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Summary

Interstitial fibrosis (IF) and tubular atrophy (TA) are integral parts of chronic allograft dysfunction 

and represent in the new classification a separate entity with or without the identification of a 

specific etiology. Loss of kidney graft function with IF/TA is one of the causes of most kidney 

allograft losses. Despite progress in immunosuppression, chronic allograft dysfunction remains the 

main clinical challenge for improving long-term graft survival. The sustained damage to the 

allograft does not represent a single entity, but the summated effects of tissue injury from several 

pathogenic insults as well as the kidney’s healing response, modified by alloimmunity and 

immunosuppression.

A major challenge in the future of kidney transplantation includes the study of chronic allograft 

dysfunction pathogenesis to identify early markers of disease progression as well as potential 

therapeutics pathways.
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Introduction

Kidney transplantation (KTx) is the treatment of choice for end-stage renal disease. The 

incidence of acute rejection and graft loss in the first year after renal transplantation has 

decreased markedly in the past 20 years, mainly as consequence of the introduction of more 

potent immunosuppressive protocols [1–4]. However, chronic allograft dysfunction remains 

an important cause of loss of graft function post-KTx [1–5].

With close to 5,000 kidney transplants failing per year in the United States alone, kidney 

transplant failure is now a leading cause of end-stage renal disease [6]. Furthermore, the 

causes of late allograft loss are not well defined. One common phenotype is loss of function 

with tubular atrophy (TA) and interstitial fibrosis (IF), a set of findings termed chronic 

allograft nephropathy or ‘CAN.’ The histopathological signs of CAN (interstitial fibrosis, 

tubular atrophy, glomerulopathy and vasculopathy) are nonspecific; consequently, the 2007 

Banff classification [7] replaced the term CAN for ‘interstitial fibrosis and tubular atrophy 

without evidence of any specific etiology’. In this review, we use the term ‘loss of kidney 

graft function with TA and IF’ to refer to the previously mentioned condition.

Dilemma: Magnitude and Consequences

At the end of 2006, 103,312 patients had a functioning kidney transplant compared with 

64,779 in 1998, an increase of 59% [6]. Unadjusted patient survival rates at five years were 

91% for recipients of living donor kidneys, 83% for non-extended criteria donor (ECD) 

deceased donor kidneys, and 70% for ECD kidney transplants. Kidney allograft survival 

followed the same pattern as that seen for recipient survival. Graft survival was best for 

recipients of living donor kidneys, intermediate for non-ECD transplants, and lowest for 

ECD transplants. At five years, the unadjusted graft survival rate was 81% for living donor, 

71% for non-ECD, and 55% for ECD transplants [6]. The number of candidates on the 

kidney transplant waiting list at year-end increased from 40,825 to 76,070 (86%) between 

1998 and 2007 [6]. Organ shortage and continuously growing waiting lists are key problems 

in organ transplantation. To address donor shortage an increasing number of marginal donor 

organs have been used in recent years [8]. However, despite numerous studies both organ 

quality and long-term outcomes remain difficult to predict [2, 4, 8].

Graft loss after the first year post-transplantation can be due to combined factors that may 

include immunological and non-immunological factors [9–11]. The original nephron mass 

present in the graft at transplantation time is mostly dependent on the donor quality. Among 

deceased donor kidneys, donor factors are estimated to account for 35–45% of the variability 

in early allograft function [12–14] (Figure 1). After kidney transplantation and as a 

consequence of surgery itself, preservation methods, ischemia, acute rejection and other 

stressors, the number of initial nephrons in the donor kidney will be reduced. Ordinarily, 6 

months after post-transplantation, the number of nephrons is established resulting in an 

allograft with normal function. However, for an important number of grafts, the loss of 

nephrons continues, reflecting continued graft injury. This condition leads to fibrosis and 

atrophy, with the final event of loss of graft function [4]. It is unclear why certain kidneys 
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maintain a stable function and others develop injury and inevitable progression to fibrosis 

and loss of kidney function with IF/TA.

The early appearance of loss of kidney function with IF/TA is an independent risk factor for 

long term allograft failure [15, 16]. Previous researchers have reported the frequency of 

early subclinical rejection at 45.7% at three months [17]. Others have reported the frequency 

of histological findings associated with loss of kidney function with IF/TA in protocol 

biopsies to be 66.7% among all patients receiving a deceased donor organ at 2 years post-

KTx [18].

A biopsy of a chronically failing kidney transplant usually shows nonspecific or end-stage 

changes, so the relative contributions of preexisting disease in the allograft and immunologic 

and non-immunologic factors become difficult to distinguish. Furthermore, a number of 

clinical risk factors have been correlated with renal allograft failure [19–21]. Long-term 

function and failure of the transplanted kidney reflects the overall cumulative injury, 

resulting from immune and non-immune mechanisms such as brain death, donor age, 

ischemia and reperfusion injury, nephron loss, allo-antigens, or infections causing ongoing 

renal tissue stress and inflammation leading to loss of kidney function with IF/TA over time 

[16–22].

The mechanisms of nephron loss resulting in graft dysfunction are several, comprising both 

immunologic factors such as acute and chronic antibody- or T-cell-mediated rejection and 

non-immunologic components. T-cell recognition of alloantigen is the key primary event 

that initiates allograft rejection, although several other factors may contribute to acute and 

chronic allograft dysfunction. T-cells recognize alloantigen via two distinct yet non-mutually 

exclusive pathways: the direct and indirect pathways of allorecognition [23, 24]. In the direct 

pathway, alloreactive T cells recognize intact allo-major histocompatibility complex (MHC) 

molecules on the surface of donor cells, while in the indirect pathway, T-cells recognize 

alloantigens in the form of peptides after processing and presentation by self-antigen 

presenting cells (APC’s). It has been suggested that the direct pathway of allorecognition 

predominantly mediates acute allograft rejection, while the indirect pathway mediates 

chronic rejection of vascularized grafts [23, 24].

Broadly, two overall phases of allograft injury are observed in sequential biopsy studies: 

early tubulointerstitial damage [25–29] followed by later microvascular and glomerular 

changes with progressive fibrosis and atrophy [27, 28, 29, 30]. Most tubular atrophy and 

fibrosis begins soon after transplantation following injury from ischemia-reperfusion, acute 

and subclinical rejection, calcineurin nephrotoxicity or BK nephropathy. Further tubular 

injury is determined by residual subclinical inflammation and calcineurin inhibitor 

nephrotoxicity, with subsequent appendage of glomerular, microvascular and capillary 

abnormalities.

Immunosuppression: Role in long-term outcomes

Regardless of ongoing advances in immunosuppression and supportive therapy, there has 

been modest improvement in the long-term deceased donor kidney graft survival [6, 31]. As 
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it was previously described, there are many factors, including immunological and non-

immunological, that might be associated with long-term outcomes. Among the non-

immunological factors, toxicity by immunosuppression drugs, especially calcineurin 

inhibitor (CNI) toxicity is perhaps one of the leading causes of graft dysfunction. It indicates 

that the choice of immunosuppressive therapy has also a considerable impact on the long-

term results. Combining CNIs and corticosteroids offers potent immunosuppression, but 

may also cause side effects leading to progressive graft dysfunction or an increased risk of 

death [32, 33]

New immunosuppressive strategies might include inhibitors of mTOR, a downstream 

effector of phosphatidylinositol-3 kinase that provides the signal for cell proliferation by 

phosphorylating a cascade of kinases. Mammalian target of rapamycin (mTOR) inhibitors 

include sirolimus (SRL) and everolimus. SRL is a macrocyclic lactone antibiotic produced 

from Streptomyces hygroscopicus; everolimus is a derivative of SRL [34]. Recent trials have 

shown that it is possible to minimize the dose or withdraw CNIs a few weeks after KTx 

when they are combined with mTOR inhibitors. Moreover, it has been reported that their 

combination may diminish or avoid the use of corticosteroids. Few studies have explored the 

possibility of minimizing CNIs while using mTOR inhibitors. A randomized controlled trial 

(RCT) evaluated the withdrawal of cyclosporine A (CsA) a few weeks after KTx. Patients 

(N=525) received CsA, sirolimus and steroids for 3 months and were then randomized to 

continue triple therapy or to stop CsA while increasing the sirolimus dose (95 patients were 

not randomized because of delayed graft function or rejection). Protocol-biopsies were 

performed at engraftment and after 12 and 36 months and 484 biopsies were blindly 

assessed by two pathologists using the Chronic Allograft Damage Index (CADI). After 36 

months, the mean CADI score of patients with serial biopsies was significantly lower in 

those treated with sirolimus and steroids, as was the mean TA score [35]. After 4 years, the 

mean glomerular filtration rate (GFR) for any quartile of the patients receiving sirolimus and 

steroids was significantly higher than that of the patients on triple therapy. The benefit was 

more pronounced if the baseline GFR was ≤45 ml/min. However, the rates of mortality and 

graft loss were not significantly different between the two groups [36].

Moroever, mTOR inhibitors also decrease the replication rate of cytomegalovirus inside host 

cells, preclude transplant vasculopathy, and exert anti-oncogenic activity. All of these 

characteristics offer future opportunities to reduce the risk of long-term allograft failure. 

However, both types of mTOR inhibitors (SRL and everolimus) are known to cause bone 

marrow suppression, dyslipidemia, delayed wound healing and at times its use is associated 

with acute tubular injury.

Even when experimental and clinical studies have shown that mTOR inhibitors may 

facilitate to solve some imperative problems related to post-KTx immunosuppression more 

clinical results are needed before changing therapeutic conducts. However, the introduction 

of mTOR inhibitors may allow the prevention of rejection while minimizing the doses of 

corticosteroids and CNIs, the agents mainly responsible for causing substantial side effects 

in renal transplant recipients. Early detection of IF and TA offers the opportunity for 

replacement of the CNI with mTOR inhibitors. Early detection of CNI-associated graft 

damage is critical to prevent progressive nephron loss [33].
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Cellular and molecular mechanisms underlying chronic allograft 

nephropathy and graft dysfunction

Loss of kidney function with IF/TA is pleomorphic with a mixed histology, pathophysiology 

and differential rates of progression. This entity should be considered as a non-specific final 

event of tubulointerstitial, microvascular and glomerular damage resulting from a variety of 

insults to the transplanted kidney [1, 2, 10, 11]. It seems likely that epithelial-to-

mesenchymal transition (EMT) contributes to IF and TA [11, 37].

Chronic tubulointerstitial lesions progress rapidly during the first months after 

transplantation. The prevalence of IF/TA in patients receiving a calcineurin inhibitor–based 

regimen is approximately 40%, 60%, and 90% at 3 months, 2 years and 5 years, 

respectively. These lesions progress silently, and IF/TA precedes functional deterioration 

[17].

EMT is an important event in native [37–42] and transplant kidney injury, including chronic 

allograft IF/TA [11, 43–45]. During EMT, tubular epithelial cells are transformed into 

myofibroblasts through a stepwise process including loss of cell-cell adhesion and E-

cadherin expression, de novo α-smooth muscle actin (α-SMA) expression, actin 

reorganization, tubular basement membrane disruption, cell migration and fibroblast 

invasion with production of profibrotic molecules such as collagen type I and III, and 

fibronectin [38].

Early tubulointerstitial damage appears to result from ischemia-reperfusion injury, acute 

tubular necrosis, acute and subclinical rejection and calcineurin inhibitor (CNI) 

nephrotoxicity, superimposed upon donor abnormalities [11, 15, 20]. Later, microvascular 

and glomerular injury increases frequently as a result of CNI nephrotoxicity, but also from 

other factors including hypertension, immune-mediated vascular hyperplasia, transplant 

glomerulopathy and rarely from recurrent or de novo glomerulonephritis. Additional 

mechanisms of loss of kidney function with IF/TA include internal structural disruption of 

the kidney, cortical ischemia, and failure to resolve chronic inflammation.

Vascular injury, proliferation, and progression to fibrosis seem critically important in the 

development of loss of kidney function with IF/TA. The histopathological features of loss of 

kidney function with IF/TA can be portrayed by proliferative changes of the vascular wall 

leading to a narrowing of renal arteries, which may contribute to a relative hypoxia of the 

tissue. Afterward, fibroblasts will contribute to fibrotic scarring in the vascular wall. Loss of 

kidney function with IF/TA is also characterized by the occurrence of fibrosis in the 

interstitial tissue along with tubular atrophy [43–47]. The glomeruli are also often affected 

by various degrees of glomerulosclerosis. Additionally, an inflammatory infiltrate is 

frequently found consisting of invading lymphocytes and monocytes-macrophages into 

virtually all affected compartments of the kidney [46–50]. These histopathological changes 

operate together, contributing to a gradual progression of renal allograft dysfunction.
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Differentially expressed genes in chronic allograft nephropathy: Moving 

from single gene studies to microarray assay reactions

The cellular and molecular mechanisms underlying the histopathological characteristics of 

loss of kidney function with IF/TA remain obscure. Many cell-cell, cell-matrix, and 

intracellular pathways have been implicated in the complex pathogenesis of loss of kidney 

function with IF/TA. Conventional kidney function measurements like serum creatinine and 

glomerular filtration rates used to predict loss of kidney function with IF/TA have poor 

predictive values [51] and a reliable diagnosis requires a transplant biopsy [52, 53]. While it 

is critical to examine structural changes prior to graft loss, predicting graft outcomes strictly 

based on the kidney biopsy is difficult. Moreover, this invasive procedure has significant 

costs and risks for patients. Thus, there is an imperative clinical necessity to identify 

minimally invasive biomarkers that are able to identify early stages of loss of kidney 

function with IF/TA at a time when changes in therapy may modify outcomes. Different 

genes have been recently associated to the biology of loss of kidney function with IF/TA 

[54–56] as an essential initial step to advance the understanding of both immune and non-

immune injury mechanisms (Figure 1).

Regardless of the insult causing tissue injury following transplantation, the response to 

injury consists of both a proliferative response and an inflammatory response, culminating in 

extracellular matrix deposition. Transforming growth factor beta (TGF-β) has long been 

recognized as a mediator of loss of kidney function with IF/TA in both humans [54, 56–58] 

and rodents [59]. TGF-β is a multifunctional peptide that stimulates the synthesis of 

individual extracellular matrix components, and blocks matrix degradation by stimulating 

protease inhibitors such as plasminogen activator inhibitor-1 (PAI-1) [60]. Moreover, there is 

strong evidence to suggest that the intrarenal renin-angiotensin (RAS) system can be 

activated in loss of kidney function with IF/TA [61–63].

A recently established downstream effector of TGF-β is connective tissue growth factor 

(CTGF). CTGF can induce cell proliferation, collagen synthesis and chemotaxis in a variety 

of cells [64]. Recent reports suggest that different domains in CTGF mediate collagen 

synthesis and myofibroblast differentiation [65]. In vivo, CTGF appears to have pro-sclerotic 

properties in rodent models of fibrotic kidney disease [66, 67] and in human kidney disease 

[68]. More recently, CTGF has been linked to chronic graft injury in rat kidney allografts 

during viral infection [69] and in rejecting mouse kidney allografts [70]. This response is not 

kidney specific, as it was shown by a study of heart allografts with chronic rejection where 

over expression of TGF-β was accompanied by elevated CTGF expression within the graft 

[71]. Moreover, Cheng et al. [72] identified up regulated gene expression of CTGF in human 

biopsies with loss of kidney function with IF/TA. Interestingly, the authors also found serum 

CTGF levels to be significantly higher in recipients compared to normal, healthy, non-

transplanted individuals.

Fibronectin (FN) is a major component of the extra cellular matrix (ECM). FN has been 

reported to undergo alternative splicing and produce several isoforms including the extra 

domain-B (ED-B) containing the embryonic isoform. Siddiqui et al. [73] investigated ED-B 

FN expression in loss of kidney function with IF/TA and its relationship with endothelins 
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(ET). Allografts were performed between Fisher 344 to Lewis rats. Grafts were harvested at 

30, 90 and 140 days after transplant for histological and gene expression analyses with 

respect to ED-B FN, ET-1 and TGF-β mRNA. ED-B FN protein levels were also assessed by 

immunohistochemical analysis. Moreover, the authors analyzed human renal allograft 

biopsies. Results obtained from both human and rat renal allograft tissues suggest that 

expression of ED-B FN is up regulated in loss of kidney function with IF/TA and such up 

regulation is mediated via ET-1 and its interaction with TGF-β [73].

Clearly, more experimental and clinical studies are needed to elucidate the vascular 

protection/ restitution necessary for long-term allograft survival. Renal graft vasculopathy as 

well as glomerular sclerosis and vascular intimal proliferations are the major characteristics 

of loss of kidney function with IF/TA. Allograft vascular endothelial cells are the first 

biological interface between the transplanted donor organ and circulating immunocompetent 

recipient cells [74]. Chronic allograft nephropathy has been associated with the expression 

of adhesion molecules, chemokines, and growth factors such as VEGF [75] that have the 

capacity to mediate endothelial progenitor cells (EPC) recruitment [74]. In a recent 

publication [76], results suggested that the abnormal expression and reciprocal regulation of 

angiogenic factors as Angiopoietin 1, Angiopoietin 2, and Tie2 may play important roles in 

the development of loss of kidney function with IF/TA in rat renal allografts.

While different genes have been associated to the biology of loss of kidney function with 

IF/TA [54–60], it is essential to advance the understanding of the responses of the allograft 

to both immune and non-immune injury mechanisms.

Microarray is a powerful technology that measures the expression levels of’ thousands of 

genes simultaneously and can be an important tool in elucidating patterns for mechanism, 

diagnosis, prognosis, and treatment of complex, multifactorial diseases, such as loss of 

kidney function with IF/TA [77, 78]. Microarray technology is based on the principle of 

complementary, single-stranded, nucleic acid sequences forming double-stranded hybrids; 

thus, in essence, it is a high-throughput Southern blot, where thousands of single-stranded 

sequences that are complementary to target sequences are synthesized, or spotted on to a 

small glass or membrane support [79]. Initially designed to measure the transcriptional 

levels of RNA transcripts derived from thousands of genes within a genome in a single 

experiment, this technology has made it possible to relate physiological cell states to gene-

expression patterns for studying tumors, disease progression, cellular response to stimuli, 

drug target identification and transplant injury mechanisms [77–79].

Microarrays are expected to play a critical role in organ transplant in issues related to the 

identification of molecular mechanisms for acute rejection, chronic injury, effect of drug 

toxicity and tolerance. Most importantly, microarrays are expected to help identify 

biomarkers, preferably minimal or noninvasive, in clinical diagnosis for acute rejection, 

tolerance induction, and early progression to chronic allograft nephropathy [77].

To find appropriate therapeutic strategies, more detailed insights into the molecular 

pathogenesis of loss of graft function with IF/TA are essential. Transcriptional changes may 

be detectable prior to histologically apparent fibrosis, and discrimination of inflammatory 
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infiltrates according to the group of expressed genes, promises to both improve diagnoses 

and optimize treatment strategies.

Microarrays are being utilized to also understand long-term outcomes of organ 

transplantation in the form of immune-mediated organ injury (Table-1). Recently, Flechner 

et al. [80] showed different profiles for transplant patients with normal graft function 

compared with transplant patients with acute rejection using microarray technology. Sarwal 

et al. [81] evaluated the gene-expression profiles of 67 allograft-biopsy samples from kidney 

transplant patients observing specific patterns associated with acute rejection. However, all 

samples from patients with loss of kidney function with IF/TA were grouped in the same 

cluster showing a similar profiling. In addition, a study using microarrays of kidney biopsies 

identified 10 genes correlated with the risk of developing chronic rejection [82]. However, 

these differentially expressed genes were not confirmed in our preliminary study, probably 

due to differences in the timing of biopsies and/or the immunosuppressive treatment. 

Another possible reason for the differences between the studies may be the limited number 

of biopsy samples assayed.

Underlying triggers for loss of kidney function with IF/TA may in fact be impossible to 

decipher when a graft with established injury is sampled. As we an others have published in 

previous studies [83, 84], an extensive homogeneity of genomic responses is seen at this 

time. The signature of increased fibrogenesis may in fact be simply reflecting the current 

injury mechanism rather than the trigger. Many of the pathways involved in chronic injury 

and fibrogenesis might be regulated very early in the course of the injury when the 

downstream effects of these alterations are still not evident by pathology. This suggests a 

valuable role of early graft sampling by microarray technology, prior to the onset of chronic 

pathology, to identify triggers and early molecular markers for loss of kidney function with 

IF/TA disease progression. Thus, sequential genomic sampling of the graft and periphery 

(i.e., blood, urine) during early post-transplantation may be the approach most likely to 

result in the greatest yield for mechanistic understanding.

Some limitations in studies using microarrays include among others (specifically in the 

transplant patient group) the heterogeneity of graft specimens, timing of sample collection 

(i.e., protocol biopsy performed at dissimilar times in different studies), influence of donor 

characteristics, immunosuppressant drugs, and sample collection and preparation. All these 

factors are critical and complicate inferences regarding the underlying mechanisms of graft 

injury, rejection, and immune regulation [79].

Portraying progression to loss of graft function with IF/TA

Histopathological evaluation of biopsies is an indispensable method for the detection of 

allograft injury, although it tends to suffer from the subjectivity of the reviewer [46–50]. 

However, evaluation of molecular changes, by using DNA microarrays, may add important 

aspects to the complexity and an improvement of classification and diagnosis [77–79] and 

may help to identify critical molecules and pathways related to graft injury.
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A major impediment in the study of loss of kidney function with IF/TA has been the lack of 

prospective, longitudinal histological data from studies of human tissues with chronic graft 

dysfunction. Thus, we recently evaluated how the gene expression changed from normal 

donor kidneys, normal allografts, and IF/TA samples [85]. Using Jonckheere-Terpstra test 

for trend analysis, we were able to establish a trend in gene expression for genes involved in 

the different pathways leading to progressive graft deterioration with loss of kidney function 

with IF/TA. Normal native kidneys, normal allografts, and IF/TA samples were used for the 

analysis.

Activation of the humoral branch of the immunological response was observed. However, as 

we reported recently [83, 85], genes related to both B- and T- cells were involved in IF/TA 

sample profiles, and a predominantly immunologic pattern and/or response was not clearly 

identified. Moreover, when samples for different groups were compared for identifying 

specific cell types and/or immunological branch predominance, a positive trend leading to 

IF/TA was also observed, reaffirming our initial results.

Interesting, a negative trend in expression of genes related to angiogenesis in IF/TA samples 

was observed (Figure 2). In chronic inflammation, where tissue destruction and 

mononuclear cell infiltration are dominant, the persistent delivery and local expression of 

angiogenic factors can serve to sustain the angiogenesis response [86, 87]. In physiological 

conditions, angiogenesis is thought to facilitate the repair of injured tissues and to restore 

oxygenation. In diseases such as glomerulonephritis, ischemic nephropathy, and 

tubulointerstitial fibrosis, and in the aging process, accelerated attrition of the 

microvasculature (as a result of inefficient delivery of angiogenic factors) results in ongoing 

and persistent hypoxia, which can result in further tissue destruction [88, 89]. Angiogenesis 

might play an important role in IF/TA progression and deserves further evaluation and study 

as it has been previously demonstrated in rat models [76]. Finally, as was previously shown, 

expression of matrix production and deposition related gene expression was increased in 

kidneys with IF/TA [57–60, 68–73]. From the analysis of the canonical pathways, we 

observed that antigen presentation pathway, leukocyte extravasation signaling, and natural 

killer cell signaling were among the more important identified pathways (Figure 3). We are 

conscious about the limitation related to inter-individual variation, but this study design 

provided an initial step for the analysis of the more important pathways leading to 

progressive graft deterioration associated to loss of kidney function with IF/TA.

Evidence suggests that the first few months after transplantation are critical in the 

development of IF/TA and that protocol biopsies may be a valuable means of detecting early 

signs of chronic allograft damage that have yet to become clinically apparent. In particular, 

early protocol biopsies have shown that the presence of tubulointerstitial damage and 

vascular chronic damage are powerful predictors of allograft survival [90]. Furthermore, 

serial protocol biopsies have shown that both interstitial and vascular chronic damage 

rapidly increase during the first 6 months after transplantation, then slowly thereafter [91]. 

Scherer et al. [92] in a recent publication found a panel of significant changes in the 

transcriptome that preceded the histological phenotype of IF/TA by 3 months. Specifically, 

transcriptional levels of genes involved in complement activation, leukocyte homing, T- and 

B-cell infiltration and activation, beginning pro-fibrotic events, functional changes in 
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specific metabolic and transport properties of the nephron, or in EMT, were significantly 

different in early protocol biopsies of patients with consequent progression to IF/TA. These 

findings are in concordance with our previous reports [83, 85] and further corroborate the 

assumption that inflammation that is quantitatively below the diagnostic threshold of acute 

rejection is involved in early stages of progressive renal allograft damage [93].

Role of Donor Kidney Biopsies in Renal Transplantation: How much the 

transcriptomics of donor biopsies at time-zero can tell us about short and 

long term function?

It is recommended that all donor kidneys should be examined by a pre-transplantation or 

post-perfusion biopsy [94]. Histological evaluation of the donor biopsy provides a baseline 

with which future biopsies may be compared. Pre-existing lesions such as capillary 

thrombosis, arteriolosclerosis, glomerulosclerosis and interstitial fibrosis can be documented 

so that the occurrence of the same lesions in post-transplantation biopsies is not 

misinterpreted as evidence of tacrolimus/cyclosporine toxicity or chronic allograft 

nephropathy. A donor kidney biopsy is mandatory in clinical settings such as an older donor 

(age>55), hypertension, diabetes mellitus, acute tubular necrosis, disseminated intravascular 

coagulation, or unexplained rise in serum creatinine prior to death [94].

Interpretation of a donor kidney biopsy includes a semi-quantitative assessment of the 

degree of glomerulosclerosis, arteriosclerosis, and interstitial fibrosis present. However, the 

extent of acceptable chronic changes within the donor kidney has not yet been clearly 

established. It is a common practice not to use kidneys with more than 20% sclerotic 

glomeruli [95]. In most transplant centers, surgeons are cautious to use any kidney with 

more than mild interstitial fibrosis (greater than 25% of cortical area affected) or mild 

arteriosclerosis (greater than 25% luminal occlusion).

Analysis of individual organ quality and outcomes requires integration of the complexity of 

the donor/recipient variables and events. In an initial study, Hauser et al. [96] determined the 

genome-wide gene-expression pattern using cDNA microarrays in three groups of 36 donor 

kidney biopsies including living donor kidneys with primary function, deceased donor 

kidneys with primary function and deceased donor kidneys with biopsy proven acute renal 

failure. The authors retrieved 132 genes that significantly separated living from deceased 

kidneys, and 48 genes that classified the donor kidneys according to their post-transplant 

course. The main functional roles of these genes were cell communication, apoptosis and 

inflammation. In particular, members of the complement cascade were activated in 

cadaveric, but not in living donor kidneys. The current study revealed a large cumulative 

effect of donor factors reflected by a distinct gene-expression profile and some individual 

donor and recipient factors on early graft function. Two distinct gene-expression patterns, 

which could clearly separate living from deceased donors and primary graft function from 

post-ischemic acute renal failure, were observed for the data analysis [96].

Because there is evidence showing that donor characteristics as well post-reperfusion 

changes might be related to the long-term graft outcomes, we studied gene expression 
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profiles in 42 paired kidney biopsies samples from 21 unique deceased donors donor 

biopsies at pre-implantation and at 60 minutes post-reperfusion [97]. Gene expression 

profiling was performed using high-density oligonucleotide microarrays. A total of 2,405 

probe sets (corresponding to 1,947 unique genes) were significantly differentially expressed 

comparing the paired pre-implantation to post-reperfusion samples. Core analysis was 

performed to interpret the data set in the context of biological processes, pathways and 

molecular networks. From this analysis, 59 networks with a score higher than 15 were 

identified. The top functions for the higher scored networks included DNA replication, 

recombination, and repair; connective tissue development; and cell-to-cell interaction. We 

identified 34 probe sets (28 genes) significantly associated with warm ischemia time in the 

post-reperfusion biopsies. The top canonical pathways affected were calcium signaling, 

death receptor signaling, and IL-4 signaling. The top genes over expressed in longer warm 

ischemia times were GREM1, LMOD1, MEF2A, ING1 (involved in cytokine activity, p38 

MAPK signaling, negative cell proliferation) while the genes down regulated with longer 

warm ischemia times included HLADQB1, SUB1, TIPRL, XAF1, TH1L, OSGEP, CTSC 

(involved in proteolysis, IL-4 signaling, and apoptosis). Further evaluation of the identified 

genes, might provide insights about the effect of ischemia/reperfusion in the kidney grafts 

[97]. Moreover, because transplant function in the recipient is largely dependent on donor 

factors, the gene expression patterns in biopsy at time zero may provide critical information 

about short and long term graft function when associated with clinical parameters. In an 

unsupervised analysis of these biopsies we observed that samples clustered in two different 

groups. We analyzed donor and recipient characteristics between the two groups as well as 

cold ischemia time, warm ischemia time, and kidney function at 1 week, 1 month, and 6 

months post-KTx. We observed a trend in significance in ischemia time between groups 

(P=0.06).

Tissue injury of the allograft produced by ischemia is a critical early preoperative insult that 

enhances the risk of acute tubular necrosis and delayed graft function (DGF). Also, 

reperfusion injury, endothelial dysfunction, and renovascular resistance alterations 

contribute to early tubular injury and ultimately tubular necrosis [98]. Finally, leukocyte 

infiltration of the injured tissue increases the risk for acute rejection, further predisposing 

these kidneys to progressive atrophic and fibrotic changes in the tubulointerstitial 

compartment [99], which is a major cause for late graft loss [100]. DGF is thus an important 

clinical and pathophysiological entity that has been associated with long-term graft 

outcomes, and as consequence. It is of critical importance to better understand its molecular 

mechanisms and diminish its rate. To evaluate differences in gene expression patterns 

between kidneys that developed DGF vs. kidney that did not, gene expression in donor 

biopsy grafts at time zero were evaluated [101]. Gene expression profiling was performed on 

donor kidney tissues from 33 deceased donor (DD) kidneys with the use of microarrays. DD 

were classified as grafts with immediate function (non-DGF; n=21) and grafts with DGF 

(n=12). DGF was defined as a dialysis requirement in the first week after transplantation. 

Demographic donor and recipient information was collected. The robust-multiarray average 

method was used to estimate probe set expression summaries. Logistic regression was used 

to identify genes significantly associated with DGF development. Patients were followed for 

3 months after KTx. Thirty-eight probe sets (n=36 genes) were univariably differentially 
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expressed in DD with DGF when compared with DD with non-DGF (alpha=0.001). Sixty-

nine probe sets (n=65 genes) were differentially expressed in DD kidneys with DGF when 

compared with DD with non-DGF after adjusting for cold ischemia time (alpha=0.001). 

Gene ontology terms classified the over expressed genes in DD with DGF as principally 

related to cell cycle/growth, signal transduction, immune response, and metabolism. 

TNFRSF1B was over expressed in DD with DGF. Cold ischemia time was a predictor of 

DGF independently of the preservation method. We also identified a set of 36 candidate 

genes for DGF in DD, with genes involved in the inflammatory response being the more 

important.

Mueller et al [102], showed microarray results of 87 consecutive implantation biopsies taken 

post-reperfusion in 42 DD kidneys and 45 living (LD) donor kidneys. Unsupervised analysis 

separated the 87 kidneys into three groups: LD, DD1 and DD2. Kidneys in DD2 had a 

greater incidence of DGF (38.1 vs. 9.5%, p<0.05) than those in DD1. However, clinical and 

histopathological risk scores did not discriminate the two identified groups (DD1 and DD2). 

A total of 1051 transcripts were differentially expressed between DD1 and DD2, but no 

transcripts separated DGF from immediate graft function (adjusted p< 0.01). Principal 

components analysis revealed a continuum from LD to DD1 to DD2, i.e. from best to 

poorest functioning kidneys. Within DD kidneys, the odds ratio for DGF was significantly 

increased with a transcriptome-based score and recipient age (p<0.03) but not with clinical 

or histopathologic scores. The authors concluded that the transcriptome reflects kidney 

quality and susceptibility to DGF better than available clinical and histopathological scoring 

systems.

Recently (103), we studied kidney biopsies from 49 DD kidneys using microarrays. Patients 

were followed-up prospectively for 1 year post-KTx. The patients were classified by 

allografts with normal function vs. impaired function (Glomerular Filtration Rate (GFR)<45 

vs. GFR≥45 ml/min/1.73 m2) at 1 year post-KTx. To simultaneously model delayed graft 

function (DGF)(yes/no) and graft function at 1 year post-KTx using donor gene expression 

as the independent predictor variable, the two outcomes were combined to form a bivariate 

response matrix and for each probe set, a vector generalized linear model was fit. 

Differential expression profiles were analyzed on the level of molecular and biological 

function using Interaction Networks and Functional Analysis [200]. Genes related with renal 

damage (AGTR1, C1QA, PLAT) and damage of renal tube (TLR4) were present in the list. 

79 probe sets predictive of the multivariate response (DGF and graft function at 1 year post-

KTx) were significant (P<0.01). The top molecular and cellular functions included cellular 

growth and proliferation, cellular development, and cell cycle. The top identified predictive 

of outcome genes included ATM, BAT3, CAP2B, CD44, CEACAM8, CITED2, and DUSP6. 

This preliminary study showed that the combination of donor, recipient characteristics, and 

set of molecular markers in the pre-implantation biopsy might provide useful information 

about post-transplant long-term graft outcomes.

These described studies provide an initial and essential step in the elucidation of possible 

pathways involved in early renal allograft injury and functionality. Well-controlled human 

studies in organ transplantation, supported by robust data analyses and independent 

validation sets, should identify novel target molecules and molecular pathways of injury and 
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progression to chronic allograft dysfunction and help to discovery novel preventative 

therapeutic opportunities in transplantation [104].

Disease progression biomarker discovery: Integration of protocol biopsy, 

gene expression profiling, and clinical parameters.

Identifying surrogate markers of graft outcome in kidney transplantation is a critical task for 

the transplant community. Rapidly evolving technologies for genomics have created new 

opportunities to develop minimally invasive biomarkers. Recent studies have identified 

genes that are differentially expressed at the mRNA level in kidney biopsies in the presence 

of loss of kidney function with IF/TA [65, 66, 72–76]. The limitation of these studies is that 

they require an invasive transplant biopsy. There is accumulating evidence that noninvasive 

immune monitoring may be useful in the early period after renal transplant [105, 106], 

particularly with regard to predicting the presence of acute rejection. It is less clear whether 

loss of kidney function with IF/TA is also associated with consistent changes in peripheral 

blood or urine cells [103].

For establishing a relationship between biopsy and urine-blood findings, we evaluated three 

of the differentially expressed markers in kidney biopsies with IF/TA in urine and blood 

samples from the same patients [107]. From this analysis we observed that the gene 

expression levels of the studied markers in urine samples were more representative of the 

gene expression in the kidney biopsies than peripheral blood mononuclear cells (PBMC) 

samples. These results showed that the evaluation of molecular markers in urine samples 

could represent an invaluable resource for monitoring kidney transplant recipients. Also, we 

performed whole gene expression analysis in paired biopsy-blood samples of patients with 

biopsies with IF/TA (Figure 4).

In a recent publication, Kurian et al. [108] identified several unique signatures of transcript 

and protein biomarkers with high predictive accuracies for mild and moderate/severe loss of 

kidney function with IF/TA using peripheral blood. The results showed several hundred 

mRNA and proteomic biomarkers in peripheral blood defining unique proteogenomic 

signatures and demonstrated correlations with histologically mild (80% class prediction 

accuracy for top 50 gene candidates) and moderate/severe loss of kidney function with 

IF/TA (92% class prediction accuracy for top 50 gene candidates). The authors recognized 

the complications in the genetic and clinical diversity of transplant patients, multiple clinical 

centers, the cellular complexity of peripheral blood, and the impact of factors such as 

immunosuppression, environment and time post-transplant. The authors also suggested that 

because the study was based on profiling subjects with biopsy-proven IF/TA, the evidence 

presented supports the conclusion that the identified candidate genes are diagnostic.

Moreover, a recent publication showed the potential of molecular profiling for evaluating 

new possible therapeutic conducts in kidney transplant patients with IF/TA [109]. However, 

recent microarray studies for diagnosis of rejection, and comparable studies in cancer, 

suggest that a set of less than 20 genes provides adequate power to identify disease classes 

with a diagnostic accuracy of >80% [95, 110–112]. Reduction to the most predictive genes 

will support biological credibility and allow for transition of high-throughput technology to 
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alternative methods such as real-time PCR (QPCR). These alternatives to high-throughput 

methods will allow large sample size evaluation for biomarker-validation (cost effective 

technologies) and will provide a more dynamic monitoring of patients and grafts.

Before a biomarker can be considered a good surrogate that would be clinically useful for 

early diagnosis and disease prognosis, careful design studies need to be performed for 

development and validation of these biomarkers. Prospective studies with appropriate 

number of patients are needed for validating these initial results.

Proteomic-based approaches and chronic allograft dysfunction

Advances have been performed in discerning molecular pathways associated with allograft 

injury, especially in acute rejection. However, these findings might be of limited diagnostic 

values. First, changes in gene expression levels do not always result in changes in the 

corresponding protein levels. Moreover, even when changes in gene expression levels result 

in changes in protein levels, the changes observed in the allograft kidney tissue may not 

correlate well with those in the peripheral blood and/or urine.

The main difference between genomics and proteomics is that the genome is a static entity 

that goes relatively unchanged from day to day, whereas the proteome is a dynamic 

collection of proteins that demonstrates significant variation between individuals, between 

cell types, and between entities of the same type but under different pathologic or 

physiologic conditions [113]. Characterization of the allograft, urine and plasma proteome is 

the next logical step toward investigation of kidney recipients with progression to IF/TA. 

Protein signatures will be useful tools in the development of disease biomarkers. 

Understanding the proteome, the structure and function of each protein and the complexities 

of protein-protein interactions will be critical for developing the most effective diagnostic 

techniques and disease treatments in the future [113].

Advances in analytical instrumentation, as well as technology for protein purification and 

identification, have driven proteomics research to a different approach where comprehensive 

protein databases for individual conditions can be used to characterize individual patients 

and disease states [114].

Thus far, the few research studies published using an unbiased proteomic approach to 

identify protein biomarkers for renal allograft monitoring [115–119] have been focused in 

subclinical rejection and acute rejection. Interestingly, each group found a different pattern 

of protein biomarkers in urine samples that were associated with allograft rejection. This 

discrepancy is not surprising, as each study had differences in disease definition, sample 

collection/handling, protocol for protein separation/visualization and data analysis.

In a recent publication [119], the authors used mass spectrometry to analyze differences in 

the urinary polypeptide patterns of 32 patients with chronic allograft dysfunction (14 with 

pure interstitial fibrosis and tubular atrophy and 18 with chronic active antibody-mediated 

rejection) and 18 control subjects (eight stable recipients and 10 healthy control subjects). 

Unsupervised hierarchical clustering showed a good association of samples in concordance 

with the biomedical conditions. The proteome signature of the pure interstitial fibrosis and 
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tubular atrophy group differed from that of the chronic active antibody-mediated rejection 

group. These results were confirmed in an independent validation set. The 14 protein ions 

that best discriminated between these two groups correctly identified 100% of the patients 

with pure interstitial fibrosis and tubular atrophy and 100% of the patients with chronic 

active antibody-mediated rejection. These results raise the expectations of the proteomic-

based approaches to identify novel biomarkers.

The accomplishment of any biomarker development study will be related to the patient 

cohorts used for the initial analysis and subsequent validation, as well as the commitment to 

design prospective trials implementing promising biomarkers into patient management to 

determine their clinical utility [120].

Expert commentary

Chronic allograft nephropathy, now defined as interstitial fibrosis and tubular atrophy not 

otherwise specified, is a near universal finding in transplant kidney biopsies by the end of 

the first decade post-transplantation (9). After excluding death with functioning graft, caused 

by cardiovascular disease or malignancy, chronic allograft nephropathy is the leading cause 

of graft failure (9, 28). Subclinical cellular or humoral rejection, and chronic calcineurin 

inhibitor toxicity have been described as some of the more important factors associated with 

progression to allograft function deterioration.

While significant progress has been achieved in short-term outcomes, long-term survival has 

only marginally improved. Adaptation of immunosuppressive drugs to the individual needs 

of every patient at every time point after transplant will be essential to improve long-term 

outcomes. Thus, assays are required that detect allograft injury very early, which implies 

frequent noninvasive measurements (e.g. in urine or serum).

Moreover, recent advances in genomics and proteomics have provided the basis for a better 

understanding of the molecular pathways involved in the disease progression that can lead to 

new biomarker and therapy discovery.

Five-year view

Loss of kidney function with IF/TA is the final event of cumulative damage, where a series 

of time-dependent immune and non-immune mechanisms converge and injure the allograft, 

leading to chronic interstitial fibrosis and tubular atrophy. Allograft damage is common, 

progressive, time-dependent, and clinically important. Therapeutic strategies are needed to 

provide primary prevention of this process. A better understanding of the molecular events 

involved in disease evolution could lead to the discovery of markers of disease initiation and 

progression as well as new targets for drug development.

The quality of diagnostic tools is defined by their sensitivity and specificity. In general, 

biomarker patterns will confer significantly more information than a single measurement 

and enable better specificity and sensitivity. Novel screening technologies in the fields of 

genetics, genomics, protein profiling (proteomics), and biochemical profiling 

(metabolomics) allow for an unbiased or “systems biology” approach to the study loss of 
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kidney function with IF/TA. Proteomics and metabolomics offer a nonbiased suite of tools to 

address pathophysiologic mechanisms from various levels by integrating signal transduction, 

cellular metabolism, and phenotype analysis. The integration of the information resulting 

from these systems is an important ongoing area that still under development but that will 

result in important advances in biomarker discovery in the transplantation area [121, 122].

However, the implementation of potential biomarkers as clinical markers is not an easy 

undertaking and will require the concerted effort of the immunologists, molecular biologists, 

transplantation specialists, geneticists, and experts in bioinformatics. Rigorous prospective 

validation studies will be needed using large sets of independent patient samples.
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Key issues

• Kidney transplantation has evolved as the treatment of choice in patients with 

end-stage renal failure.

• The development of loss of kidney function with IF/TA, defined as the 

progressive development of interstitial fibrosis, tubular atrophy, occlusive 

vascular changes and glomerulosclerosis is a major barrier for long-term 

kidney allograft survival.

• Many of the pathways involved in chronic injury and fibrogenesis might be 

regulated very early in the course of the injury when the downstream effects 

of these alterations are still not evident by pathology, suggesting an additional 

role of early graft sampling by microarray technology, prior to the onset of 

chronic pathology, to identify triggers and early molecular markers for loss of 

kidney function with IF/TA disease progression.

• A prospective approach to monitor molecular changes in transplant patients 

could be used to predict progression to chronic graft dysfunction. Moreover, if 

predicting progression to chronic allograft dysfunction can be carried out in 

peripheral blood and/or urine samples alone, then the potential for a 

minimally invasive strategy would be realized. The development of assays 

that will allow transplant physicians to detect allograft dysfunction 

progression and predict long-term outcomes is vital for the success of 

transplantation.

• Before a biomarker can be considered as a good surrogate that would be 

clinically useful for early diagnosis and disease prognosis, careful design 

studies need to be performed for development and validation of these 

biomarkers.
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Figure 1: 
The cellular and molecular mechanisms underlying these histopathological hallmarks remain 

obscure. Immunological and non-immunological factors have been associated with the 

progression to chronic allograft dysfunction. Many cell-cell, cell-matrix, and intracellular 

pathways have been implicated in the complex pathogenesis of CAN. CAN is characterized 

by slowly progressive graft dysfunction ultimately leading to chronic renal failure.
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Figure 2: 
Negative trend in gene expression for genes involved in angiogenesis in kidney allograft 

samples with IF/TA.
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Figure 3: 
Top canonical pathways identified for the analysis of IF/TA samples. Over expressed genes: 

red boxes, under expressed genes: green boxes. The numbers over the boxes indicated the 

number of genes that are part of the specific pathway identified as differentially expressed in 

the dataset (www.ingenuity.com) [200].
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Figure 4: 
Two Affymetrix microarrays (HGU133Av2) were run for two samples (peripheral blood and 

kidney biopsy) from the same patient (ID 107). Samples were collected at the biopsy time 

and the biopsy showed IF/TA. In comparing gene expression of the kidney sample to the 

blood sample, 902 probe sets were found to be over expressed, 136 probe sets were under 

expressed (False Discovery Rate (FDR) <5%). The scatter plot of the intensities for these 

probe sets is shown in which green points represent over expressed probe sets and red points 

represent under expressed probe sets in the kidney sample.
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Table-1.

Recent publications including kidney transplant patients with chronic allograft nephropathy for microarray 

analysis.

Study Biological 
specimens

Patients Findings

Sarwal et al. 
[81]

Allograft 
kidney 
biopsies

67 biopsy samples, including 18 
kidney transplant patients with 
chronic allograft nephropathy

The authors found consistent differences among the gene-expression 
patterns associated with acute rejection, nephrotoxic effects of drugs, 
chronic allograft nephropathy, and normal kidneys. High homogeneity in 
biopsies with IF/TA. This study was more concentrated in acute 
rejection analysis.

Flechner et 
al. [80]

Allograft 
kidney 
biopsies

41 kidney transplant patients 
tested by DNA microarrays

Gene expression profiles from kidneys with higher Banff chronic 
allograft nephropathy (CAN) scores confirmed significant up-regulation 
of genes responsible for immune/inflammation and fibrosis/tissue 
remodeling. At 2 years the sirolimus-treated recipients have better renal 
function, a diminished prevalence of CAN and down-regulated 
expression of genes responsible for progression of CAN. All may 
provide for an alternative natural history with improved graft survival.

Hotchkiss et 
al. [84]

Allograft 
kidney 
biopsies

16 kidney transplant biopsy 
samples with CAN by high-
density oligonucleotide 
microarrays, comparing to six 
normal transplant biopsies.

112 genes were down regulated in CAN samples. There was differential 
expression of profibrotic and growth factors that while transforming 
growth factor-beta induced factor, thrombospondin 1, and platelet 
derived growth factor-C were up-regulated, vascular endothelial growth 
factor, epidermal growth factor, and fibroblast growth factors 1 and 9 
were down regulated.

Mas et al. 
[83]

Allograft 
kidney 
biopsies, 
PBMC

Renal tissue from kidney 
transplant patients (KTP) with 
CAN (n=11) and normal kidneys 
(NK; n=7) were studied using 
microarrays.

728 probe sets were differentially expressed. Genes related to fibrosis 
and extracellular matrix deposition (i.e., TGF-β, laminin, gamma 2, 
metalloproteinases-9, and collagen type IX alpha 3) were up-regulated. 
Genes related to immunoglobulins, B cells, T-cell receptor, nuclear 
factor of activated T cells, and cytokine and chemokines receptors were 
also upregulated. EGFR and growth factor receptor activity (FGFR)2 
were downregulated in CAN samples. AGT, EGFR, and TGF-β levels 
were statistical different in urine but not in blood samples of CAN 
patients when compared to KTx with SRF (P<0.001, P=0.04, and 
P<0.001, respectively).

Scherer et al. 
[92]

Allograft 
kidney 
biopsies

To evaluate events occurring 
before the overt onset of IF/TA, 
gene expression profiling of 3-
month protocol biopsies from 
patients with IF/TA was 
performed in a patient group (n = 
8) who developed mild IF/TA 
[chronic allograft nephropathy 
(CAN) grade I, by the Banff 
scoring system] in the subsequent 
6-month protocol biopsy 
(‘progressors’), and in 12 patients 
without IF/TA at 6 months (‘non-
progressors’).

Compared to the non-progressors, the 3-month biopsies of the 
progressor group showed overexpression of several genes that are 
important in the T- and B-cell activation and immune response. Genes 
involved in pro-fibrotic processes were identified in the biopsies of the 
progressors that preceded the observed IF/TA at 6 months. Furthermore, 
several genes with transporter and metabolic functions were 
underrepresented in the progressors in the 3-month biopsies.

Kurian et al. 
[107]

Peripheral 
blood

DNA microarrays, tandem mass 
spectroscopy proteomics and 
bioinformatics were used to 
identify genomic and proteomic 
markers of mild and moderate/
severe CAN in peripheral blood 
of two distinct cohorts (n = 77 
total) of kidney transplant 
patients with biopsy-documented 
histology.

Gene expression profiles reveal over 2400 genes for mild CAN, and over 
700 for moderate/severe CAN. A consensus analysis reveals 393 (mild) 
and 63 (moderate/severe) final candidates as CAN markers with 
predictive accuracy of 80% (mild) and 92% (moderate/severe). 
Proteomic profiles show over 500 candidates each, for both stages of 
CAN including 302 proteins unique to mild and 509 unique to moderate/
severe CAN.

Maluf et al. 
[85]

Kidney biopsies from normal 
kidneys (n = 24), normal 
allografts (n = 6), and allografts 
with IF/TA (n = 17) were 
analyzed using high-density 
oligonucleotide microarray

Gene ontology classified the differentially expressed genes as related to 
immune response, inflammation, and matrix deposition. Chemokines 
(CX), CX receptor (for example, CCL5 and CXCR4), interleukin, and 
interleukin receptor (for example, IL-8 and IL10RA) genes were 
overexpressed in IF/TA samples compared with normal allografts and 
normal kidneys. Genes involved in apoptosis (for example, CASP4 and 
CASP5) were importantly overexpressed in IF/TA. Genes related to 
angiogenesis (for example, ANGPTL3, ANGPT2, and VEGF) were 
downregulated in IF/TA. Genes related to matrix production-deposition 
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Study Biological 
specimens

Patients Findings

were upregulated in IF/TA. A distinctive gene expression pattern was 
observed in IF/TA samples compared with normal allografts and normal 
kidneys. We were able to establish a trend in gene expression for genes 
involved in different pathways among the studied groups. The top-scored 
networks were related to immune response, inflammation, and cell-to-
cell interaction, showing the importance of chronic inflammation in 
progressive graft deterioration.

PBMC, peripheral mononuclear cells, IF/TA, interstitial fibrosis and tubular athrophy; KTx, kidney transplant patients; SRF, stable renal function.

Expert Rev Mol Diagn. Author manuscript; available in PMC 2019 November 11.


	Summary
	Introduction
	Dilemma: Magnitude and Consequences
	Immunosuppression: Role in long-term outcomes
	Cellular and molecular mechanisms underlying chronic allograft nephropathy and graft dysfunction
	Differentially expressed genes in chronic allograft nephropathy: Moving from single gene studies to microarray assay reactions
	Portraying progression to loss of graft function with IF/TA
	Role of Donor Kidney Biopsies in Renal Transplantation: How much the transcriptomics of donor biopsies at time-zero can tell us about short and long term function?
	Disease progression biomarker discovery: Integration of protocol biopsy, gene expression profiling, and clinical parameters.
	Proteomic-based approaches and chronic allograft dysfunction
	Expert commentary
	Five-year view
	References
	Figure 1:
	Figure 2:
	Figure 3:
	Figure 4:
	Table-1.

