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Abstract
There is a critical need for biomarkers for early diagnosis, treatment response, and surrogate end
point and outcome prediction in organ transplantation, leading to a tailored and individualized
treatment. Genomic and proteomic platforms have provided multiple promising new biomarkers
during the last few years. However, there is still no routine application of any of these markers in
clinical transplantation. This article will discuss the existing gap between biomarker discovery and
clinical application in the kidney transplant setting. Approaches to implementing biomarker
monitoring into clinical practice will also be discussed.
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In kidney transplantation, significant improvements in short-term allograft survival have
been accomplished [1,2]. However, despite improvement over the years in
immunosuppressant strategies, late kidney allograft loss remains the main clinical challenge
for long-term graft survival [1,2]. With close to 5000 kidney transplants failing each year in
the USA alone, kidney transplant failure is now a leading cause of end-stage renal disease
[3].

The Human Genome Project and Genomic Sciences resulted in valuable insights into the
mechanisms of the genome and have produced a large quantity of tools [201]. These tools
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are enabling a detailed analysis of the expression of the complete set of genes encoded in the
genome and are collectively referred to as the ‘omics’ technologies. The knowledge base
being developed by the genomics revolution, through its associated technologies, is
impacting on the practice of all of the biological sciences [4].

There is a critical need for biomarkers for early diagnosis, treatment response, and surrogate
end point and outcome prediction in organ transplantation, leading to a tailored and
individualized treatment [5–7]. The ‘omics’ technologies have provided a multitude of
promising new biomarkers during the last few years. However, there is still no routine
application of any of these markers in clinical transplantation. In this article, new potential
biomarkers in kidney transplantation are discussed, with particular emphasis on the
requirements for implementing their use in clinical kidney transplantation.

Biomarkers: important definitions
Recently, a NIH working group recommended preferred terms and definitions that have
broad applications [8]:

• Biological marker (biomarker): a characteristic that is objectively measured and
evaluated as an indicator of normal biologic processes, pathogenic processes, or
pharmacologic responses to a therapeutic intervention;

• Clinical end point: a characteristic or variable that reflects how a patient feels or
functions, or how long a patient survives;

• Surrogate end point: a biomarker intended to substitute a clinical end point. A
clinical investigator uses epidemiologic, therapeutic, pathophysiologic or other
scientific evidence to select a surrogate end point that is expected to predict clinical
benefit, harm or lack of benefit or harm.

The introduction of molecular medicine has resulted in an amazing increase in the discovery
of new biomarkers. Much of this is related to the advances in new technologies such as
genomics, proteomics and imaging. Furthermore, the expansions in technologies and
innovative applications towards translational medicine have driven biomarkers into the
focus of drug discovery and development in recent years.

Limitations associated with the identification & implementation of biomarkers in
transplantation

A major obstacle in the management of transplant recipients is a lack of accurate and
specific tests for immune monitoring, as well as predicting long-term graft function. Most
accessible methods for evaluating kidney function are either ineffective, inaccurate or highly
invasive, such as tissue biopsies.

There are several more important limitations associated with the application of new
biomarkers, which are discussed in the following sections.

Lack of a robust ‘gold standard’—In kidney transplantation, despite decades of
research, there is still a lack of reliable markers useful for immune monitoring in the clinical
routine. This is partly due to the lack of well-defined end points and short follow-up times in
validation studies. Furthermore, it reflects the absence of robust metrics and a reliance on
‘subjective’ measures. Measurements of serum creatinine, glomerular filtration rate (GFR),
proteinuria (without taking any factors associated with the donor into consideration) and
biopsy remain the current gold standards for the evaluation of renal allografts. These tests
have significant limitations in predicting which patients are destined for immune tolerance
or immune-mediated graft loss, and assisting in the management of long-term
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immunosuppression. The goal of biomarkers is to allow sensitive and accurate monitoring of
graft function, early and specific diagnosis of rejection and the assessment of long-term
outcomes, allowing for a tailored immunosuppressive therapy in a noninvasive, cost-
effective manner [9].

The ability of serum creatinine measurements at 6 and 12 months to predict 3-year graft
survival was analyzed by Fitzsimmons et al. using data from two multicenter clinical studies
comparing tacrolimus- and cyclosporin-based immunosuppression [10]. The authors
concluded that the levels of serum creatinine evaluated at 6 and 12 months post-transplant in
kidney transplant recipients and the change of the levels of serum creatinine between these
two time points are important predictors of graft loss over 3 years. However, the inherent
limitations of creatinine as an accurate measure of glomerular filtration, such as variability
in production or tubular secretion, and the lack of incorporation of donor information in its
interpretation makes it an inadequate marker of true kidney function [11,12].

Glomerular filtration rate can be precisely measured by specific filtration markers such as
inulin, 125I-iothalamate, 51Cr-EDTA, 99mTc-DTPA and iohexol. However, these
measurements are laborious and expensive, and therefore, GFR is commonly estimated in
kidney transplantation by using creatinine-based estimation equations [13]. The performance
of these equations in kidney transplant recipients is unclear, with conflicting results between
studies. Differences in patient populations, baseline GFRs of the study groups, reference
standard GFR values used, and creatinine assay calibrations probably account for the
heterogeneity in results. These factors need to be considered by investigators and clinicians
when interpreting estimates of GFR in kidney transplant recipients [13,14].

After renal transplantation, body composition may undergo some changes, with a high
prevalence of obesity and loss of muscle mass owing to steroid use, which could infringe on
the assumptions underlying the creatinine-based renal function equations. Thus, for renal
transplant recipients, specific validation of renal function equations would be required.
Several studies have addressed this issue [15–18], indicating a relatively poor predictive
performance of renal function equations in the transplant population. However, these studies
included only relatively small populations, and only evaluated a small number of equations.

In a recent publication, Bosma et al. evaluated nine equations with iothalamate GFR at 1
year following transplantation in 798 recipients [19]. Equations were analyzed for precision,
bias and accuracy. Sources of bias were analyzed by univariate and multivariate analysis,
with BMI, age and sex as independent variables and bias as the dependent variable. The
predictive performance of renal function equations is modest in renal transplants, which
hampers their use for accurate assessment of renal function in the individual. The role of
patient factors in the systematic error suggests that development of better equations should
be feasible by better incorporation of these factors.

Kidney biopsies are considered to be the gold standard for evaluating allograft dysfunction
and have been shown to change the presumptive diagnosis in 40% of cases [20]. The use of
protocol biopsies has provided insights into the pathogenesis of many renal allograft
diseases [21]. However, the histological evaluation of biopsies is subjective and there is an
associated error among different pathologists evaluating the same tissues [22].

Furthermore, obtaining a renal allograft biopsy is an invasive procedure with some
associated morbidity that yields a randomly sampled tiny piece of tissue with an intrinsic
sampling error. There are no data to support the suggestion that samples removed from one
segment of the transplanted kidney are representative of the whole graft. In a recent report,
Piovesan et al. evaluated 200 percutaneous biopsies that were performed on kidney
allografts and samples were collected from the upper and lower poles (100 kidneys) [23].
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For the diagnosis of AR, the discordance rate between the upper and lower poles was 82.3%,
higher than the intrapathologist variation. For the diagnosis of nephrotoxicity, the
discordance rate between the upper and lower poles was 28.6%, with no difference
compared with the intrapathologist variation. These observations demonstrated that that the
histopathological changes in the kidney allograft are not always homogeneous and,
furthermore, that this heterogeneity may affect the therapeutic recommendations.

Deficient evaluation of new biomarkers—During multiple recent attempts to identify
biomarkers in transplantation, critical characteristics of the new markers were often not
included in the analysis. They include, among others, half-lives of the biomarkers, stability,
response to treatment patterns and kinetics. A number of developmental objectives must be
accomplished before any biomarker can be considered useful for clinical diagnosis.
Specifically the biomarker(s) need(s) to be [24,25]:

• Evaluated in an independent set of samples/patients

• Appraised in group of patients with multiple pathologies to allow determination of
marker(s) sensitivity, specificity, positive- and negative-predictive values

• Analyzed for intra- and interdetermination variability to establish the coefficient of
variation of the measurement

• Reproduced by an independent laboratory to demonstrate the robustness/
reproducibility of the assay among different groups

• Prospectively assessed to determine the ability of a given marker to predict disease
progression

• Evaluated for the stability of the marker in the sample, influence of sample
collection and storage

• Appraised of interpatient variability

Unfortunately, most of the potential markers proposed in kidney transplantation to date do
not meet the full criteria for biomarker establishment [12].

Lack of integration of clinical factors—The convergence and integration of
approaches and technologies are important for developing successful strategies for the
discovery, characterization, validation and application of biomarkers. Furthermore, the
discovery of human biomarkers requires the association of biological measurements with
clinical outcomes. To discover new biomarkers that predict treatment effects and disease
progression, it is necessary to analyze a broad spectrum of data from human studies, but
there are major challenges. Genomic and proteomic studies generate amazing amounts of
data. These studies struggle with patient, disease, platform and study heterogeneity,
necessitating detailed annotation. Clinical trials capture a variety of biological samples and
hundreds of clinical and laboratory parameters, including multiple potential end points to
determine drug efficacy and underappreciated confounders, such as environmental
exposures and personal behaviors.

The successful translation of these datasets into new biomarkers will require novel and
broad data integration approaches. Data integration can provide value by providing
information together with metadata and supplementary information, increasing statistical
power, improving the ability to make results comparable across populations, replicating or
rejecting findings across studies, and validating results using independent sets of patients
[26,27]. Overall, this critical step in biomarker discovery will require the effort of a
multidisciplinary team working together in the biological mechanisms associated with the
disease, study design, data analysis and validation, and overall data integration (Figure 1).
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The data integration field is currently growing and no clear standards for cross-study and
cross-type data storage, integration and analysis methods and systems have emerged.
Integration of clinical data with high-throughput expression data is currently an intense area
of research, and there are no standard solutions [28].

An approach that combines data from individual research groups conducted on similar
disease conditions and then applies this approach for robust cross-validation in a large
dataset may be one way to address this issue. In a recent report from our group [29], we
applied a nonparametric meta-analytic approach for combining independent microarray
datasets pertaining to chronic allograft nephropathy (CAN). The work used a nonparametric
meta-analysis approach based on two CAN studies and identified 309 distinct genes that are
expressed differently in CAN. With the help of Fisher’s exact test, the study found six Kyoto
Encylopedia of Genes and Genomes (KEGG) pathways to be over-represented among the
identified genes.

In a recent publication, the authors combined the data from five separate studies to compare
AR versus stability after solid organ transplantation, and used this data to examine
approaches to multiplex meta-analysis [30]. In their study, the authors demonstrated that a
commonly used parametric effect size estimate approach and a commonly used
nonparametric method produced very different results in prioritizing genes.

Interlaboratory & intraplatform variability—As this article concentrates on genomics
as a tool for biomarker discovery, this section discusses microarray limitations in relation to
genomics. However, many of the limitations described in this section are also applicable to
proteomics, metabolomics and genome-association studies, especially the ones related to
interplatform variation, requested sample size and cost.

There is currently a variety of microarray platforms available to researchers. A number of
critical differences exist between the various forms, including length of targeted sequences,
global or specific coverage of genes, and glass or membrane support. Furthermore, each
platform comes with its specific methodology for sample labeling, hybridization and data
analysis. In addition to these issues, there is also the variation associated with sample
preparation across laboratories, such as RNA-isolation techniques.

A significant number of studies have investigated the comparability of the data generated
from different microarray platforms [31–35]. These studies have demonstrated that although
variability is present in interplatform and interlaboratory data, the agreement can be
increased using standardized protocols and data analysis. More recently, results were
reported from the Microarray Quality Control (MAQC) project [36], evaluating intra- and
inter-platform reproducibility of four different microarray platforms. Overall, these studies
reported good concordance among platforms at the level of gene-expression changes and
gene ontology terms. These results support microarray technology as a reliable tool for
biomarker discovery. These studies are limited to transcriptional response to toxin exposure
but hopefully are applicable to the wider science fields.

Lack of powered studies—One of the strengths of the ‘omic’ tools is that they have
marvelous power to effectively generate a large volume of data dealing with multiple
samples at the same time. Unfortunately, many of these studies are measuring thousands of
variables/markers in a limited set of patients. In addition to the problem that many of the
studies have been performed using small transplant patient groups, there is the added
component associated with the high variability of these patients (i.e., donor/recipient
characteristics, immunosuppressive treatment, utilization of protocol biopsies versus
biopsies for cause, and different time points for analysis, among others). These issues have

Mas et al. Page 5

Expert Rev Mol Diagn. Author manuscript; available in PMC 2012 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



resulted in a lack of or small degree of overlap between identified markers of disease among
different studies. To overcome this problem, many groups decided to work together creating
multicenter consortiums. Examples of this approach in the transplant field are the DeKAF
group, the A2ALL study and the Immune Tolerance Network ST507 Study Group, among
others.

The use of genomics, transcriptomics, proteomics, metabolomics and new imaging
techniques will have a critical impact on the transplant field, allowing for an improved
understanding of the mechanisms of the diseases affecting the kidney graft. Furthermore,
these technologies will lead to the identification of diagnostic, prognostic and therapeutic
markers. However, there are also limitations, including the cost of many of these technology
platforms and the complexity of the data, which will make the translation of these platforms
and results as monitoring tools in the clinic difficult [37].

Biomarkers in renal transplantation ischemia–reperfusion injury &
prediction of short-term outcomes

Ischemia–reperfusion injury (IRI) is a composite process leading to delayed graft function
(DGF) and reduced long-term graft function. Ischemic injury of the renal allograft is a
critical early perioperative insult that augments the risk of acute tubular necrosis and DGF.
Early identification of graft recipients at risk would allow modification of post-transplant
management, and thereby potentially improve short- and long-term outcomes.

In a recent study, Irish et al. studied a cohort of deceased donor renal transplant recipients
(2003–2006) to create a nomogram utilizing both donor and recipient characteristics to aid
clinicians in the prediction of DGF prior to transplantation [38]. The authors identified four
donor-related characteristics that have a strong impact on the risk of DGF: cold ischemia
time, donor creatinine, donation after cardiac death and donor age. A fifth characteristic,
recipient BMI, was also identified as predictive of DGF. However, some of the limitations
of this study include relying on the use of the United Network for Organ Sharing (UNOS)
registry data, which is incomplete and relies on the submission of data that is not
independently validated [39].

The recently emerged ‘omics’ technologies together with bioinformatics tools have allowed
the integration and analysis of IRI-associated molecular profiles in the context of DGF
[40,41].

Hauser et al. reported the genome-wide gene-expression profiles of 32 donor kidney
biopsies [42]. In these kidney biopsies, a set of 132 genes that clearly separated living donor
from cadaveric donor organs were observed. Many of these genes play a major role in cell
communication, growth/survival, inflammation and metabolic pathways. Furthermore, in the
same dataset, 48 genes were identified in cadaveric donor kidney biopsies that separated
organs with primary function from those with subsequent acute renal failure. The majority
of these genes were classified as being involved in signal transduction pathways, cell cycle
regulation, cell growth/metabolism and other functions.

In a second report from the same group of investigators, the gene-expression profiles of
donor kidney biopsies with good medium-term function and those showing decreased values
of GFR at 1 year following transplantation were reported. A set of 52 genes differentially
regulated between the two groups was identified. Many of the genes upregulated in the
group with poor outcome were involved in immune response, signal transduction cascades
and response to stress. These findings concur with those reported previously by Hauser et al.
on the genome-expression profiles in cadaveric and living donor organs [43].
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Mueller et al. compared 87 consecutive implantation biopsies taken after reperfusion in 42
deceased and 45 living donor kidneys using clinical and histopathology-based scores [44].
Unsupervised analysis separated the kidneys into a living donor group and two deceased
donor kidney subgroups. One of the subgroups of kidneys showed a greater incidence of
DGF (p < 0.05). However, clinical and histopathological risk scores were not able to
discriminate between these two deceased donor kidney subgroups. A total of 1051
transcripts were differentially expressed between the deceased donor kidney subgroups, but
no transcripts separated DGF from immediate graft function. The authors concluded that the
transcriptome of implantation biopsies (post-reperfusion) reflects kidney quality and
susceptibility to DGF better than available clinical and histopathological scoring systems.

In a recent publication, gene-expression profiling was performed on donor kidney tissues
collected before implantation from 33 deceased donor kidneys [45]. Samples were classified
as grafts with immediate function (non-DGF: n = 21) and grafts with DGF (n = 12). Logistic
regression was used to identify genes significantly associated with DGF development. A
total of 38 probe sets (n = 36 genes) were univariably differentially expressed in deceased
donor kidneys with DGF compared with those kidneys without DGF. A total of 69 probe
sets were differentially expressed between these two groups after adjusting for cold ischemia
time (α = 0.001). Gene ontology terms classified the overexpressed genes in deceased donor
kidneys with DGF as principally related to cell cycle/growth, signal transduction, immune
response and metabolism.

Differences in cold-ischemia time between groups may contribute to the differences in gene-
expression patterns – for that reason our previously described gene-expression data were
adjusted for cold-ischemia time [45]. Future studies demonstrating differential gene-
expression patterns between groups of deceased donor recipients with similar cold-ischemia
times will strenghten profiles and improve their accuracy in predicting clinical outcome.

Delayed graft function is consequently an important clinical and pathophysiological entity,
and better understanding of its trigger mechanisms, in order to find ways to diminish its
occurrence is very important. Given the current organ shortage, many of the underlying risk
factors for DGF are difficult to control in all circumstances. Strategies to prevent IRI have
focused on improving preservation solutions, the use of pulsatile perfusion machines instead
of cold storage, additional efforts to avoid hypovolemia of the recipient, and local or
systemic administration of vasodilator agents. Understanding and harnessing molecular
targets of early DGF injury could potentially modulate more specific and ubiquitously
functional pathways, ideally in the form of pretreatment of the donor organ after recovery
but before transplantation [46,47].

There are clinical reports supporting the utility of the evaluation of preimplantation biopsies
to identify predictors of short-term outcomes. Kainz et al. recently demonstrated in a
randomized control trial that steroid pretreatment of the deceased organ donor suppressed
inflammation in the transplant organ but did not reduce the rate or duration of DGF [48]. A
further study sought to elucidate those factors that caused DGF in the steroid-treated
subjects. Genome-wide gene-expression profiles were used from 20 steroid-pretreated donor
organs and were analyzed on the level of regulatory protein–protein interaction networks
[49]. A total of 63 significantly downregulated sequences associated with DGF were
identified that could be functionally categorized according to Protein Analysis Through
Evolutionary Relationships ontologies into two main biologic processes (transport and
metabolism). The recognized genes suggested hypoxia as the cause of DGF, which cannot
be compensated by steroid treatment. The data showed that molecular pathways affected by
ischemia, such as transport and metabolism, are associated with DGF. Potential
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interventional targeted therapy based on these findings includes peroxisome proliferator-
activated receptor agonists or caspase inhibitors.

Some of these studies are associated with the limitations of small sample size, lack of
independent validation sets and/or insufficient patient follow-up. However, these studies
provide an early and critical step in the understanding of possible pathways involved in early
renal allograft injury and functionality [42–47]. Nevertheless, a number of potential
clinically very useful biomarkers have emerged as a result of these predominantly
transcriptome-based studies. In particular, a new set of kidney injury markers such as kidney
injury molecule-1, neutrophil gelatinase-associated lipocalin or IL-18 are undergoing
validation studies [50–54].

Markers to diagnose acute kidney rejection
Tissue studies

Acute rejection (AR) is an allograft-destructive immune response that may occur at any time
during the lifespan of an organ transplant [55]. Histological features of the allograft biopsy
are currently used for the differential diagnosis of allograft dysfunction [56]. Needle biopsy
is currently used as the gold standard to diagnose AR of renal allografts. As previously
mentioned, it is an invasive procedure with an important associated sampling error and
interpathologist variation [57,58].

In addition to nucleic acid-based assays (principally micro-array assays and quantitative
PCR [QPCR]), proteomics and metabolomics-based approaches represent additional
avenues for the development of biomarkers of allograft status [55].

Sarwal et al. provided evidence that molecular heterogeneity in acute renal allograft
rejection underlies the variability in the response to antirejection therapy and in graft
survival [59]. The authors defined the mRNA-expression profile of RNA isolated from 67
biopsy specimens [59]. The authors argued that the gene-expression profiles could
distinguish among samples from patients with acute cellular rejection, nephrotoxic effects of
drugs, infection, chronic allograft nephropathy and normal kidneys. A limitation of the study
is that a majority of the subjects were pediatric patients.

Reeve et al. distinguished rejection from nonrejection using predictive analysis of
microarrays [60]. The authors evaluated 186 consecutive kidney transplant biopsies for
cause using micro-arrays. Moreover, a classifier to distinguish rejection from nonrejection
using predictive analysis of microarrays (PAM) was built. Most genes selected by PAM
were IFN-γ-inducible or cytotoxic T-cell-associated. PAM diagnosis was compared with
histopathology (based on the Banff diagnostic criteria). Disagreement occurred in
approximately 20% of diagnoses. The problematic diagnosis of ‘borderline rejection’ was
resolved by PAM and cases were divided into two distinct classes: rejection and
nonrejection.

In a report by Desvaux et al., 43 human renal-allograft biopsies were quantified for mRNA
expression of granzyme B, Fas ligand (FasL), IFN-γ, IL-4 and IL-6 with a reverse-
transcriptase real-time (RT)-QPCR method [61]. Expression levels were correlated to the
histopathologic rejection type according to the Banff 1997 classification criteria, and with
sensitivity to antirejection immunosuppressive therapy, by means of receiver operating-
characteristic (ROC) curves.

The authors identified that granzyme B and FasL mRNA expression upregulation correlated
with all allograft rejection types (p < 0.01). Furthermore, granzyme B showed the highest
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sensitivity (90%) and specificity (78%) for the potential detection of histologic borderline
changes that will require immunosuppressive therapy (AUC = 0.856; p < 0.01).

Studies performed using peripheral blood and/or urine samples
The opportunity to measure gene-expression profiles in kidney transplantation allows the
testing of several hypotheses that will directly impact on clinical practice [62–64].
Currently, there is no objective measure for determining the adequacy of
immunosuppression, and no objective method of predicting an individual patient’s response
to therapy. Therefore, if gene-expression profiling identifies a signature for AR, then a
patient on any given immunosuppressive regime could be monitored for that signature as a
measure of the adequacy of immunosuppression. Flechner et al. reported an AR signature
for both peripheral blood lymphocytes and transplant biopsies, supporting the hypothesis
that a prospective approach to monitoring molecular changes in transplant patients could
also be used to predict AR [65].

Furthermore, recent attempts to identify noninvasive biomarkers of acute kidney rejection
have been performed using genomics and proteomics technologies. Li et al. evaluated the
measurement of urinary cell levels of mRNA for perforin and granzyme B as a noninvasive
method of diagnosing AR of renal allografts and reported that rejection is predicted with a
high degree of accuracy by urinary cell levels of perforin and granzyme B mRNA [66].

However, Yannaraki et al. investigated the predictive and diagnostic interest of target
mRNA measurements with a QPCR assay in AR, as well as in other clinical complications
occurring (recurrent) in kidney transplantation: urinary tract infection (UTI),
cytomegalovirus infection or disease, CAN, DGF and stable graft course (controls) [67]. A
total of 162 urine specimens from 37 allograft recipients were investigated. In the case of
AR, mRNA levels of all three molecules were significantly higher than in recipients not
showing any clinically evident signs of complications. Kinetic studies in three patients with
AR revealed that increased perforin, granzyme B and FasL mRNA levels could precede or
were concomitant with increased serum creatinine levels. However, perforin, granzyme B
and FasL mRNA gene expression in urine specimens were upregulated in AR episodes but
also in UTI, cytomegalovirus infection and DGF. Therefore, the authors concluded that this
technique would appear to be of limited clinical value as a noninvasive method of
diagnosing AR.

Vasconcellos et al. investigated expression patterns of mRNA for perforin, granzyme B and
FasL in peripheral blood mononuclear cells (PBMCs) collected from renal transplant
recipients and reported that perforin mRNA predicted AR with a sensitivity of 82% and a
specificity of 85%; granzyme B mRNA predicted with a sensitivity of 55% and a specificity
of 85%; and FasL with a sensitivity of 100% and a specificity of 75% [68]. In this study, the
upregulated expression of two or more genes was diagnostic of AR with a positive-
predictive value of 100% and a lack of upregulation of any gene ruled out rejection with a
negative-predictive value of 95%.

Testing the hypothesis that urine is a potentially rich source of biomarkers for monitoring
kidney dysfunction, Ting et al., in a recent publication, monitored urinary soluble human
leukocyte antigen (sHLA)-DR levels by sandwich ELIZA in 103 patients with renal diseases
or after renal transplantation [69]. sHLA-DR in urine was characterized by Western blotting
and mass spectrometry. Acute graft rejection was associated with a significantly elevated
level of urinary sHLA-DR (p < 0.0001), compared with recipients with stable graft function
or healthy individuals. A ROC curve analysis showed the area under the curve to be 0.88 (p
< 0.001). At a selected threshold, the sensitivity was 80% and specificity was 98% for
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detection of acute renal transplant rejection. The authors concluded that sHLA-DR excreted
into urine is a promising indicator of renal transplant rejection.

Although proteomics has the potential to provide insights into complex pathophysiological
processes and expose novel diagnostic biomarkers, as well as therapeutic drug targets, the
actual status of urine proteomic activities in renal transplantation is still far from reaching
these ambitious goals [70,71]. In a study performed by Schaub et al., four patient groups
were rigidly defined on the basis of allograft function, clinical course and allograft biopsy
result as acute clinical rejection group (n = 18), stable transplant group (n = 22), acute
tubular necrosis group (n = 5), and recurrent (or de novo) glomerulopathy group (n = 5) [72].
Urine samples collected on the day of the allograft biopsy were analyzed by mass
spectrometry. As a normal control group, 28 urine samples from healthy individuals were
analyzed in an identical manner, as well as five urine samples from nontransplanted patients
with lower UTI. Furthermore, sequential urine analysis was performed in patients in the
acute clinical rejection and the stable transplant group. Three prominent peak clusters were
found in 17 out of 18 patients (94%) with AR episodes, but only in four out of 22 patients
(18%) without clinical and histological evidence for rejection, and in zero out of 28 normal
controls (p < 0.001). The author concluded that the use of proteomic technology, together
with a rigorous definition of patient groups, can detect urine proteins associated with acute
renal allograft rejection. Furthermore, the results supported the hypothesis that proteins in
urine may prove useful as noninvasive diagnostic markers for rejection and for the
development of novel therapeutic agents.

In a recent publication, Sigdel et al. used shotgun proteomics applying liquid
chromatography (LC)-MS/MS and ELISA to analyze a set of 92 urine samples from patients
with AR, stable grafts, proteinuria and healthy controls [73]. The authors identified
alterations in a number of specific urinary proteins in AR, primarily relating to major
histocompatibility complex antigens, the complement cascade and extracellular matrix
proteins. A subset of proteins (UMOD, SERPINF1 and CD44) have been further cross-
validated by ELISA in an independent set of urine samples for significant differences in the
abundance of these urinary proteins in AR. This label-free, semiquantitative approach for
sampling the urinary proteome in normal and disease states provides a robust and sensitive
method for detection of urinary proteins for serial, noninvasive clinical monitoring for graft
rejection following kidney transplantation.

At the peripheral blood level, in a recent study peripheral blood samples were obtained
before transplantation and at days 3 and 7, weeks 2 and 3 and months 1, 2, 3 and 6 post-
transplantation [74]. The level of HLA class I (ABC) on peripheral blood CD3+/CD8+ T
lymphocytes was measured by flow cytometry. For the 79 transplant recipients, the level of
HLA class I (ABC) on peripheral-blood CD3+/CD8+ T lymphocytes was consistently
elevated during the first 3 weeks following transplantation, declined gradually to
pretransplantation levels, then tapered off and remained stable. Patients experiencing AR or
not after transplantation did not differ in level of HLA class I (ABC) up to 6-months follow-
up, except at days 14 and 21 after transplantation, when the level was higher for patients
experiencing AR (p < 0.01). The authors concluded that the upregulation of HLA class I
(ABC) on peripheral-blood CD3+/CD8+ T lymphocytes could be used as an accurate and
reliable predictor of AR after renal transplantation.

MiRNAs: new potential biomarkers for AR
miRNAs are small noncoding RNAs approximately 22 nucleotides long that regulate gene
expression by inducing translational repression, mRNA degradation, transcriptional
inhibition, or all of the above [75]. A single miRNA has the ability to regulate the
expression of hundreds of mRNAs. miRNAs have been shown to control processes such as
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cellular survival, development, differentiation and proliferation [76], as well as modulate
both innate and adaptive immunity [77]. Sui et al. described the first comparison between
the miRNA expression profiles of AR and control subjects [78]. Through microarray
analysis and quantitative real-time (QRT) RT-PCR confirmation, the authors identified 20
miRNAs differently expressed in AR after renal transplantation. Their data indicated that
miRNAs were potentially involved in the pathogenesis of AR. Anglicheau et al. recently
identified several miRNAs predictive of AR of human renal allografts [79]. The hypothesis
that urinary cell and/or peripheral blood cell miRNA-expression profiles are predictive,
diagnostic and/or prognostic biomarkers of allografts deserves further investigation [80].

More than 90% of renal allografts transplanted today will still be functioning 1 year from
now. This rate represents a remarkable improvement over a 1-year graft survival rate of 70%
in 1990 [81]. Despite this improvement in short-term success, which reflects the use of
better immunosuppressive medications and the provision of specialized management from
teams that care for patients with renal transplants, the long-term deficiencies of current
approaches are increasingly apparent: undesirable side effects of immunosuppressive
medications and the inexorable loss of grafts due to chronic rejection. Surrogate measures
are needed for the prediction of graft survival at the earliest stages of graft deterioration in
order to guide effective therapeutic interventions; such surrogates are a first step in
unraveling the causes of long-term failure [82].

Markers of chronic allograft dysfunction
Poor donor organ quality is one key cause of inadequate/unsatisfactory long-term outcomes
[83,84]. The original nephron mass present in the donor kidney at the time of transplantation
is largely dependent on donor quality. After kidney transplantation and as a consequence of
surgery itself, preservation methods, ischemia, AR and other stressors, the initial nephron
number in the donor kidney will be reduced. Generally, after 6 months post-transplantation,
the number of nephrons is stable, resulting in an allograft with normal function. However,
for an important number of grafts, the loss of nephrons continues, reflecting continued graft
injury. Damaged nephrons cannot be replaced, leading to an accumulation of injury in a
progressive and cumulative manner, as confirmed in prospective protocol biopsy studies
[85–87]. The damage occurring to the allograft might be the result of a combination of pre-
existing donor disease and subsequent insults to the transplant, leading to progressive injury.
This condition will end in fibrosis and atrophy, with the final event of loss of graft function
[87]. It is unclear why a number of kidneys maintain stable function and others develop
injury and inescapable progression to fibrosis development.

The term chronic allograft nephropathy (CAN) was originally coined in 1991 to replace
chronic rejection, which was found to be too generalized [88,89]. However, the revised
Banff classification, published in 2007 [88], eliminated the term CAN again because it was
felt that the term was used too broadly and prevented the search for an underlying cause
[85]. 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.

The complex, multistage processes that result in IF/TA are poorly understood. While the
determination of organ failure often relies on measurable physiological parameters, the early
stages of chronic IF/TA are difficult to diagnose. Detection requires invasive procedures in
order to obtain graft biopsies for histological evaluation. Furthermore, current methods for
diagnosing allograft dysfunction are inadequate for detecting the significant organ damage
that occurs prior to the establishment of clinical manifestations. The development of assays
or novel technologies that will be able to detect allograft dysfunction/rejection and predict
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long-term outcomes is vital for the long-term success of transplantation [83–89]. Histologic
abnormalities leading to chronic allograft dysfunction may be observed from the third post-
transplant month and are characterized mainly by IF/TA. A protocol biopsy study observed
that deterioration in renal function typically appears after the histologic abnormalities were
already present [90].

De Matos et al. investigated the histologic pattern associated with proximal tubular
dysfunction and its correlation with graft outcome [91]. A total of 49 transplant patients with
stable graft function were submitted to biopsy. Simultaneously, urinary retinol-binding
protein (uRBP) was measured and creatinine clearance was also determined. Banff’s score
and semiquantitative histologic analyses were performed to assess tubulointerstitial
alterations. In their study, at biopsy time, mean serum creatinine was 1.43 ± 0.33 mg/dl. A
total of 12 patients (24.5%) had uRBP ≥1 mg/l, indicating proximal tubular dysfunction, and
67% of biopsies had some degree of tubulointerstitial injury. At the end of the study period,
18 (36.7%) patients had lost renal function. uRBP levels were not associated with
morphologic findings of IF/TA. However, in multivariate analysis, the only variable
associated with loss of renal function was uRBP level ≥1 mg/l, determining a risk of 5.290
of loss of renal function (p = 0.003). The authors concluded that kidney transplant patients
who present proximal tubular dysfunction have functional alteration, which is not associated
with morphologic alteration. This reflects the increasing awareness of dissociation between
morphology and function in acute, as well as chronic, kidney diseases [92,93].

Important research progress has been made in understanding the facts about prevalence,
clinical significance and pathogenesis of chronic kidney allograft injury. However, minimal
improvement in the development of new strategies and/or protocols to improve long-term
outcomes has been implemented during the last few years [94]. As a consequence of the
complexity of the disease pathogenesis and multifactorial cause, it is highly probable that
individualized therapy decisions may be associated with future treatment options. To be able
to individualize medicine in these patients, accurate tools are required that can discriminate
patients at risk of progression to chronic allograft dysfunction from patients that will keep
stable kidney function. A major challenge in the future of kidney transplantation includes
the study of the pathogenesis of chronic allograft dysfunction (pathogenesis) to identify
early markers of disease progression, as well as potential therapeutic pathways [94].

In recent publications, we and others established the gene-expression signatures that
characterize IF/TA [95–101]. However, early diagnosis of IF/TA is a requirement for a
timely therapeutic intervention in patients at risk. To evaluate events occurring before
evident IF/TA is present in the graft, gene-expression profiling of 3-month protocol biopsies
from patients with IF/TA was performed in a patient group who developed mild IF/TA CAN
grade I by the Banff scoring system in the subsequent 6-month protocol biopsy
(‘progressors’; n = 8), and in 12 patients without IF/TA at 6 months (‘nonprogressors’).
Compared with the nonprogressors, the 3-month biopsies of the progressor group
demonstrated overexpression of several genes that are important in T- and B-cell activation
and immune response [96]. Genes involved in profibrotic 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 under-represented in the
progressors in the 3-month biopsies. The authors described no statistical difference in
cyclosporine levels between patient groups [96].

In a previous study, the same group reported on a predictive set of ten probe sets as markers
for CAN (Banff 2003) in biopsies 6 months before the diagnosis of CAN [97]. However, in
the last study, the authors showed the potential of identifying markers of graft injury leading
to IF/TA in early protocol biopsies, demonstrating that these processes already occur before
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they are detectable with conventional histopathological examination of renal allografts.
However, a limitation of the study is the small sample size and these results need to be
validated in prospective studies with a higher number of patients.

Mengel et al. described that the atrophy-scarring associated with atrophy-fibrosis correlated
with transcripts associated with B cells, plasma cells and mast cells, as well as other
transcripts of unknown significance [101]. Furthermore, in a recent publication, Einecke et
al. used gene-expression profiles from kidney allograft biopsies for cause to establish a
molecular score to predict graft dysfunction [102]. A total of 105 for cause biopsies taken
between 1 and 31 years following transplantation were evaluated. Using supervized
principal components analysis, the authors derived a molecular classifier to predict graft
loss. The genes associated with graft failure were related to tissue injury, epithelial
dedifferentiation, matrix remodeling and TGF-β effects, and showed little overlap with
rejection-associated genes. The molecular risk score was correlated with IF, TA, tubulitis,
interstitial inflammation, proteinuria and GFR. In an independent validation set, the
molecular-risk score was the only predictor of graft loss. Based on the previously described
findings, the authors proposed that the molecular-risk score reflects active injury and is a
good predictor of graft loss.

Park et al. tested whether fibrosis with inflammation at 1 year is associated with the decline
of renal function in a low-risk cohort and characterized the nature of the inflammation [103].
The authors evaluated 151 living donor, tacrolimus/ mycophenolate-treated recipients
without overt risk factors for reduced graft survival. Transplants with normal histology or
fibrosis alone at 1-year protocol biopsy had stable renal function between 1 and 5 years,
whereas those with both fibrosis and inflammation exhibited a decline in GFR and reduced
graft survival. Immunohistochemistry confirmed increased numbers of interstitial T cells
and macrophages/dendritic cells in the group with both fibrosis and inflammation, and there
was increased expression of transcripts related to innate and cognate immunity. Pathway-
and pathologic process-specific analyses of microarray profiles revealed that potentially
damaging immunologic activities were enriched among the overexpressed transcripts.
Consequently, the combination of fibrosis and inflammation in 1-year protocol biopsies
associates with reduced graft function and survival, as well as a rejection-like gene-
expression signature, even among recipients with no clinical risk factors for poor outcome.
This study only included living-donor recipients. These patients represent the group with
better graft survival at 5 years post-transplantation and have a lower incidence of chronic
allograft dysfunction. Further evaluation in deceased-donor recipients is needed to validate
these results.

There have also been some attempts to identify noninvasive biomarkers of IF/TA. To this
end, Kurian et al. aimed to discover biomarkers in the peripheral blood of kidney transplant
patients with biopsy-documented IF/TA (unknown cause) [104]. The authors purposely
integrated the results of two independently collected sets of patient samples that were
significantly different in multiple clinical elements. Thus, the selection of biomarker
candidates is not significantly influenced by the time of biopsy (ranging from 1 to 6 years
post-transplant), the specific immunosuppressive protocols (use of different calcineurin
inhibitors vs sirolimus) or the technology used to purify the mRNA transcripts (density
gradient-separated cells vs whole blood). The results from this study design indicated that
whole-genome profiling is certainly not necessary as we obtain very reasonable predictive
accuracy, sensitivity and specificity with 150, 100 and 50 total genes per signature. There
are now several technology platforms perfectly suitable for clinical service implementation
that can measure 100 genes or more cost effectively and within hours. As for application to
clinical practice, the authors proposed that the model would be serial, prospective
measurements of the signature at regular intervals for the life of the kidney transplant.
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In order to identify noninvasive markers of allograft function in kidney transplant patients,
our group’s mRNA levels of angiotensinogen (AGT), TGF-β1, EGF receptor (EGFR), IFN-
γ thrombospondin (TSP)-1 and IL-10 in urine samples were studied using QRT-PCR [105].
A total of 95 kidney transplant recipients and 111 urine samples were evaluated. Patients
were divided as follows: within 6 months (n = 31) and with more than 6 months post-kidney
transplantation (n = 64). Kidney transplant patients with more than 6 months post-kidney
transplantation were classified as transplant patients with stable kidney function (SKF; n =
32), kidney transplant patients with SKF (creatinine <2 mg/dl) and proteinuria >500 mg/24 h
(n = 18), and transplant patients with biopsy-proven IF/TA (n = 14). IL-10 mRNA was
decreased in urine samples from transplant patients with less than 6 months post-
transplantation (p = 0.005). For transplant patient groups with more than 6 months post-
transplantation, AGT and EGFR mRNA were statistically different among kidney transplant
patients with SKF, kidney transplant patients with SKF and proteinuria, and IF/TA patients
(p = 0.003 and p = 0.01), with transplant patients with SKF having a higher mean
expression. TSP-1 mRNA levels were also significantly different among these three groups
(p = 0.04), with higher expression observed in IF/TA patients. Using the random forest
algorithm, AGT, EGFR and TGF-β1 were identified as predictors of IF/TA, SKF, and SKF
with proteinuria. We were able to identify a characteristic pattern of mRNA levels in the
different kidney transplant patients groups in urine samples that might reflect allograft
function.

Biomarkers of graft tolerance
Currently, a number of studies are trying to identify ‘tolerance signatures’ that might allow a
biomarker-based reduction or even cessation of immunosuppressive therapy [95,96].
However, the findings are still preliminary and based on a very small number of highly
selected patients. Hence, an application of the identified profiles to actually change therapies
is still too premature [106].

One of the principal components in the process leading to allograft loss is the
immunologically mediated allograft damage. This immune response is mainly driven by
HLA differences between the donor and recipient [107]. To control this sustained response
to the graft, allograft recipients require long-term immunosuppression, which results in an
increased susceptibility to infection, increased risk of malignancy and damage to graft
because of nephrotoxicity. These adverse effects contribute substantially to morbidity and
mortality among transplant recipients and limit long-term graft survival [108].

Determining which recipients would benefit from withdrawal or minimization of
immunosuppression would be greatly facilitated by biomarkers predictive of tolerance. The
search for biomarkers that can be used to identify patients that are tolerant has been
encouraged by two recent studies. In the first by Newell et al., the gene-expression profile
and peripheral blood lymphocyte subsets of 25 renal transplant patients with stable renal
function but no immunosuppression for at least 1 year were compared with 33 stable renal
allograft patients on immunosuppression, and 42 healthy controls [109]. Renal allograft
tolerance was associated with a signature that included elevated levels of peripheral, naive
and transitional B cells, and upregulation of a set of three genes associated with B-cell
differentiation. These results were confirmed and enlarged in a second independent study of
bioassays and biomarkers by Sagoo et al. [110]. In this study, microarray analysis further
revealed a bias toward differential expression of B-cell-related genes and their associated
molecular pathways in tolerant recipients. Furthermore, the authors were able to identify
tolerant recipients in both the training and the test set. These results support the hypothesis
that biomarkers, including the B-cell signatures developed by these two reports [109,110],
may help to direct drug withdrawal in selected stable patients, limiting toxicity caused by
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long-term treatment with immunosuppressive agents. However, only appropriately designed,
prospective, randomized trials will determine whether these promising markers can be
applied to daily clinical patient care.

Genome-wide association studies in kidney transplantation
Differences in DNA range from a single nucleotide base change to large-scale chromosome
rearrangements. There have been an important number of publications describing genetic
variability in molecules affecting innate and adaptive immunity, pharmacogenetics and other
nonimmunological molecules [111,112]. Studies have indicated some associations between
polymorphisms in these candidate genes with outcomes in organ transplantation, and
underlined a potential role of genetic variability in transplantation.

Specifically, cytokine genes and innate immune response molecules present popular targets
for studies of AR and long-term outcome. Pharmacogenomic studies are mostly focused on
the genes of drug targets or the corresponding enzymes metabolizing the drug. Most of the
studies are based on recipient, not donor, genotype analysis. Some of the reports might be
affected by insufficient study design, including small sample size, lack of adjustment for
potential confounders, and multiple comparisons [111–113].

The nature of linkage analysis data means that genomic regions of interest are typically large
and may contain many genes. Genome-wide association (GWA) may be used as a
complementary approach to linkage studies or where robust linkage analysis is not feasible.

Technical innovations have reduced the cost of single nucleotide polymorphism (SNP)-
based genotyping and, together with improved bioinformatic and genetic statistical tools,
have made large-scale GWA screens possible. Guidelines have been published for
Strengthening the Reporting of Genetic Association (STREGA) studies [114].

There is at least one ongoing multicenter GWA study in clinical kidney transplantation (The
United Kingdom and Ireland Renal Transplant Consortium [202]). This study aims to
identify the genes that contribute to progressive transplant failure and early kidney
transplant damage. The GWA studies have important potential in the discovery of
biomarkers. However, to be clinically applicable, large prospective studies must be
performed to better define the potential benefits of genotyping on these genetic markers and
clinical outcomes. Future research should be directed towards better designed studies, larger
sample sizes, and evaluating both recipient and donor genotypes.

Expert commentary
As a consequence of the availability of human genome data and the new technology
supporting advances in genomics, proteomics and metabolomics techniques, translational
research investigators have great opportunities to discover biomarkers for various health
issues, including organ transplantation. The need for better diagnostic and prognostic tools
to monitor kidney graft status, as well as treatment course and efficacy, remains one of the
most critical requirements in the field. An ideal biomarker would be able to predict outcome
onset and the severity of specific events, such as progression to chronic allograft dysfunction
even before the damage is evident at the histological level, as well as predict the specific
injury responses related to the toxicity associated with the use of immunosuppressive
treatment. Despite the important advances achieved so far in the identification of several
potentially useful biomarkers of tolerance, rejection and progression to graft dysfunction,
validation and demonstration of their clinical utility still needs to be performed. Eventually,
in order to facilitate the accomplishment of such important goals, all efforts should probably
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be performed in the context of multidisciplinary and multi-institutional cooperative
networks.

Five-year view
Important progress has been made in improving short-term outcomes in kidney
transplantation during the last decades, largely as a result of better use of novel
immunosuppressive drugs. However, long term outcomes have not changed. One key reason
is the lack of objective biomarkers accurately reflecting allograft status and reliably
predicting outcome for the single patient. Successful medicine is practiced by measuring
biological markers associated with a specific disease and transplant medicine needs these
biomarkers. The new technologies of genomics, metabolomics and proteomics are extremely
sensitive allowing the detection of changes in tissue homeostasis associated with disease.
However, the lack of rigorous clinical end points and robust gold standards might prevent
the full exploitation of the diagnostic and predictive potential of the new technology and
might hold back the identification of objective biomarkers. The major challenge to achieve
the goal of having accurate biomarkers for monitoring graft function will be to establish
accurate study end points, identify homogeneous and comparable patient and control
powered groups and to be able to integrate the new methods with the existing diagnostic and
theraputic tools. This will require the combined, collaborative effort of multi-institutional
and multidisciplinary teams. With this, there is a high possibility of identifying those really
needed biomarkers in the kidney as well as other solid organ transplant fields in the next few
years.
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Key issues

• Kidney transplantation is the treatment of choice for end-stage kidney disease.

• Progress in short-term outcomes have not translated into better long-term graft
survival and long-term outcomes, with chronic allograft dysfunction, remain the
most critical problem post-transplantation.

• There are many new approaches that have been able to provide information
about the molecular mechanisms involved in the response of the graft to injury.
However, none of the candidate markers are currently used for clinical
monitoring of the kidney transplant recipients.

• Existing evidence suggests significant limitations of currently used clinical end
points.

• The kidney allograft biopsy still is the ‘gold standard’ for monitoring the graft.
However, it is an invasive method associated with patient morbidity and
furthermore, with sampling and diagnosis error.

• There is a critical need for accurate noninvasive biomarkers to replace the renal
transplant biopsy as the gold standard.

• Prospective studies with adequate sample size and patient follow-up, as well as
external appropriate validation, will biomarkers that might be used to monitor
patients in the clinical side.
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Figure 1. Possible pathways for biomarker discovery in kidney transplantation
Both a multidisciplinary team and multiple steps are needed to achieve the goal of moving
biomarkers ‘from the bench to the bedside’. The process of discovery and validation of
biomarkers that can be used for the routine evaluation of graft function requires a
multidisciplinary team able to evaluate the clinical problem, understand the biology behind
the clinical condition, and perform data analysis and integration. Moreover, external
validation is required in prospective powered studies.
CNI: Calcineurin inhibitor.
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