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Summary

The improvement of long-term transplant organ and patient survival remains a

critical challenge following kidney transplantation. Proteomics and biochemical

profiling (metabolomics) may allow for the detection of early changes in cell sig-

nal transduction regulation and biochemistry with high sensitivity and specificity.

Hence, these analytical strategies hold the promise to detect and monitor disease

processes and drug effects before histopathological and pathophysiological

changes occur. In addition, they will identify enriched populations and enable

individualized drug therapy. However, proteomics and metabolomics have not

yet lived up to such high expectations. Renal transplant patients are highly com-

plex, making it difficult to establish cause-effect relationships between surrogate

markers and disease processes. Appropriate study design, adequate sample han-

dling, storage and processing, quality and reproducibility of bioanalytical multi-

analyte assays, data analysis and interpretation, mechanistic verification, and

clinical qualification (=establishment of sensitivity and specificity in adequately

powered prospective clinical trials) are important factors for the success of molec-

ular marker discovery and development in renal transplantation. However, a newly

developed and appropriately qualified molecular marker can only be successful if

it is realistic that it can be implemented in a clinical setting. The development of

combinatorial markers with supporting software tools is an attractive goal.

Introduction

Although there has been marked progress in terms of long-

term kidney graft survival over the last decades, this

improvement has mostly been driven by better short-term

graft survival, while long-term attrition is only slowly

improving [1]. The reasons for kidney graft loss are multi-

factorial and include, but are not limited to, tubular injury

because of ischemia/reperfusion injury, acute and subacute

persistent rejection (potentially accompanied by destructive

multinuclear infiltration and chronic interstitial fibrosis),

chronic cellular rejection (with or without antibody com-

ponent), viral infections, immunosuppressant toxicity,

glomerosclerosis, and recurrent glomerulonephritis [2–4].
These may be promoted by donor and recipient risk factors

and diseases [2]. Current clinical monitoring of kidney

transplant patients is usually based on serum creatinine,

blood pressure measurements, therapeutic drug monitoring

of immunosuppressants, urinalysis, and in the case of kid-

ney dysfunction, ultrasound and biopsies [2]. Clinical

markers such as serum creatinine are less than optimal lar-

gely because they only become abnormal in the later stages

of kidney injury when therapeutic interventions may be less

effective and less likely to result in complete reversal of the

injury [5]. It has been shown that up to 30% of grafts with

stable creatinine may have ‘smoldering’ rejection [6,7]. All

major diseases of renal allografts change patterns over time

from early diagnostic lesions to late nonspecific patterns

[8]. Since the procurement of a kidney biopsy is often

guided by a rise of creatinine levels, biopsies are usually
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taken at a late time point when the disease process has

already caused significant damage and is already driven by

secondary disease processes such as inflammation and

fibrosis. Moreover, markers such as serum creatinine do

not reveal information regarding the causation or exact

location of said injury. This constitutes a dilemma as treat-

ment should be targeted towards the dominant pathophysi-

ological diagnosis [2].

Current clinical chemistry and biochemistry diagnostics

is usually based on a limited set of biomarkers, often only

one parameter that is closely correlated with one func-

tional aspect of the organ in question or with a specific

disease process. However, there is nor will there ever be a

single molecular entity marker such as serum creatinine

that captures the function of the kidney in all its complex-

ity. Modern analytical technologies allow for the identifi-

cation of molecular signatures that confer significantly

more information than the measurement of a single

parameter, just as a bar code contains more information

than a single number. Proteomics and metabolomics com-

plement genomics and are considered phenotypic molecu-

lar markers [9].

Proteomics is multi-analyte technology that in an ideal

case can assess the complete set of proteins (proteome) in a

specific matrix. In analogy, metabolomics is multi-analyte

technology that in an ideal case can assess the complete set

Table 1. Definitions. Compiled based on references [19,31–37].

Biomarker A characteristic objectively measured and evaluated as an indicator of normal biological

processes or pharmacological responses to a therapeutic intervention.

Type 0 biomarker: a marker of the natural history of a disease that correlates longitudinally with known clinical indices

Type I biomarker: a marker that captures the effects of a therapeutic intervention in context with its mechanism of action

Context independent: developed for general clinical and pre-clinical testing

Context specific: developed in association with a drug development program and, accordingly,

to study and monitor the effects of specific drugs. They may enter the market together

with a specific drug as a ‘companion diagnostic device’ [64].

Antecedent: Identifying the risk of developing an illness

Screening: screening for subclinical disease

Diagnostic: recognizing overt disease

Staging: categorizing disease severity

Monitoring: assessing disease progression, therapeutic efficacy and adverse effects

Prognostic: predicting future disease course/response to therapy

Clinical end point A characteristic or variable that reflects how a patient feels, functions or survives.

Intermediate (non-ultimate) end point: a true clinical endpoint, a symptom or measure of

function but not the ultimate endpoint of the disease

Ultimate end point: survival or the rate of other or irreversible morbid events

Surrogate end point A biomarker intended to substitute for a clinical endpoint aiming to predict clinical benefit or

harm or lack of benefit or lack of harm on the basis of epidemiological, therapeutic,

pathophysiological or other scientific evidence.

Metabolome A quantitative descriptor of all endogenous low-molecular-weight components in

a biological sample such as urine or plasma. Each cell type and biological fluid has a characteristic

set of metabolites that reflects the organism under a particular set of environmental conditions

and that fluctuates according to physiological demands. The metabolome can be divided into the primary

metabolome (as controlled by the host genome) and the co-metabolome (dependent on the microbiome).

Metabonome Theoretical combinations, sums and products of the interactions of multiple metabolomes (primary, symbiotic,

parasitic, environmental, and co-metabolic) in complex systems.

Metabolomics The comprehensive quantitative analysis of all the metabolites of an organism or a specific biological sample.

Metabonomics The quantitative measurement over time of the metabolic responses of an individual or population to a disease,

drug treatment or other challenge.

Microbiolome The metabolites generated by a consortium of microorganisms, bacteria, protozoa, and fungi that live commensally or

symbiotically with a host.

Xenometabolome Characteristic profile of nonendogenous compounds such as drugs, their metabolites and their excipients,

as well as compounds from dietary components, herbal medicines and environmental exposure.

Proteome The expressed protein and peptide complement of a cell, organ or organism, including all isoforms and

post-translational variants.

Proteomics The systematic analysis of proteins for their identity, quantity and function.

Genomics Genomics is the study of the genome (approx. 25 000 genes). It is static and allows for estimating the risk for an individual

to develop a disease, may modify the efficacy or tolerability of a drug, or influence its tissue distribution and pharmacokinetics.

Transcriptomics Transcriptomics is also known as functional genomics and is the study of expression patterns of all gene

transcripts (approx. 85 000).
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of small molecules (defined as <1500 Da; metabolome) in a

specific matrix (Table 1). For detailed reviews of current

metabolomics [9–11] and proteomics technologies please

see references [12–15]. In contrast to the genome and pro-

teome that are restricted to an individual organism, the me-

tabolome is an open system and not only measures the

downstream products of multiple proteins and genes but

also interactions with food, the environment, and the gut

microbiolome [16]. Metabolomics and proteomics can be

viewed as ultra-high throughput clinical chemistry/bio-

chemistry, assessing hundreds and sometimes thousands of

metabolites or proteins in a single analytical run [11,16,17].

Strategies to maintain transplant function and improve

long-term graft survival are important goals of translational

research [2]. The development of omics technologies has

opened up many new opportunities [18].

As the status of metabolomics and proteomics-based

molecular marker development in transplantation has

already extensively been reviewed recently [11,19–30], it is
our goal to focus here on the basic concepts and challenges

rather than on providing another comprehensive and

detailed overview of relevant clinical trials.

Opportunities

Cells either directly or indirectly (via extracellular fluid)

communicate with body fluids. Cell metabolites, peptides,

proteins, and extracellular membrane vesicles (or micro-

particles) are released from cells or are taken up from body

fluids by trans-membrane diffusion or transport, and

throughout the death process cells release all of their con-

tents into body fluids. Thus, at least to a certain extent, bio-

chemical and protein changes in cells and organs are

reflected in body fluids. While tissue samples, biopsies, and

certain fluids such as urine (kidney), bile (liver), and cere-

brospinal fluid (CNS) mainly reflect changes in specific

organs and thus are considered ‘proximal matrices’; plasma

samples reflect systemic changes that often cannot be traced

back to a certain organ [9]. Such changes of metabolites,

peptides, and proteins in body fluids, if mechanistically

linked to disease processes and drug effects in tissues and

organs, have the potential to serve as surrogate markers or

biomarkers. A biomarker is defined as ‘a characteristic that

is objectively measured and evaluated as an indicator of

normal biological processes, pathogenic processes, or phar-

macological responses to therapeutic intervention’ [31]

(for additional relevant definitions please see references

[19,31–37] and Table 1). Based on this definition, biomar-

kers have been used all along in clinical diagnostics ranging

from the measurement of clinical symptoms such as blood

pressure, ECG, over imaging technologies to modern high

throughput gene arrays. Since here we discuss technologies

that directly or indirectly assess molecular mechanisms, the

more focused term ‘molecular marker’ will be used instead

of ‘biomarker’. A molecular marker can consist of the mea-

surement of a single molecular entity but it can also be a set

of several molecular entities, a molecular pattern or finger-

print.

Proteomics and metabolomics have the potential to

impact and improve renal transplantation on several levels:

1. Assessment of molecular mechanisms of disease and

drug effects in in vitro, animal and clinical studies. This

may lead to better understanding of disease mecha-

nisms, drug effects, and toxicities as well as to the identi-

fication of new therapeutic targets.

2. Drug development. It is reasonable to expect that the

availability of specific and sensitive molecular markers

will impact drug development such as that of novel im-

munosuppressants and immunosuppressive drug regi-

mens as follows [38]: (i) faster and more efficient pre-

clinical and early clinical development; (ii) selection of

lead drug candidates with a better therapeutic index;

(iii) earlier and more sensitive detection of toxic effects;

(iv) monitoring of pharmacodynamics and toxicody-

namics during preclinical and clinical development; (v)

development of more efficient and predictive animal

models; (vi) identification of pharmaco- and toxicody-

namic mechanisms; (vii) access to indications that can-

not be assessed by conventional strategies because of

time limitations, such as chronic disease processes or

disease prevention; (viii) guidance of dose finding stud-

ies; (ix) better long-term safety and efficacy; (x) stratifi-

cation of patient populations during clinical trials; (xi)

identification of ‘enriched’ populations with better

chance of therapeutic efficacy and tolerability; (xii) pro-

vide new supporting or surrogate study endpoints, and

(xiii) diagnostic tools for clinical management of drugs

in clinical practice.

3. Clinical diagnostics. As discussed above, well-qualified

molecular marker protein and/or metabolite patterns

yield more detailed and mechanistically relevant infor-

mation than currently often used single markers, trans-

lating into good specificity. The better the specificity of a

molecular marker pattern, the more this will reduce non-

specific background noise. Reduced background noise,

usually, results in better sensitivity. This will allow for

detection and identification of changes in molecular sig-

natures associated with disease processes and drug effects

in body fluids such as plasma and urine before symptoms

and irreversible injury occur. As discussed previously

[39,40], the development of a disease or response to drug

or toxin can be divided into three major stages: genetic

predisposition, biochemical stage and the symptomatic

stage. While current diagnostic tools such as serum creat-

inine and histopathology evaluation of renal biopsies

detect disease processes and drug toxicity usually in the

© 2012 The Authors

Transplant International © 2012 European Society for Organ Transplantation. Published by Blackwell Publishing Ltd 26 (2013) 225–241 227

Bohra et al. Proteomics and metabolomics in transplantation



symptomatic stage when injury is often not fully revers-

ible anymore, molecular markers based on protein and/

or metabolite patterns have the potential to detect

changes already during the biochemical phase when cells

start compensating for a challenge and injury and repair

are still in equilibrium and pathobiochemical process can

often still be fully reversed [39,40]. Thus, it is reasonable

to expect that diagnostic strategies based on protein and/

or metabolite panels will provide the key to significant

improvements, such as enabling individualized and pro-

moting preventive medicine, as well as therapeutic inter-

ventions and/or treatment adjustments at a time point

when no permanent injury has occurred yet.

Challenges

To better understand the challenges involved in discovering

molecular markers and with developing those into clinical

diagnostic tools, it is important to briefly revisit proteomics

and metabolomics marker development strategies and reg-

ulatory requirements.

Non-targeted versus targeted

One of the strengths of omics technologies is that they

allow for nonbiased screening of a large number of gene

regulation processes, signal transductions, and metabolic

pathways. Non-targeted screening technologies have the

goal to capture as much unfiltered and nonbiased data as

possible. The molecular entities underlying the recorded

signals are often unknown. This dramatically minimizes the

chance of missing important data or, in other words,

reducing the risk of false-negative results. However, as a

consequence, the largest problem with non-targeted screen-

ing technologies such as proteomics and metabolomics, are

false-positive results. Targeted assays are often multi-ana-

lyte assays and measure well-defined compounds. Analyti-

cal technologies include, but are not limited to, antibody

and aptamer arrays, bead immunoassays for proteins and

liquid chromatography-mass spectrometry (LC-MS) assays

(for proteins or metabolites) that allow for the assessment

of molecular marker panels ideally in a single run.

Targeted assays are usually semi-quantitative or quanti-

tative and can be validated. Although the quality of the

results is much better understood, these assays are limited

in terms of their ability to detect unknown effects. Since

only selected compounds are measured, targeted analyses

are inherently biased.

Regulatory aspects

Regulatory agencies have established review structures as

well as guidances that outline the biomarker development

process [34,41–46] that can be divided into three stages:

Discovery, Verification, and Qualification (Fig. 1).

Discovery

Discovery often involves the comparison of samples from a

patient population with those of appropriate controls using

nontargeted metabolomics and/or proteomics approaches

(Fig. 1). The typical steps of a non-targeted discovery

strategy are described in Fig. 1, please see also references

[47–58]. Non-targeted assays result in signal patterns

(‘fingerprints’) that are analyzed using chemometric meth-

ods [48,50,51]. Chemometrics involve statistical pattern

recognition models and detection of molecular markers

from diverse, highly dimensional omics datasets. More

targeted analytical strategies such as protein arrays,

bead-based multi-analyte immunoassays (for proteins) or

magnetic resonance spectroscopy (for metabolites) may be

used. In contrast to nontargeted assays, the identities of the

signals are often already known here. If successful, the

result of this process is a molecular marker candidate or a

set of candidate molecular markers. As discussed below, it

is important to note that this is just the first step towards

developing a molecular marker or a molecular marker

panel into a diagnostic tool that can be used for drug devel-

opment or clinical diagnostics.

Verification

Verification mechanistically links the molecular marker to

the biochemical process underlying a disease or drug effect.

This may range from leveraging pre-existing knowledge to

mechanistic in vitro and animal studies such as studies

involving knock-out mice. Establishing mechanistic cause-

effect relationships between a drug or disease effect and the

molecular marker is the core of a robust molecular marker

development strategy.

Qualification

Qualification has been defined as ‘a graded, fit-for purpose

evidentiary process linking a biomarker with biology and

clinical endpoints’ [42] and seeks to establish a link

between the molecular marker and clinical outcomes. In

addition to determining sensitivity and specificity, a rigor-

ous clinical qualification should also include the assessment

of time- and, if applicable, dose-dependency. Receiver

operating characteristic (ROC) curves for the definition of

sensitivity and specificity [59,60] are basic metrics to assess

biomarker performance in comparison with established

clinical outcomes parameters [34].

There has been confusion in the literature regarding the

term ‘validation’ of a molecular marker. While verification

and qualification bridge the results of molecular marker

measurements, symptomatic drug effects and disease

outcomes, validation focuses on the reliability and
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performance characteristics of the analytical assay(s) used

to measure molecular markers [41,61]. As discussed in

detail in reference [62], the validation of molecular marker

assays that are often multi-analyte assays of endogenous

compounds can be challenging.

When developed into clinical diagnostic tests, for such

an in vitro diagnostic device to enter the market, it must

comply with a set of rules and regulations and will require

regulatory review and approval [63,64].

Challenges

There is no doubt that proteomics and metabolomics are

extremely valuable tools in basic mechanistic research.

Although an attractive concept that has been lauded by

numerous review articles in the literature, the question is

why proteomics and metabolomics have not yet resulted in

more significant break-throughs in clinical research and

have resulted in new and better clinical diagnostic strategies

[65]. In this regard, it is interesting to note that in a recent

review summarizing the current clinical state-of-the art in

managing kidney transplant patients, the recommended

diagnostic strategy exclusively relied on established clinical

markers such as serum creatinine, calculated GFRs, immu-

nosuppressant therapeutic drug monitoring, urinalysis,

ultrasound, and biopsies, although the short-comings are

clearly recognized [2]. This is not only limited to the field

of renal transplantation, but has meanwhile been acknowl-

edged as a general problem [66]. A more recent analysis

revealed that ten biomarkers of cardiovascular disease that

had been studied or were mentioned in more than 6000

publications had no or only limited clinical predictive abil-

ity [67]. It was concluded that a paradigm shift in testing

and qualifying biomarkers as well as in associated expecta-

tions is required. There are many reasons, including all

steps of molecular marker development, as to why all this

new technology has produced large amounts of data and

research, relatively little of which has been translated into

useful clinical practice.

Molecular marker discovery

Although nontargeted proteomics and metabolomics tech-

nologies are valuable discovery tools and hypothesis-gen-

erating technologies, there are methodological limitations.

In an ideal world, non-targeted proteomics and metabolo-

mics technologies would be truly unbiased, would capture

metabolome/proteome

Biochemical/signal transduction pathways

Patient
disease/drug effect

Regulatory submission

Clincal qualification
(sensitivity/specificity)

Targeted assay development
and validation

Mechanistic verification

Candidate marker ID
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Data base searches/

Structural ID

Chemometrics/

Pattern recognition

Data reduction

Metabolomics/proteomics
D
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Figure 1 Steps during discovery and development of molecular markers. Typically discovery involves the non-targeted analysis of the metabolome

and/or proteome of the samples. This may result in hundreds and sometimes thousands of data points. The next step is to extract relevant data and to

identify candidate surrogate markers of a disease process or drug effect. Making sense of the data is just as important as the bioanalytics and may be

even more challenging and time consuming. Chemometrics is defined as the application of mathematical and statistical methods to chemistry. Che-

mometric analyses are necessary to develop statistical pattern recognition models, achieve optimal characterization of the samples and detect biomar-

kers from diverse, highly dimensional omics datasets [38]. After based on these analyses markers have been selected and their structures have been

identified, it is necessary to assess if the markers truly are surrogates for the effect of a disease or drug. Annotation seeks to link the changes in molec-

ular markers to biochemical and cell regulatory pathways. Verification is to establish a mechanistic link between specific markers and a disease process

or the pharmacodynamic/toxicodynamic drug effects. Once the candidate markers have been mechanistically verified, their clinical utility in terms of

their sensitivity and specificity to detect and/or predict a disease process, clinical outcome or drug response needs to be established (qualification). For

this purpose it is often necessary to establish validated bioanalytical assays. Clinical qualification often requires the conduct of prospective multi-center

clinical trials. If qualification is successful and a molecular marker shows good specificity and sensitivity, regulatory submission and approval may be

required in most cases before the molecular marker can widely be used as a clinical diagnostic tool [63].
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the complete proteome and metabolome (as this is nowa-

days possible in the field of genomics), and would allow

for at least a semi-quantitative comparison of the proteo-

mes and metabolomes of interest. However, current tech-

nologies capture only a part of the metabolome and

proteome and therefore produce inherently biased results

[68]. Important factors that introduce bias into metabolo-

mics analyses may include, but are not limited to, timing

of sample collection, the sample collection procedure,

sample processing, stabilization, stability and storage,

extraction procedures, dilution of sample, type and num-

ber of analytical methods used, preferences of analytical

assays for metabolites with certain physico-chemical prop-

erties, ion suppression (LC-MS), derivatization (gas chro-

matography-mass spectrometry), sensitivity of the assay,

and range of reliable response [68]. In terms of proteomics

the situation is similar [12]. The many computational,

chemometric and biostatistical steps required to link

changes in metabolite and protein patterns to biochemical

and signal transduction pathways have to address multiple

challenges such as the very large number of variables

(metabolites and/or proteins) that often greatly exceed the

number of observations. Most of the hundreds and thou-

sands of data points generated are not relevant to the dis-

ease or drug effect and do not convey additional

information. This increases the risk of false-positive results

and may mask valid information. In such settings, classical

statistical approaches are inadequate. There is often a

severe lack of degrees of freedom generally because of the

relatively small sample sizes resulting in lack of statistical

power [69–71] and false positives [72,73]. Indeed, most

molecular marker discovery studies in kidney transplant

patients reported in the literature are limited to between

10 and 100 subjects. Thus, considering the fact that some-

times hundreds of parameters are screened these studies

must be considered underpowered. It is also impossible to

adequately statistically power nontargeted clinical discov-

ery studies as it is unknown which molecular makers may

be found relevant, and therefore no pertinent information

regarding their variability that may serve as the basis for a

statistical power analysis is available at the time of study

design. The large sparsity of informative variables tends to

make metabolomics and proteomics data extremely noisy.

Spurious correlations and co-linearities often exist

between variables. This may be due to the nature of the

data as well as due to dimensionality artifacts [74,75]. In

addition, computational challenges arise because of scala-

bility limitations of existing approaches. In this context,

the complexity and heterogeneity of metabolites are con-

siderably greater than those of genes and proteins. These

problems have been addressed by the development of

algorithms for data reduction and filtering, for false dis-

covery rate control, and for high-dimensional statistical

modeling strategies [48,51]. However, it is impossible to

completely exclude that the selection of the chemometric/

bioinformatics strategy may affect the results and conclu-

sions. An overly conservative strategy may reject valid

molecular markers (high false-negative rate) while a liberal

strategy may result in false positive results.

Tightly controlling and analyzing potential confounders

such as age, gender, co-medications, and diet is critical and

can be very challenging in complex patient populations

such as renal allograft recipients [76]. For example, it has

been shown that age has a significant effect on the urinary

proteome [77].

It is critical to take time dependency of the protein and

metabolite pattern changes into account. Studies compar-

ing sets of single samples per individual may be difficult

to interpret with confidence. Especially during the earlier

biochemical stages of a disease process, protein and

metabolite pattern changes may vary quickly as the injury

progresses. This may include compensatory mechanisms,

secondary mechanisms such as oxygen radical formation

and damage, changes in cell function and regulation, and

the triggering of additional systemic responses, such as

immune reactions and inflammation. Different stages

during the development of a biochemical injury may be

characterized by different sets of markers and this time-

dependency and its underlying mechanistic dynamics

needs to be understood. Accordingly, the correct timing

of sample collection will be critical for the success of a

molecular marker development and the later use of a

specific molecular marker in clinical trials and as a clinical

diagnostic tool. Longitudinal sampling strategies add

value to molecular marker-based diagnostic approaches.

Fortunately, many of the body fluids analyzed by proteo-

mic and metabolomic studies can be obtained with mini-

mal risk to the patient, and are well-suited to longitudinal

studies. Because of the time-dependent changes associated

with the development and progression of a disease pro-

cess, it may be necessary to develop different sets

of molecular markers for different stages of a disease

process.

Verification

As biomarker discovery studies are usually underpowered,

biological plausibility is essential for acceptance and

adoption [76]. As discussed above, the verification pro-

cess mechanistically links a molecular marker to a disease

process and molecular mechanism of a drug effect. Obvi-

ously, this is problematic if relevant molecular mech-

anisms are not completely understood yet. Examples are

chronic allograft injury and chronic allograft rejection,

for which sensitive and predictive molecular markers are

considered a big advance [78]. However, both are histo-

logical diagnoses that are caused by multiple molecular
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mechanisms, many of which are either still under discus-

sion or still elusive [78].

Qualification

It is of interest to note that discovery studies are often ret-

rospective studies with samples selected based on already

known outcomes. In contrast, qualification studies ideally

should be prospective clinical trials, in many cases multi-

center trials. Sensitivity and specificity are determined by

comparison with current clinical gold standard outcomes.

One problem is that organ dysfunction may be caused by

numerous distinct underlying biochemical mechanisms

that ultimately cause the same symptoms. As aforemen-

tioned, several of these distinct and alternate biochemical

processes may not even be known yet and may require the

development of new classifications within a clinical syn-

drome. A related problem is that symptomatic injuries

caused by different drugs and diseases may ultimately

involve the same pathobiochemical and pathological

mechanisms such as mitochondrial dysfunction, the for-

mation of oxygen radicals, necrosis, apoptosis, inflamma-

tion, and immune reactions. This means that the further a

pathological process has progressed, the more difficult it

will be to find specific molecular marker changes that can

identify the original cause. One of the problems with the

gold standard outcome being less specific than the molec-

ular marker is that there is no one-on-one relationship

between a molecular marker and the predicted clinical

outcome. Several molecular marker patterns that reflect

distinct biochemical disease processes that ultimately will

lead to the same symptoms will be valid predictors of a

single clinical outcome. Such a specific marker pattern will

reliably be able to predict a certain clinical outcome, how-

ever, sensitivity will be poor since the same outcomes

caused by other biochemical processes will be missed. Fol-

lowing current practices and guidances this may lead to

the rejection of a valid highly specific molecular marker

while ironically a less predictive and specific molecular

marker that is a surrogate for later and more common dis-

ease processes may be acceptable. Moreover, it should be

noted that ROCs that are frequently used to estimate the

sensitivity and specificity of molecular markers are a rela-

tively insensitive metric, especially when it comes to their

ability to assess the incremental predictive ability of

molecular markers when compared with established pre-

dictors [79,80].

Another problem is that there is often only poor consen-

sus in terms of definition of the disease endpoint against

which a molecular marker needs to be qualified. For exam-

ple, there are more than 30 different definitions of acute

renal failure, now known as acute kidney injury, in the

published literature [81,82]. It will be difficult to establish

sensitivity and specificity if the gold standard outcome

against which molecular markers will be qualified is itself of

poor quality. Overall, this raises the question as to whether

the current approach of establishing the quality and accep-

tance of a molecular marker by determination of specificity

and sensitivity is a valid approach, or whether these com-

monly accepted practices and regulatory guidelines will

cause valid, sensitive, and specific molecular markers to be

abandoned.

Nontargeted diagnostic strategies

The typical molecular marker development strategy as

shown in Fig. 1 is to reduce the number of molecular

markers to a so-called combinatorial marker that is consti-

tuted of clearly identified and verified components. How-

ever, proteomics and metabolomics technologies can create

molecular fingerprints of body fluids such as plasma and

urine that are characteristic for diseases and drug effects. It

is an attractive idea to build expert systems based on non-

targeted/nonbiased analytical strategies that will generate a

holistic view of a patient’s plasma and urine metabolome/

proteome and that in combination with genomics will

allow for a systems biology-based approach to medicine.

Today, using truly non-targeted screening technologies in

decision-making is not yet feasible, mostly because of the

complexity of the data generated, the difficulties of validat-

ing such assays, the lack of verification and the lack of algo-

rithms to convert this information into robust clinically

relevant information.

Current status

As aforementioned, the status of metabolomics and proteo-

mics-based molecular marker discovery and development

has already extensively been reviewed [11,19–30] and is

therefore only briefly summarized below.

Metabolite markers

Although an intriguing concept, metabolomics has not yet

received as much attention in renal transplantation as has

proteomics [11,19–30]. The reason is that bioanalytical

metabolomics assays are more challenging as the metabolo-

me covers a wide range of compounds with very different

physico-chemical properties, and wide coverage requires

the combination of multiple assays [68,83]. Also, since

open to the environment and the microbiolome, the me-

tabolome is constantly in flux and thus more complex than

the genome and proteome.

Metabolomics studies have assessed the biochemical

effects of immunosuppressants and their combinations on

the kidney [84–88], the assessment of donor organ quality,

storage, and ischemia/reperfusion injury as well as relevant
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therapeutic interventions [89–95], and kidney transplant

function in patients [96–100]. Noteworthy is a study in

healthy individuals that showed that urine metabolite pat-

terns were already found changed within the first 4 hours

after a single 5 mg/kg dose of cyclosporine in its Neoral

formulation [88]. This study demonstrates how quickly the

kidney responds to a cyclosporine challenge and how sensi-

tively urine metabolite patterns can reflect biochemical

changes in the kidney.

Protein markers

As disease processes in the kidney are often focal and not

homogenously distributed throughout the organ, needle

biopsies are associated with the risk that the regions of

interest may be missed. In addition, a biopsy is an invasive

procedure. As urine functions as a sink for proteins released

by the kidney and can be collected noninvasively and rela-

tively frequently, the concept of a ‘liquid biopsy’ is attrac-

tive. As a proximal matrix urine is in direct contact with

the transplant kidney. It has been estimated that 30% of the

proteins in urine are from plasma and 70% are generated

in the kidney [101,102]. Many kidney proteins appearing in

urine during injury are either proteins that are usually reab-

sorbed in the proximal tubuli, are released by cell damage,

leak into the urine during inflammation and immune reac-

tions, are tissue matrix break down products, or are repair

proteins that are formed and released during the healing

process.

In recent years, there has been significant progress in the

identification of candidate protein markers for the diagno-

sis of acute and chronic kidney diseases [103–105]. Many

of these protein markers are of potential interest for the

monitoring of renal transplant patients but will require fur-

ther study in the appropriate patient populations. Proteo-

mics has been used to study the toxicity of

immunosuppressants [86] as well as acute rejection [106]

and chronic allograft injury [107] in rat models.

An increasing number of clinical discovery studies assess-

ing the changes in protein pattern changes in peripheral

blood, biopsies and in most cases urine caused by chronic

allograft injury, acute and chronic rejections after kidney

transplantation have been reported [108–127]. These stud-
ies are summarized in Table 2. It is of interest to evaluate

these studies in light of the aforementioned current princi-

ples of molecular marker development. For example, the

study published by Quintana et al. [111] relied on single

urine samples from 50 subjects: thirty-two patients with

chronic allograft dysfunction (14 with interstitial fibrosis

and 18 with chronic active antibody mediated rejection) as

well as 18 controls (eight stable renal transplant patients

and 10 healthy individuals). A matrix-assisted laser desorp-

tion/time-of-flight mass spectrometry strategy was used

and more than 2000 protein signals were entered into an

unsupervised hierarchical cluster analysis. Fourteen protein

ions were identified that discriminated between samples

from patients with interstitial fibrosis and chronic rejection.

However, these protein ions were only identified by their

mass/charge ratio and no further attempt was made to

identify the underlying proteins. This would have been

important as the statistical analysis did not take many of

the aforementioned challenges into account, did not correct

for covariates such as age, gender, or medications, did not

normalize for potential differences in urine concentrations,

and did most likely not have sufficient statistical power

(>2000 parameters evaluated in 50 subjects). In this case,

identification of the proteins that allowed for discrimina-

tion of the study groups, would have allowed for further

verification of the results based on information in the liter-

ature, for hypothesizing cause–effect relationships and for

excluding that one or more of the identified candidate pro-

tein markers happened to be random noise. In fact, it is

interesting to note that in seven [111,114,121–124,127] out
of the twenty proteomics studies in renal transplant

patients listed in Table 2 candidate marker proteins were

not further identified. On the other hand, an especially

powerful and promising discovery strategy seems to be the

combination of proteomics and genomics (proteogenom-

ics) [109,126,128].

A nontargeted urine proteomics test based on two-

dimensional capillary electrophoresis/mass spectrometry is

offered for the diagnosis of chronic kidney diseases

[129,130], the value of which for managing kidney trans-

plant patients has not fully been established yet. This tech-

nology was used in a clinical trial including 39 renal

allograft patients in whom urinary peptide spectra were

analyzed using capillary electrophoresis- mass spectrometry

[115]. Sixteen patients had subclinical acute T-cell-medi-

ated tubulointerstitial rejection and 23 subjects were nonre-

jection controls. When the results of this training data set

was applied to a blinded validation data set including 64

kidney transplant patients, 16 out of 18 subclinical and 10

out of 10 clinical rejections (BANFF grades Ia/Ib), and 28

out of 36 controls without rejection were correctly classi-

fied. Altered collagen a(I) and a (III) chain fragments in

rejection samples played a key role in the correct classifica-

tion of patient samples suggesting an involvement of matrix

metalloproteinase-8 [115]. A larger clinical trial to assess

the ability of urinary peptide patterns using mass spectrom-

etry to diagnose acute renal allograft rejection, compared

with the gold standard allograft biopsy is currently in pro-

gress [131].

In many cases as a result of nontargeted proteomic and

genomic discovery studies [132], about two dozen potential

markers of acute kidney injury have been identified

[12,39,61,80,81,132–138]. The following protein markers
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Table 2. Summary of proteomics studies in renal transplant patients.

Disease process Marker proteins identified Proteomics platform References

Chronic allograft injury b2 Microglobulin fragments in urine SELDI-TOF [108]

Chronic allograft injury 302 Proteins unique to mild and 509

proteins unique to moderate/severe

chronic allograft injury in peripheral blood

Proteogenomic approach,

MuDPIT, LC-MS

[109]

Chronic allograft injury Peptide ions from uromodulin and kininogen in urine LC-MS [110]

Chronic allograft injury 14 Signals in urine, protein signals were

characterized based on their mass/charge,

but the proteins associated with these

signals were not identified

LC-MS [111]

Chronic allograft injury 21 Proteins in urine, including a-1-antitrypsin,

a-1-B-glycoprotein, angiotensinogen,

anti-TNF-a antibody light chain,

b2-microglobulin, brevin, heparin

sulfate proteoglycan, leucine-rich

a-2-glycoprotein-1, and transferrin.

2D-DIGE, MALDI-TOF, LC-MS [112]

Acute and chronic rejection ANXA11, integrin a3, integrin b3, TNFa in urine Microarrays [113]

Acute and chronic rejection >70 Peptide signals in serum, protein signals

were characterized based on their mass/charge,

but the proteins associated with these signals

were not identified

MALDI-TOF [114]

Subclinical and clinical acute

T-cell mediated rejection

Collagen a(I) and a(III) fragments in urine indicating

involvement of matrix metalloproteinase-8 (MMP-8)

CE-MS [115]

Subclinical and acute rejection 17 Polypeptides, one of which was identified as

a fragment of collagen a5(IV) in urine

CE-MS [116]

Acute rejection Uromodulin (UMOD), pigment epithelium-derived

factor-PEDF (SERPINF1) and CD44 in urine

Shotgun LC-MS, ELISA [117]

Acute rejection 40 Peptide panel, several peptides were

identified as degradation products of

uromodulin (UMOD) and the collagens

COL1A2 and COL3A1, transcriptional changes in

corresponding biopsies revealed changes of

MMP-7, SERPING1 and TIMP1

Proteogenomic approach,

MALDI-TOF

[118]

Acute rejection Titin, lipopolysaccharide-binding protein,

peptidase inhibitor 16, complement factor D,

mannose-binding lectin, protein Z-dependent protease,

b2 microglobulin, kininogen-1, afamin, serine protease

inhibitor, phosphatidyl choline-sterol acyltransferase,

sex hormone-binding globulin in plasma

iTRAQ labeling in combination

with LC-MS, ELISA

[119]

Acute rejection 66 Proteins in peripheral blood including NF- B, STAT 1 and STAT3 iTRAQ labeling in

combination with LC-MS

[120]

Acute rejection Seven signals in urine, protein signals were characterized

based on their mass/charge, but the proteins associated

with these signals were not identified

SELDI-TOF [121]

Acute rejection Five signals in urine, signals were characterized based on

their mass/charge, but the proteins associated with

these signals were not identified

SELDI-TOF [122]

Acute rejection 45 Signals in urine of which 16 were considered

molecular marker candidates, signals were

characterized based on their mass/charge,

but the proteins associated with these signals

were not identified

SELDI-TOF [123]

Acute rejection Three signal clusters in urine, signals were

characterized based on their mass/charge,

but the proteins associated with these signals

were not identified

SELDI-TOF [124]

Acute tubular injury b2 Microglobulin fragments in urine SELDI-TOF [125]
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have been examined in renal transplant patients: neutrophil

gelatinase-associated lipocalin (NGAL) [139–146], kidney
injury molecule-1 (KIM-1) [147–150], netrin-1 [151],

interleukin-18 [146,152], a and п-glutathione S-transferase
[153], liver fatty-acid-binding protein kidney [154], N-ace-

tyl-b-D-glucosaminidase [143,155,156], b2-microglobulin

and cystatin C. Most of these can be measured by ELISA or

protein bead-based multi-analyte assays [81], and for some

such as NGAL, assays on analytical platforms established in

clinical laboratories are either already available [157] or

under development. The potential impact of protein kidney

dysfunction markers on kidney transplantation is reviewed

in references [158,159]. Further systematic clinical develop-

ment is required to establish the clinical benefit of these

markers for testing kidney function in donors and in the

management of kidney transplant patients. Thus it is

interesting to note that the following protein marker trials

after renal transplantation are currently listed in the

clinicaltrials.org database: two trials evaluate urinary

peptide and protein patterns using a non-targeted mass

spectrometry-based approach [131,160] and two trials

assess NGAL, IL-18 and/or KIM-1 [161,162]. No trial

assessing metabolomics markers was listed.

Conclusions

In summary, to improve the successful discovery of metab-

olite and protein markers and development into diagnostic

tools for the management of renal transplant patients, the

following should be taken into consideration:

The goal- combinatorial markers

As discussed before, markers based on a single compound

will never be able to monitor complex organs such as the

kidney or vascular endothelium as well as complex pro-

cesses such as allo-immune reactions and inflammation.

On the other hand, as of today, non-targeted profiling tech-

nologies are challenging in a clinical setting because of

complex analyses and software tools required. Combinato-

rial molecular markers typically consist of 3–10 individual

parameters [163]. In general, specific combinatorial bio-

marker patterns confer significantly more information than

a single measurement and can thus be expected to have bet-

ter specificity and detection power. On the other hand,

since a limited number of well-characterized markers need

to be analyzed, quantitative and validated bioanalytical

assays can be developed. Algorithms that truly analyze

combinatorial markers as a composite rather than a num-

ber of single markers are often missing [76] and need to be

developed.

The study design

Most molecular marker and discovery studies listed in

Table 2 are based on single samples that were collected for

each of the study subjects. However, the strength of

combinatorial markers is that they allow for longitudinally

following individual renal transplant patients. As

mentioned above, disease processes and drug effects may

change their metabolite and protein signatures as they pass

through different stages. Therefore, it seems reasonable to

expect that prospective longitudinal studies that follow

patients long-term will be most relevant (e.g. sample collec-

tion pretransplant and 3, 7, 14 days, 1, 3, 6 and 12 months

post-transplant). Such a longitudinal study design also has

the added benefit of each patient serving as his/her own

control, thus increasing statistical power. A molecular

marker discovery and project should always include molec-

ular marker verification and qualification. If the goal is to

Table 2. continued

Disease process Marker proteins identified Proteomics platform References

Chronic rejection >1400 Proteins with unique

expression profiles in

kidney biopsies in biopsies

with mild-severe disease

compared with normal

kidney biopsies

Proteogenomic approach,

MuDPIT, LC-MS

[126]

BK virus nephropathy Five signals in urine, protein

signals were characterized

based on their mass/charge,

but the proteins associated with

these signals were not identified

SELDI-TOF [127]

2D, two-dimensional; CE, capillary electrophoresis; DIGE, differential gel electrophoresis; iTRAQ, isobaric tags for relative and absolute quantification;

LC, liquid chromatography; MALDI, matrix-assisted laser desorption/ionization; MS, mass spectrometry; MudPIT, multidimensional protein identifica-

tion technology; SELDI, surface-enhanced laser desorption ionization; TOF, time-of-flight mass spectrometry.
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develop a clinical diagnostic tool, regulatory considerations

may have to be taken into account from the beginning of

the project.

Study conduct

The quality of study design, adequate sample handling,

storage and processing, quality and reproducibility of bio-

analytical multi-analyte assays [164–166], data analysis and
interpretation are important factors for the success of

molecular marker discovery and development in renal

transplantation. Especially maintaining and ensuring sam-

ple integrity and quality is absolutely critical and seems to

be frequently overlooked (the ‘garbage in – garbage out’

principle of bioanalytics). In fact, it is interesting to observe

that most of the molecular marker discovery and develop-

ments studies listed in Table 2 do not adequately describe

measures taken to ensure sample integrity and quality.

Improved standards for ‘omics’ procedures, publications,

data transparency, and standardized tools for sharing data

will be critical [166–171].

Translation into a clinical tool for the management of

renal transplant patients

It is important to consider that the most sophisticated,

sensitive, and specific molecular marker will only reluc-

tantly be accepted in clinical practice if it is too complex to

implement. Successful translation into and use in clinical

practice will hinge on the availability of clinically realistic

sample collection and handling procedures, the develop-

ment and validation of viable bioanalytical strategies, and

software tools that allow for data analysis and translation

into clinically meaningful information [166]. If urine is

used as a matrix, acceptable normalization procedures able

to compensate for differences in urine concentration may

need to be developed [172]. While for metabolite markers

liquid chromatography-mass spectrometry and gas chro-

matography-mass spectrometry provide universal analyti-

cal platforms that allow for the development and

validation of clinical multi-analyte assays, the situation for

protein multi-analyte assays is more complex. Although

bead- and array-based multi-analyte protein assays are

available, as antibodies are derived from biological sources,

antibody cross-reactivities, manufacturing and batch-to-

batch reproducibility can provide challenges. A promising

alternative seems to be the development of targeted apt-

amer-based array chips. Aptamers are highly structured

oligonucleotides, which are selected from combinatorial

libraries of synthetic nucleic acid by an iterative process

referred to as systematic evolution of ligands by exponen-

tial enrichment [173]. They can specifically bind to a wide

variety of targets ranging from small organic molecules,

proteins to supramolecular structures. In general, they

show less cross-reactivity, have a wider linear range than

antibodies and can be reproducibly manufactured in com-

pliance with the rules and regulations of good manufactur-

ing practices.

It is also interesting to note that most molecular marker

discovery studies in the field of renal transplantation start

with a nontargeted discovery step. However, it may also be

attractive to design combinatorial protein and metabolite

marker panels leveraging already existing knowledge in the

literature. The components of such rationally designed

(‘logical’) combinatorial markers are usually already well

verified and their clinical utility, sensitivity and specificity,

and can be tested directly in clinical qualification studies

without the necessity for extensive discovery and verifica-

tion programs with all their risks and challenges.

Today, the management of renal transplant patients still

relies on clinical markers such as creatinine the introduc-

tion of which as a clinical diagnostic marker is approaching

its 100th anniversary [174]. A full molecular marker devel-

opment program from discovery to regulatory approval is a

highly integrated and comprehensive project that requires

extensive interdisciplinary expertise, collaborations, and

resources [166]. An increased effort and investment seems

well worthwhile. As discussed above, first promising steps

have been made and clinical combinatorial metabolite and

protein-based molecular markers in combination with sup-

porting software can provide much more specific, sensitive

and predictive comprehensive patient management solu-

tions. It is reasonable to expect that such management tools

will allow for better individualization, will be able to detect

the development of chronic processes in their early states

before they become symptomatic, will provide the basis for

more efficient clinical risk evaluation and management

strategies, and thus will have a positive effect on long-term

outcomes after renal transplantation.
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