.S.; Sis, B.; Einecke, G.; 

Halloran, P.F. The Nature of Biopsies with “Borderline Rejection” and Prospects for Eliminating This 

Category. Arab. Archaeol. Epigr. 2011, 12, 191–201, doi:10.1111/j.1600-6143.2011.03784.x. 

12. Solez, K.; Axelsen, R.A.; Benediktsson, H.; Burdick, J.F.; Cohen, A.H.; Colvin, R.B.; Croker, B.P.; Droz, D.; 

Dunnill, M.S.; Halloran, P.F.; et al. International standardization of criteria for the histologic diagnosis of 

renal allograft rejection: The Banff working classification of kidney transplant pathology. Kidney Int. 1993, 

44, 411–422, doi:10.1038/ki.1993.259. 

13. Becker, J.U.; Chang, A.; Nickeleit, V.; Randhawa, P.; Roufosse, C. Banff Borderline Changes Suspicious for 

Acute T Cell–Mediated Rejection: Where Do We Stand? Arab. Archaeol. Epigr. 2016, 16, 2654–2660, 

doi:10.1111/ajt.13784. 

14. McRae, M.; Bouchard-Boivin, F.; Béland, S.; Noël, R.; Côté, I.; Lapointe, I.; Lesage, J.; Latulippe, E.; Riopel, 

J.; Santoriello, D.; et al. Impact of the Current Versus the Previous Diagnostic Threshold on the Outcome of 

Patients with Borderline Changes Suspicious for T Cell–mediated Rejection Diagnosed on Indication 

Biopsies. Transplantation 2018, 102, 2120–2125, doi:10.1097/tp.0000000000002327. 

15. Loupy, A.; Haas, M.; Roufosse, C.; Naesens, M.; Adam, B.; Afrouzian, M.; Akalin, E.; Alachkar, N.; 

Bagnasco, S.; Becker, J.U.; et al. The Banff 2019 Kidney Meeting Report (I): Updates on and clarification of 

criteria for T cell– and antibody-mediated rejection. Arab. Archaeol. Epigr. 2020, 20, 2318–2331, 

doi:10.1111/ajt.15898. 

16. Nankivell, B.J.; Agrawal, N.; Sharma, A.; Taverniti, A.; P’Ng, C.H.; Shingde, M.; Wong, G.; Chapman, J.R. 

The clinical and pathological significance of borderline T cell–mediated rejection. Arab. Archaeol. Epigr. 2019, 

19, 1452–1463, doi:10.1111/ajt.15197. 

17. Dale, L.; Brennan, C.; Batal, I.; Morris, H.; Jain, N.G.; Valeri, A.; Husain, S.A.; King, K.; Tsapepas, D.; Cohen, 

D.; et al. Treatment of borderline infiltrates with minimal inflammation in kidney transplant recipients has 

no effect on allograft or patient outcomes. Clin. Transplant. 2020, 34, e14019, doi:10.1111/ctr.14019. 

18. Seifert, M.E.; Yanik, M.V.; Feig, D.I.; Hauptfeld-Dolejsek, V.; Mroczek-Musulman, E.C.; Kelly, D.R.; 

Rosenblum, F.; Mannon, R.B. Subclinical inflammation phenotypes and long-term outcomes after pediatric 

kidney transplantation. Arab. Archaeol. Epigr. 2018, 18, 2189–2199, doi:10.1111/ajt.14933. 

19. Mengel, M.; Chang, J.; Kayser, D.; Gwinner, W.; Schwarz, A.; Einecke, G.; Broecker, V.; Famulski, K.; De 

Freitas, D.G.; Guembes-Hidalgo, L.; et al. The Molecular Phenotype of 6-Week Protocol Biopsies from 

Human Renal Allografts: Reflections of Prior Injury but Not Future Course. Arab. Archaeol. Epigr. 2010, 11, 

708–718, doi:10.1111/j.1600-6143.2010.03339.x. 

20. Boor, P.; Floege, J. Renal Allograft Fibrosis: Biology and Therapeutic Targets. Arab. Archaeol. Epigr. 2015, 15, 

863–886, doi:10.1111/ajt.13180. 

21. Matas, A.J.; Helgeson, E.S.; Gaston, R.; Cosio, F.; Mannon, R.B.; Kasiske, B.L.; Hunsicker, L.; Gourishankar, 

S.; Rush, D.N.; Cecka, J.M.; et al. Inflammation in areas of fibrosis: The DeKAF prospective cohort. Arab. 

Archaeol. Epigr. 2020, 20, 2509–2521, doi:10.1111/ajt.15862. 

22. Haas, M.; Loupy, A.; Lefaucheur, C.; Roufosse, C.; Glotz, D.; Seron, D.; Nankivell, B.J.; Halloran, P.F.; 

Colvin, R.B.; Akalin, E.; et al. The Banff 2017 Kidney Meeting Report: Revised diagnostic criteria for chronic 

active T cell–mediated rejection, antibody-mediated rejection, and prospects for integrative endpoints for 

next-generation clinical trials. Arab. Archaeol. Epigr. 2018, 18, 293–307, doi:10.1111/ajt.14625. 

23. Venner, J.; Famulski, K.S.; Badr, D.; Hidalgo, L.G.; Chang, J.; Halloran, P.F. Molecular Landscape of T Cell-

Mediated Rejection in Human Kidney Transplants: Prominence of CTLA4 and PD Ligands. Arab. Archaeol. 

Epigr. 2014, 14, 2565–2576, doi:10.1111/ajt.12946. 

24. Rush, D.N.; Nickerson, P.; Gough, J.; McKenna, R.; Grimm, P.; Cheang, M.; Trpkov, K.; Solez, K.; Jeffery, J. 

Beneficial effects of treatment of early subclinical rejection: a randomized study. J. Am. Soc. Nephrol. 1998, 

9, 2129–2134. 

25. Rush, D.; Arlen, D.; Boucher, A.; Busque, S.; Cockfield, S.M.; Girardin, C.; Knoll, G.; Lachance, J.-G.; 

Landsberg, D.; Shapiro, J.; et al. Lack of Benefit of Early Protocol Biopsies in Renal Transplant Patients 

Receiving TAC and MMF: A Randomized Study. Arab. Archaeol. Epigr. 2007, 7, 2538–2545, 

doi:10.1111/j.1600-6143.2007.01979.x. 



Int. J. Mol. Sci. 2020, 21, 8237 15 of 16 

 

26. Lipman, M.L.; Shen, Y.; Jeffery, J.R.; Gough, J.; McKenna, R.M.; Grimm, P.C.; Rush, D.N. Immune-

activation gene expression in clinically stable renal allograft biopsies: molecular evidence for subclinical 

rejection1,2. Transplantation 1998, 66, 1673–1681, doi:10.1097/00007890-199812270-00018. 

27. Choi, B.S.; Shin, M.J.; Shin, S.J.; Kim, Y.S.; Choi, Y.J.; Kim, Y.-S.; Moon, I.S.; Kim, S.Y.; Koh, Y.B.; Bang, B.K.; 

et al. Clinical Significance of an Early Protocol Biopsy in Living-Donor Renal Transplantation: Ten-Year 

Experience at a Single Center. Arab. Archaeol. Epigr. 2005, 5, 1354–1360, doi:10.1111/j.1600-6143.2005.00830.x. 

28. Nankivell, B.J.; Borrows, R.J.; Fung, C.L.-S.; O’Connell, P.J.; Allen, R.D.M.; Chapman, J.R. Natural History, 

Risk Factors, and Impact of Subclinical Rejection in Kidney Transplantation. Transplantation 2004, 78, 242–

249, doi:10.1097/01.tp.0000128167.60172.cc. 

29. García-Carro, C.; Dörje, C.; Åsberg, A.; Midtvedt, K.; Scott, H.; Reinholt, F.P.; Holdaas, H.; Seron, D.; 

Reisæter, A.V. Inflammation in Early Kidney Allograft Surveillance Biopsies With and Without Associated 

Tubulointerstitial Chronic Damage as a Predictor of Fibrosis Progression and Development of De Novo 

Donor Specific Antibodies. Transplantation 2017, 101, 1410–1415, doi:10.1097/tp.0000000000001216. 

30. Wiebe, C.; Gibson, I.W.; Blydt-Hansen, T.D.; Karpinski, M.; Ho, J.; Storsley, L.; Goldberg, A.; Birk, P.E.; 

Rush, D.N.; Nickerson, P.W. Evolution and Clinical Pathologic Correlations of De Novo Donor-Specific 

HLA Antibody Post Kidney Transplant. Arab. Archaeol. Epigr. 2012, 12, 1157–1167, doi:10.1111/j.1600-

6143.2012.04013.x. 

31. Hruba, P.; Brabcova, I.; Gueler, F.; Krejcik, Z.; Stranecky, V.; Svobodová, E.; Maluskova, J.; Gwinner, W.; 

Honsova, E.; Lodererova, A.; et al. Molecular diagnostics identifies risks for graft dysfunction despite 

borderline histologic changes. Kidney Int. 2015, 88, 785–795, doi:10.1038/ki.2015.211. 

32. Reeve, J.; Einecke, G.; Mengel, M.; Sis, B.; Kayser, N.; Kaplan, B.; Halloran, P.F. Diagnosing Rejection in 

Renal Transplants: A Comparison of Molecular- and Histopathology-Based Approaches. Arab. Archaeol. 

Epigr. 2009, 9, 1802–1810, doi:10.1111/j.1600-6143.2009.02694.x. 

33. Cosio, F.G.; Grande, J.P.; Wadei, H.; Larson, T.S.; Griffin, M.D.; Stegall, M.D. Predicting Subsequent Decline 

in Kidney Allograft Function from Early Surveillance Biopsies. Arab. Archaeol. Epigr. 2005, 5, 2464–2472, 

doi:10.1111/j.1600-6143.2005.01050.x. 

34. Park, W.D.; Griffin, M.D.; Cornell, L.D.; Cosio, F.G.; Stegall, M.D. Fibrosis with Inflammation at One Year 

Predicts Transplant Functional Decline. J. Am. Soc. Nephrol. 2010, 21, 1987–1997, doi:10.1681/asn.2010010049. 

35. Toki, D.; Zhang, W.; Hor, K.L.M.; Liuwantara, D.; Alexander, S.I.; Yi, Z.; Sharma, R.; Chapman, J.R.; 

Nankivell, B.J.; Murphy, B.; et al. The Role of Macrophages in the Development of Human Renal Allograft 

Fibrosis in the First Year after Transplantation. Arab. Archaeol. Epigr. 2014, 14, 2126–2136, 

doi:10.1111/ajt.12803. 

36. Maluf, D.G.; Mas, V.R.; Archer, K.J.; Yanek, K.; Gibney, E.M.; King, A.L.; Cotterell, A.; Fisher, R.A.; Posner, 

M.P. Molecular Pathways Involved in Loss of Kidney Graft Function with Tubular Atrophy and Interstitial 

Fibrosis. Mol. Med. 2008, 14, 276–285, doi:10.2119/2007-00111.Maluf. 

37. Mengel, M.; Reeve, J.; Bunnag, S.; Einecke, G.; Sis, B.; Mueller, T.; Kaplan, B.; Halloran, P.F. Molecular 

Correlates of Scarring in Kidney Transplants: The Emergence of Mast Cell Transcripts. Arab. Archaeol. Epigr. 

2008, 9, 169–178, doi:10.1111/j.1600-6143.2008.02462.x. 

38. Madill-Thomsen, K.; Perkowska-Ptasinska, A.; Böhmig, G.A.; Eskandary, F.; Einecke, G.; Gupta, G.; 

Halloran, P.F.; The MMDx-Kidney study group Discrepancy analysis comparing molecular and histology 

diagnoses in kidney transplant biopsies. Arab. Archaeol. Epigr. 2020, 20, 1341–1350, doi:10.1111/ajt.15752. 

39. Irizarry, R.A.; Hobbs, B.; Collin, F.; Beazer-Barclay, Y.D.; Antonellis, K.J.; Scherf, U.; Speed, T.P. Exploration, 

normalization, and summaries of high density oligonucleotide array probe level data. Biostatistics 2003, 4, 

249–264, doi:10.1093/biostatistics/4.2.249. 

  



Int. J. Mol. Sci. 2020, 21, 8237 16 of 16 

 

40. Smyth, G.K. Linear Models and Empirical Bayes Methods for Assessing Differential Expression in 

Microarray Experiments. Stat. Appl. Genet. Mol. Biol. 2004, 3, 1–25, doi:10.2202/1544-6115.1027. 

41. Benjamini, Y.; Hochberg, Y. Controlling the False Discovery Rate: A Practical and Powerful Approach to 

Multiple Testing. J. R. Stat. Soc. Ser. B Stat. Methodol. 1995, 57, 289–300, doi:10.1111/j.2517-

6161.1995.tb02031.x. 

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional 

affiliations. 

 

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 

article distributed under the terms and conditions of the Creative Commons Attribution 

(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

 


