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Abstract
The identification and clinical use of more sensitive and specific biomarkers in the field of solid
organ transplantation is an urgent need in medicine. Solid organ transplantation has seen
improvements in the short-term survival of transplanted organs due to recent advancements in
immunosuppressive therapy. However, the currently available methods of allograft monitoring are
not optimal. Recent advancements in assaying methods for biomolecules such as genes, mRNA
and proteins have helped to identify surrogate biomarkers that can be used to monitor the
transplanted organ. These high-throughput ‘omic’ methods can help researchers to significantly
speed up the identification and the validation steps, which are crucial factors for biomarker
discovery efforts. Still, the progress towards identifying more sensitive and specific biomarkers
remains a great deal slower than expected. In this article, we have evaluated the current status of
biomarker discovery using proteomics tools in different solid organ transplants in recent years.
This article summarizes recent reports and current status, along with the hurdles in efficient
biomarker discovery of protein biomarkers using proteomics approaches. Finally, we will touch
upon personalized medicine as a future direction for better management of transplanted organs,
and provide what we think could be a recipe for success in this field.
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Risk of rejection of transplanted organ is a major concern for transplant recipients and
transplant physicians [1,2]. Currently available strategies to monitor transplanted organs are
not efficient and accurate enough to assess the risk of drug toxicity and predict acute or
chronic rejection. Therefore, there is an urgent need for noninvasive or minimally invasive
biomarkers that could help in monitoring the health status of the transplanted organ. Such
clinically applicable biomarkers would enable clinicians to utilize broad-spectrum clinical
screening and diagnosis and also assess each individual patient’s risk for acute and chronic
allograft injury and tolerance for the transplanted organ, and to monitor efficacy of
immunosuppressive therapy. Accurate assessment of the status of these organs achieved
through such biomarkers would help either increase or decrease immunosuppressive drugs
in time so that further injury or damage to the organ could be prevented [3].
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Rapid advancement in the field of genomics and transcriptomics assays to accurately
measure changes in the gene level or mRNA level has helped our understanding of the role
of gene polymorphisms and changes in the transcription level of genes and its regulation
[4,5]. The impact of translational regulation, post-translational modifications, protein
kinetics, protein–protein interactions and turnovers of proteins makes study of proteins
distinctly advantageous over profiling of genes or mRNAs. The emergence of and
developments in mass spectrometry (MS)-based proteomics has aided in the high-
throughput profiling of proteins and peptides present in all the tissue types and fluids in an
organism. Because of the dire need of more sensitive and specific clinical biomarkers, it is
high time for researchers to come together and apply genomics, proteomics, metabolomics
and bioinformatics to identify and validate such biomarkers. In this article, we focus on
recent advancements in proteomics methods and critically review the current status of
application of proteomics in the field of solid organ transplantation.

Recent biomarker discovery efforts in solid organ transplantation using
proteomics

Development and advancement in MS-based proteomic analysis, along with the publication
of human genome data, generated a lot of enthusiasm among researchers to use these newly
available tools in analyzing the proteome of different organisms [6,7]. It has been realized
that proteins are much more complicated entities to profile than their nucleotide counterparts
because of the post-translational modifications and dynamic nature of protein turnover.
However, there is a continuous thrust towards identifying new proteins and peptides and the
analysis of their role in different disease conditions that were previously not identified. The
Human Protein Organization launched the Human Protein Project at its 9th Annual Congress
2010 in Sydney, Australia. The transplant community has started to utilize advantages and
utility of proteomic methods not only in the field of discovery and validation of biomarkers
but also in understanding the molecular mechanisms of graft dysfunction and tolerance.
Progress is still very slow and it is expected that in the near future the efforts will escalate
and we will be able to see an increased number of reports published in the field of
transplantation proteomics [8,9]. Below is a brief summary in the field of application of
proteomics in the field of solid organ transplantation. A schematic of use of proteomics in
analyzing different biospecimens for different organs towards a clinically useful biomarker
discovery is shown in Figure 1.

Kidney
Kidneys are the most transplanted organs. Improvements in immunosuppressive drug
regimens have facilitated the short-term health of the transplanted kidney; however, long-
term maintenance of the kidney is still a challenge, partly due to the lack of effective
methods for diagnosis and prognosis [10]. The need for a noninvasive and specific
biomarker has prompted new efforts in this regard. Several immune-monitoring assays have
been tested that focused on adaptive T-cell activity and innate immunity, such as ELISPOT
[11] and the ImmuKnow® assay [12]; however, none of these tools have yet been considered
in clinical practice. Thus far, major attention has been focused on identifying gene markers
using microarrays and quantitative (Q)-PCR [13–15] and a few proteomic studies [16–21].

Prediction and early detection of alloimmune specific and nonspecific injury processes prior
to the change of clinically observable parameters is very important as it allows for timely
clinical intervention. Identifying such parameters (genes, mRNA transcripts, peptides and
proteins) has been investigated by monitoring these parameters in allograft biopsy, blood
and urine [10,22,23]. According to Vidal et al., an ideal biomarker of for renal tubular injury
would be easy to collect (e.g., urine or blood), sensitive to be detected early in the course of
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acute injury, specific to be able to distinguish tubular from perenal and glomerular injury,
and ideally expressed in the kidney [24].

Urine remains a popular biospecimen because of the noninvasive nature of its collection and
its proximity to the injury site [25]. Proteome analysis of urine not only helps to identify a
potential biomarker for kidney transplant dysfunction (such as acute and chronic rejection)
but also to understand the mechanism of graft dysfunction, as urine proteins could be
originated from multiple sources such as filtration of plasma proteins, secretion of nephrons,
proteolytic degradation products, secretion by the lower urinary tract, and physiological and/
or pathological cell death. Vasconcellos et al. reported an increased expression of T-cell
transcripts such as granzyme B, perforin and FasL at the time of acute rejection in peripheral
blood mononuclear cells and validated their increase at the time of acute rejection [26]. The
increase of expression was also found to be associated in the case of cytomegalovirus
infection, urinary tract infection and delayed graft function by subsequent studies performed
in the blood and urine [27–29]. Schaub et al. have reported an increase of CXCL9 and
CXCL10 protein in the urine of patients with acute interstitial inflammation and tubulitis in
both subclinical and clinical acute rejection [30], and the Schaub and colleagues also
identified β2-microglobulin (β2-m) for acute rejection in a separate study [17]. In addition to
β2-m, retinol-binding protein [31] and α1-microglobulin (α1-m) [32] are elevated in the
urine of patients with acute rejection. Neutrophil-gelatinase-associated lipocalin has been
reported as a marker of graft recovery after kidney transplantation [33]. In a recent study, we
have reported an elevation of UMOD, SERPINF1 and CD44 in the urine of patients with
active acute rejection [20]. With a novel integrative strategy that utilized both gene
expression and peptidomics data, a 40-peptide panel including UMOD and collagen peptides
has been reported to be acute rejection-specific in the urine of kidney transplant patients
[19]. In a recent report, Nakorchevsky et al. took a proteogenomic approach to analyze
kidney transplant biopsies using transcriptomics and proteomics in parallel to demonstrate
how this novel approach could help not only in identifying injury-specific genes and
proteins but also in providing a mechanistic insight into the graft injury [34]. In yet another
novel effort, using a bioinformatics approach across different solid organ transplants (kidney
and heart) Chen et al. identified a number of proteins as potential biomarkers for acute
rejection that were successfully validated by ELISA [35]. A detailed summary of recent
proteomics approach in the field of kidney transplantation is provided in Table 1.

Liver
The liver is the second most transplanted organ after the kidney. Liver transplantation is the
only treatment option for patients with end-stage liver disease. Survival rates after liver
transplantation have steadily improved over the past decade, with 1-year survival now
exceeding 85%. This improvement has been attributed to new and better use of
immunosuppressive drugs, improved diagnostic methods for identifying and preventing
infections, and better surgical techniques. Despite these improvements, morbidity and
mortality due to infectious complications in liver transplantation remain a major challenge.
In many centers, the most common cause of death following liver transplantation remains
infection. In addition, the molecular mechanisms of rejection are poorly understood [36].
Identification and use of reliable biomarkers to timely diagnose viral infection and acute
rejection, which usually happens within weeks after transplantation remains a critical need.
Chronic rejection, which occurs from the early months to years after post-transplantation, is
associated with bile duct loss. These issues, along with recurrent infection and cirrhosis, are
still important factors for the long-term survival of the transplanted liver. The liver proteome
has been published, with a total 6788 proteins with at least two peptides matches [37]. By
analyzing plasma samples collected from hepatitis C virus-hepatocellular carcinoma (HCV-
HCC) and HCV cirrhotic patients, Mas et al. identified 2320 proteins [38]. Seven proteins,
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including properdin, apolipoprotein D and transferrin, showed significant changes between
cirrhosis and tumor groups [38]. The identified proteins are suggested to be useful in
screening HCC high-risk patients. Emadali et al. reported the results of a study that analyzed
liver biopsies from early phases of ischemia and reperfusion [39]. Global expression and
phosphorylation patterns of cytoskeleton-related proteins suggested that IQGAP1, a Cdc42/
Rac1 effector, regulates actin cytoskeleton remodeling and maintenance of bile canaliculi
(BC) integrity [39]. Using a differential proteomics approach, Avellini et al. identified early
targets of oxidative injury due to ischemia-reperfusion (I/R) during liver transplantation
[40]. The experiment revealed a specific modification of the peroxiredoxins active site thiol
into sulfinic and/or sulfonic acid and immunophenotypic expression of APE1/Ref-1.
Hyperoxidation of the peroxiredoxin family of hydroperoxide scavengers, PrxI, PrxII and
Prx VI, was observed during I/R upon liver transplantation, which showed a dependence on
the time of warm ischemia. This could be helpful in enabling a better understanding of graft
preservation and evaluation for a successful outcome of liver transplant [40]. Using
MALDITOF MS, Vascotto et al. identified 36 altered proteins during I/R injury that were
significantly involved in lipid and energy metabolism [41].

Transplant tolerance is very interesting as it is the ultimate goal of all transplant
communities. However, unraveling the mechanism of tolerance of transplanted organ is still
a matter of active research. Proteomics/peptidomics may enable us to study these tolerance-
specific changes in a number of proteins and identify an appropriate time to wean down the
immunosuppressive drugs to avoid the possible immunosuppressive drug-related
complications and injuries. Hsu et al. studied one orthotopic liver transplant patient who was
out of immunosuppression for last 5 years, following post-transplant lymphoproliferative
disease [42]. Their study demonstrated that 12 protein spots were specific to the patient with
the tolerance.

Heart
The heart is the third most transplanted organ after the kidney and liver. In case of heart
transplantation, acute rejection is the cause of 12% of deaths occurring between 1 month and
1 year after transplantation and it is critical to avoid acute rejection episodes [43,44]. Owing
to the lack of an established biomarker, heart transplant patients have to go through serial
endomyocardial biopsies with histologic evaluation of myocardial tissue. The biopsy is the
gold standard to allow assessment of the status of the graft and provides some prognosis.
However, its invasive nature means that it is associated with stress, pain and complications.
The heart transplantation field has seen a number of high-throughput studies aimed towards
biomarker discovery [45]. Meirovich et al. used plasma collected from 16 transplant patients
and applied a cytokine profiling array to observe a significant correlation of regulated-on-
activation, normal T-expressed and secreted, neutrophil-activating protein-2 (NAP-2) and
IGF-binding protein-1 (IGFBP-1) with brain natriuretic peptide (BNP) plasma levels. The
correlation was measured during grade 3A (grade 2 revised [2R]) or above rejection as
diagnosed by endomyocardial biopsy score, according to the International Society for Heart
and Lung Transplantation grading system [46]. The authors demonstrated a good correlation
between BNP plasma levels observed during acute rejection episodes of heart transplant and
cytokines other than proinflammatory cytokines. In a recent report, Kienzl et al. used a 2DE
followed by MS approach to identify 17 proteins in mouse model of heart transplantation
that were increased by at least 1.5-fold or more in acute rejection [47]. The list of proteins
included peroxideroxin 6, pyruvate kinase isozyme M2 and coronin 1A, among others [47].
Cardiac allograft vasculopathy (CAV) is one of the major risk factors influencing heart
dysfunction and eventual loss and patient survival [48]. Several studies have indicated that
protection against CAV may result because of a number of protective genes. De Souza et al.
applied 2DE followed by MS to identify heat-shock protein (HSP)127 as a marker. This
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protein was identified in four out of six heart biopsies from patients without CAV but was
present in one out of six biopsies from patients with CAV [49]. The study validated its
results using immunohistochemistry and concluded that the expression of the
diphosphorylated form of HSP27 could be a marker of healthy blood vessels, which slowly
gets depleted from vessels of patients with CAV. Corbett et al. evaluated changes in the
protein level in heart tissue from patients with dilated cardiomyopathy (DCM) to ischemic
heart disease (IHD) [50]. The study applied the 2DE method to 28 DCM heart biopsies, 21
explanted hearts from IHD patients and nine donor heart biopsies. A total of 88 proteins
differed in their level in tissues of DCM and IHD patients, including myosin light chain 2
and a group of proteins identified as desmins.

Lung
Lung transplantation is the only therapy option for patients with end-stage lung disease.
However, chronic rejection of the transplanted lung remains a major hurdle in long-term
lung survival [51]. Current methods for lung transplant dysfunction diagnosis are based on
lung biopsies or the presence of bronchiolitis obliterans syndrome (BOS). Bronchoalveolar
lavage fluid (BALF) remains the biospecimen of choice for its noninvasive nature and its
proximity to the transplanted lung. Nelsestuen et al. performed proteomic profiling using
126 BALF samples from 57 individuals on a MALDI-TOF MS platform [52]. The study
reported increased levels of three human neutrophil peptides (HNP) 1–3 in individuals who
experienced BOS. The study verified its discovery by ELISA and correlated an elevated
level of HNP peptides with onset of BOS. In a separate study, Zhang et al. analyzed 431
BALF samples collected from 101 lung transplant patients and identified clara cell protein
(CCP) to lysozyme ratio as a good predictor of BOS [53]. Another concerning issue in lung
transplantation is idiopathic pulmonary fibrosis (IPF), which is a progressive fatal disease
for which there is no effective therapy. Korfei et al. analyzed 24 lung tissues from 14
patients with sporadic IPF and ten control human donor lungs using 2DE and MALDI-TOF
MS. The study reported 51 upregulated and 38 downregulated proteins in IPF. A detailed
analysis revealed that IPF is characterized by epithelial cell injury, apoptosis and aberrant
epithelial proliferation [54].

Pancreas
Pancreas transplantation is considered preferred method of treatment for diabetes mellitus
and Type 1 diabetes (T1D) that can revert long-term insulin dependence and hyperglycemia
[55,56]. The transplanted organ still faces a slow progression to impaired pancreatic
function, which poses a risk for graft loss. As in case of other organ organs, the field of
pancreas or kidney–pancreas transplant urgently needs biomarkers that help monitor the
status of the transplant organ(s). There is almost no report in the literature database that
involves proteomics and pancreas transplantation. In a recent report, Folli et al. utilized
proteomics and ultrastructural approaches to examine pathways that may be normalized by
restoration of normoglycemia with kidney–pancreas transplantation [57]. The study utilized
2DE followed by MS/MS to find alterations in the levels of a number of proteins involved in
oxidative stress, such as catalase, superoxide dismutase 1, Hsp27, Hsp60, ATP synthase δ
chain and flavin reductase, which were all altered in patients with T1D and T1D with end
stage renal disease (ESRD). Also, the proteins involved in aerobic and anaerobic glycolysis
(ACBP, pyruvate kinase muscle isozyme and phosphoglycerate kinase 1) and intracellular
signaling (stratifin-14-3-3, S100-calcyclin, cathepsin and PPI rotamase), as well as
endothelial vascular abnormalities, were altered in their level in patients with T1D and T1D
and ESRD. These alterations due to T1D and T1D and ESRD were found to be normalized
after kidney–pancreas transplantation [57]. It is therefore now time for researchers in the
field of pancreas or kidney–pancreas transplantation to utilize proteomics to identify
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potential biomarkers for graft monitoring and to discover the underlying mechanisms of
graft rejection and dysfunction.

Roadblocks in identifying clinically useful biomarkers
Current monitoring of all the transplants is achieved with the help of the biopsy, which is the
gold standard not only to assess underlying pathological processes but also to determine the
causes of graft dysfunction. Even with this diagnostic and some prognostic capability of the
biopsy, a need for more sensitive and specific biomarkers has been realized. A lack of
standardized scoring of biopsies and sampling error contributes to the subjectivity of
pathology read. The advancements in molecular assay methods, including MS-based
proteomics and peptidomics, have provided hope in finding more sensitive and specific
biomarkers in the field of solid organ transplantation. Apart from the difficulty in comparing
results from two different laboratories because of the instrumental settings for retention and
identification of proteins/peptides, there are several hurdles in protein peptide biomarker
discovery.

Confounder-related issues
High-abundance proteins—The presence of high-abundant proteins poses a major
problem in studies that involve analysis of blood and urine samples. In the serum, ten high-
abundant proteins, such as albumin and immunoglobulin, account for more than 95% of the
total protein [58]. Therefore, removal of these major abundant proteins is mandatory to
allow detection of the remaining lower abundant proteins. In urine proteomics, major
abundant urinary proteins obscure the identification of low-abundant proteins. However,
eliminating high-abundant proteins could itself cause another confounder in ‘quantitative’
data analysis and can cause the loss of other biologically relevant proteins. Known
fragmentation patterns of abundant proteins and proteolytic activity in nephritic syndrome
and oxidation properties of plasma albumin in focal segmental glomerulosclerosis suggest
that these abundant proteins also could be informative in biomarker discovery [59–61].
Therefore, it is important that removal of major abundant proteins should be decided based
on the study objectives and goals.

Sample-related confounders—For successful proteomic analysis of a sample, all the
sample-related variables, such as identification and appropriate selection, processing,
handling and storage should be defined. For example, in the case of urine, urine has a low
and highly heterogeneous protein milieu, high levels of salts and a number of interfering
compounds. The high degree of variation in its concentration, combined with hematuria,
bacterial contamination and the presence of different proteases, requires careful
consideration of the protein extraction method. In addition, different origins of urine
proteins add to its complexity. These include the fact that the origin of protein in proteinuric
patients could be severe, such as filtrate of plasma through intact (overflow proteinuria) or
damaged filtration barriers (glomerular proteinuria), impaired reabsorption of the filtered
protein caused by the tubular injury, secreted protein from the renal tubule, proteins
originating from injured kidney tissue (nephrinuria in diabetic nephropathy and tubular
enzymuria in acute kidney injury), and excretory vesicles (exosomes) or membrane-shed
vesicles (microparticles, also referred to as ectosomes) from kidney and uroepithelial cells.
A number of reports have been published with a number of different appropriate handling
methods of urine samples [62–64]. In order to create a so-called ‘universal standard’, a
group of researchers have worked to develop a well-characterized ‘real-life’ sample that can
be used as reference standard in urine clinical proteomics studies [65]. The control urine
standards are available to other researchers, and are believed to provide a standard for the
comprehensive characterization of the urinary proteome. Still, several issues exist such as
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sample collection, removal method of high-abundant proteins and the use of protease
inhibitor for proteinuric urine, among others. A similar approach is important while using
blood, BALF, bile and other bodily fluids for proteomic studies.

Proteolytic activity in the bladder—The pH has a significant influence on the activity
of proteolytic processes, not only in the blood and the kidney but also in the bladder.
Therefore, proteomics and peptidomics analyses to evaluate proteins and native peptides
could be impacted by the duration that the urine was in the bladder. For example, first
morning void and second morning void urine may have differences in protein and peptide
composition because of this potential confounder. This confounding issue needs to be
evaluated with the use of appropriate controlled experiments.

Bioinformatics hurdles—With the explosion of data generated by high-throughput
genomics and proteomics methods, and their availability through public repositories such as
the Gene Expression Omnibus, a tremendous amount of molecular data is being cataloged.
Several reports have been published utilizing such publicly available data. However, these
works have been limited to the researchers who have well-trained bioinformaticists. In the
absence of such a tool, the massive amount of data with the potential to be utilized to screen
for clinically useful biomarkers is mostly unexploited. Tools and algorithms that enable
researchers to query these repositories based on gene expression and protein information
content would enable good use of the data towards discovery of novel biomarkers [66].

Recipes of success
Fractionation

One of the strategies for successful proteomics analysis is to fractionate the samples. Blood
samples can be fractionated and analyzed to reach deeper into the blood proteome for
discovery of clinically meaningful biomarkers. Urine contains a mixture of analytes and they
can be split into different fractions, such as high-molecular-weight proteins, low-molecular-
weight peptides, metabolites, exosomeal vesicles and cells present in the urine, among
others. These compartments can be analyzed separately by different high-throughput
platforms.

Collaboration among individual researchers
Limited availability of clinical samples for translational research often hinders biomarker
discovery efforts. It is very difficult for a research project with a small sample size to
produce results with enough statistical significance. Collaboration among different research
groups working in the same field could provide a remedy for this. For such collaborative
multicenter studies, it is very critical that sample collections, sample processing and sample
storage methods are optimized and distributed to all the centers participating in the study.

Consortiums through government & private organizations
As a result of preliminary proteomic analyses, we now have a list of potential gene and
protein biomarker molecules in the field of different solid organ transplantation. Owing to
the fact that individual laboratories and clinical centers can only have access to a relatively
small number of patients, the importance of a broader collaboration has been realized. Such
a realization has been materialized in the field of transplantation under the National Institute
of Allergy and Infectious Diseases and is called The Clinical Trials in Organ Transplantation
[101]. This is a cooperative research program sponsored by the National Institute of Allergy
and Infectious Diseases, with cofunding from the National Heart, Lung and Blood Institute
and the National Institute of Diabetes and Digestive and Kidney Diseases. This consortium
helps in conducting clinical and associated mechanistic studies that are believed to
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contribute to sophisticated methods in helping transplant patients and improving long-term
organ and patient survival.

Collaboration through organizations such as, the NIH, American Society of Transplantation,
European Society for Organ Transplantation, Reprogramming the Immune System for
Establishment of Tolerance, Canadian Society of Transplantation and Roche Organ
Transplant Research Foundation can help establish and support such collaborations. Samples
collected through such large collaborations can be used towards validation of clinically
useful biomarkers. In the absence of interventional trials, it would be difficult to test the
utility of these biomarkers.

Data repository
The importance of publicly available data has been realized [67]. With the help of public
repositories and encouraging researchers to deposit the raw data in a standardized format is a
thoughtful way to utilize the results of hard work and invest it for future purposes. In
transcriptomics, this practice already exists in the form of the Minimum Information about
Microarray Experiment (MIAME) guidelines. The MIAME guidelines outline the minimum
information that should be included in describing a microarray experiment, and several
repositories such as the Gene Expression Omnibus and the Stanford Microarray Database
require researchers to deposit data in compliance with MIAME. These public repositories,
with their collected MIAME compliant microarray data, have encouraged several integrated
approaches to mining the deposited data, with early signs of success. Such an approach has
already been successfully applied with microarray data to gain new insights into human
diseases [68,69]. Integrating the high volume of proteomic and peptidomic data with
genomic and transcriptomic data would further the effectiveness of the biomarker discovery
process.

A recently published work by Li et al. used publicly available microarray data and protein
array data to identify non-HLA antigen targets after renal transplantation [70]. In a recent
report published by Chen et al., the authors used novel bioinformatics strategy to integrate
microarray data to screen for potential biomarker proteins, which could be validated in the
serum by ELISA. The beauty of these novel strategies is that they could even identify
markers that are a part of the common rejection mechanism across different solid organ
transplant fields [35]. The benefit of such an integrated approach is that is not only helps to
analyze data collected from a number of laboratories but also in identifying the biomarkers
that could be common link to different solid organ transplantation. The schematic of utility
of such an approach is presented in Figure 2.

Personalized medicine in organ transplantation
Improvements and advancements in immunosuppressive regimens have contributed to short-
term organ survival. However, the effects of immunosuppressive agents are not specific and
eventually they contribute to organ failure. A concentration-based dose strategy undermines
patient-to-patient variation in drug susceptibility, which has been ignored thus far [71].
Cellular and humoral immunities are known to be common pathways of immune response
towards the transplanted organ [72]. It has also been appreciated that organ injury is a
complicated process and depends on donor and recipient pairing. Customizing treatment
strategies has remained a major challenge for the scientific community, which has
contributed in continuation of the current ‘one size fits all’ treatment approach [73,74]. In
this direction, associations of several polymorphisms in CYP3A, ABCB1, TPMT and ABCC2
genes that affect the requirements of common immunosuppressive agents in solid organ
transplantation have been studied [75–78]. Still, it remains unclear how a drug-related
polymorphism can impact whole-drug metabolism and the pathogenesis of organ
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dysfunction. Next-generation DNA sequencing has provided a powerful tool to perform
genomic, epigenomic and transcriptomic studies and has allowed the determination of large
numbers of short sequences (30–40 million reads 36–100 bp in length for an Illumina®

GAIIx) from one or both ends of DNA fragments in a high-throughput manner [79]. RNA-
Seq enables precise monitoring of distinct splicing isoforms to acquire singlebase resolution
in a high-throughput manner that can be used to screen for individual gene variants between
the donor–recipient pair [80]. Based on the information obtained from these sequencing
methods, donor-specific antigenic targets can be identified, which can be used to monitor the
alloresponse of the recipient by assaying antibodies targeted to donor-specific antigens. This
might open up a new avenue in the field of personalized medicine, which is a major demand
in current medicine.

Focus on markers for positive outcomes
The studies that have been presented in this article are more focused on the markers that are
associated with negative outcomes, such as acute and chronic rejection. Instead of focusing
on the markers that are specific to different transplant injury, researchers may focus on
identifying protein or peptide markers whose presence or absence is a marker of good
health. This will help physicians to identify the patient as at risk or nonrisk. All the non-risk
patients can be sent home without further biopsy evaluation. For the risk patients, more tests
such as biopsy can be scheduled to further specify the type of risk and the severity of the
injury.

Conclusion
Reliable and effective methods to diagnose rejection and other forms of transplant injury to
the organs are currently unavailable. Identification and validation of clinically useful protein
and peptide biomarkers requires a concerted effort from surgeons and physicians in the field
of transplantation and researchers in basic science and bioinformatics. The lack of sufficient
patients in one laboratory or center requires researchers from different states and countries to
collaborate in this effort to validate clinically useful biomarkers that will eventually be
transferred to the clinical laboratories as a clinical testing tool to provide help to the patients
being treated in the hospital beds.

Expert commentary
The proteome is metastable, cell specific and has a wide range of concentration. The
proteome is dependent on several physiological and environmental factors. As a result,
despite numerous studies of human tissues, no comprehensive proteomic map has been
published, except for biofluids such as human urine, serum and plasma. Still, proteome
analysis is a very important in discovering clinically relevant biomarkers for existing health
problems, including dysfunction of transplanted organs. Several strategies, including
fractionation of protein samples, study of different compartments of the proteome, (e.g., the
glycoproteome, phosphoproteome, membrane proteome and exosomes) is a preferred way to
identify low-abundant protein markers. Collaboration among different researchers for a
larger cohort of patients will help to obtain large enough sample sizes to validate clinically
useful biomarkers [81]. Once these noninvasive biomarker/s are validated, these could be
used to stratify biopsy-requiring patients and those that are safe without a biopsy evaluation.
Once the use of these noninvasive biomarkers has been established and their utility is tested,
biopsy can be replaced, and these biomarkers can be used to wean immunosuppression
based on the health status of the transplanted organ. With this effort, we can ensure
substantial help is provided to the transplant patients by turning the table to a new age of
patient care by replacing nonspecific, invasive diagnostic tests with noninvasive, effective
and specific tests for solid organ transplant monitoring.
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Five-year view
With rapid progress in high-throughput assay technology, along with advanced
bioinformatics tools to integrate ‘omics’ data, it is expected that a set of clinically useful
biomarkers will be identified. Since, the first ‘dirty’ step of discovering potential markers is
almost completed, the next couple of years will see testing of these markers in clinical
setting. The first step towards such testing would perhaps be to use these molecules in
stratifying ‘risk’ groups of patients from ‘no-risk’ group of patients who do not need to go
through invasive procedures such as biopsy. A simple blood or urine test is expected to be a
reality within the next 5-year period.

Key issues

• The current ‘not-so-gold’ gold standard for diagnostic tools for transplant
dysfunction is not very specific or sensitive and there is a dire need for better
and noninvasive diagnostic methods.

• Recent developments in profiling of biomolecules using ‘omic’ methods have
provided new platforms for biomarker discovery.

• Recent biomarker discovery efforts in organ transplantation have shown some
promise.

• There are a number of roadblocks in identifying the best biomarkers.

• There are a number of important factors that are critical for successful
biomarker discovery.

• Personalized medicine in transplantation is the next step in transplantation that
has the potential to revolutionize how the transplanted organs are managed and
monitored.
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Figure 1. A schematic of how mass spectrometry-based proteomics could be used in analyzing
different biospecimens for different organs in the discovery and validation of clinically useful
biomarkers
Once the potential biomarker molecules are identified, they could be validated through a
larger patient cohort and subsequently by a clinical trial.
BALF: Bronchoalveolar lavage fluid; MS: Mass spectrometry; SRM: Selected reaction
monitoring.
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Figure 2. A new data-driven approach of biomarker discovery that can utilize publicly available
data and use mass spectrometry-based selected reaction monitoring or ELISA for validation of
potential biomarkers
SRM: Selected reaction monitoring.

Sigdel and Sarwal Page 17

Expert Rev Proteomics. Author manuscript; available in PMC 2012 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Sigdel and Sarwal Page 18

Ta
bl

e 
1

A
 sh

or
tli

st
 o

f r
ec

en
t p

ub
lic

at
io

ns
 in

 k
id

ne
y 

tra
ns

pl
an

ta
tio

n 
th

at
 u

se
d 

pr
ot

eo
m

ic
s.

St
ud

y 
(y

ea
r)

O
rg

an
Ph

en
ot

yp
e

St
ud

y 
si

ze
D

is
co

ve
ry

 te
ch

no
lo

gy
V

al
id

at
io

n
te

ch
no

lo
gy

B
io

sa
m

pl
e

us
ed

M
ol

ec
ul

es
id

en
tif

ie
d 

(n
)

In
te

re
st

in
g 

m
ol

ec
ul

es
R

ef
.

Fr
eu

e 
et

 a
l. 

(2
01

0)
K

id
ne

y
A

cu
te

 re
je

ct
io

n
A

R
 =

 1
1,

nA
R

 =
 2

1
iT

R
A

Q
-M

A
LD

I-
TO

F/
TO

F
EL

IS
A

Pl
as

m
a

n 
= 

18
TT

N
, K

N
G

1,
 L

B
P,

 V
A

SN
, A

FM
[8

2]

K
ur

ia
n 

et
 a

l. 
(2

00
9)

K
id

ne
y

C
hr

on
ic

 a
llo

gr
af

t n
ep

hr
op

at
hy

no
C

A
N

 =
 1

8,
m

ild
 C

A
N

 =
 1

5,
se

ve
re

 C
A

N
 =

 9

Sh
ot

gu
n 

LC
/M

S/
M

S
N

o 
va

lid
at

io
n

Pe
rip

he
ra

l b
lo

od
 ly

m
ph

oc
yt

es
M

ild
 C

A
N

 =
 3

02
,

se
ve

re
 C

A
N

 =
 5

09
N

o 
sp

ec
ifi

c 
ca

nd
id

at
e 

pr
ot

ei
ns

 re
po

rte
d;

 h
ow

ev
er

,
50

 p
ro

te
in

/m
R

N
A

 m
at

ch
es

 w
er

e 
us

ed
 in

 a
di

sc
rim

in
at

io
n 

an
al

ys
is

[8
3]

N
ar

ko
rc

he
vs

ky
 e

t a
l.

(2
01

0)
K

id
ne

y
C

hr
on

ic
 a

llo
gr

af
t n

ep
hr

op
at

hy
no

C
A

N
 =

 8
,

m
ild

 C
A

N
 =

 9
,

se
ve

re
 C

A
N

 =
 1

5

Sh
ot

gu
n 

LC
/M

S/
M

S
SR

M
Ti

ss
ue

 b
io

ps
y

U
ni

qu
e 

= 
49

2,
di

ff
er

en
tia

l e
xp

re
ss

io
n 

=
90

4

N
o 

sp
ec

ifi
c 

co
re

 m
ol

ec
ul

es
, b

ut
 li

st
s p

at
hw

ay
s/

bi
ol

og
ic

al
 fu

nc
tio

ns
 o

f i
nt

er
es

t: 
co

m
pl

em
en

t, 
ac

tin
cy

to
sk

el
et

on
 a

nd
 ly

m
ph

oc
yt

e/
m

ac
ro

ph
ag

e 
ce

ll
si

gn
al

in
g

[3
4]

Si
gd

el
 e

t a
l. 

(2
01

0)
K

id
ne

y
A

cu
te

 re
je

ct
io

n
40

 (9
2 

sa
m

pl
es

)
Sh

ot
gu

n 
LC

/M
S/

M
S

EL
IS

A
U

rin
e

14
46

U
M

O
D

, S
ER

PI
N

F1
, C

D
44

[2
0]

D
ai

 e
t a

l. 
(2

00
8)

K
id

ne
y 

(r
at

)
A

cu
te

 re
je

ct
io

n
18

M
A

LD
I-

TO
F-

TO
F-

M
S

N
o 

va
lid

at
io

n
Ti

ss
ue

11
C

ha
in

 D
, r

at
 tr

an
st

hy
re

tin
, a

po
lip

op
ro

te
in

 A
-I

V
an

d 
R

ho
 G

D
P

[8
4]

Ja
hn

uk
ai

ne
n 

et
 a

l.
(2

00
6)

K
id

ne
y

B
K

78
SE

LD
I-

TO
F-

M
S

N
o 

va
lid

at
io

n
U

rin
e

A
 n

um
be

r o
f p

ep
tid

e 
pe

ak
s

[8
5]

Q
ui

nt
an

a 
et

 a
l. 

(2
00

9)
K

id
ne

y
C

A
N

71
LC

-E
SI

-M
S

M
R

M
U

rin
e

A
 n

um
be

r o
f p

ep
tid

es
U

M
O

D
, k

in
in

og
en

[8
6]

Li
ng

 e
t a

l. 
(2

01
0)

K
id

ne
y

A
cu

te
 re

je
ct

io
n

70
LC

-M
S-

M
S

M
R

M
U

rin
e

40
 p

ep
tid

es
 fo

r A
R

C
O

L1
A

2,
 C

O
L3

A
1,

 U
M

O
D

, M
M

P7
, S

ER
PI

N
G

1
an

d 
TI

M
P1

[1
9]

M
et

zg
er

 e
t a

l. 
(2

01
1)

K
id

ne
y

A
cu

te
 re

je
ct

io
n

A
R

 =
 4

4
nA

R
 =

 5
9

C
E-

M
S

C
E-

M
S 

on
 b

lin
de

d
sa

m
pl

es
U

rin
e

A
 p

an
el

 o
f p

ep
tid

es
C

O
L 
α(

I)
, α

(I
II

) c
ha

in
 fr

ag
m

en
ts

, M
M

P8
[8

7]

A
FM

: A
fa

m
in

 p
re

cu
rs

or
; A

R
: A

cu
te

 re
je

ct
io

n;
 B

K
: B

K
 v

iru
s n

ep
hr

op
at

hy
; C

A
N

: C
hr

on
ic

 a
llo

gr
af

t n
ep

hr
op

at
hy

; C
E:

 C
ap

ill
ar

y 
el

ec
tro

ph
or

es
is

; C
O

L:
 C

ol
la

ge
n;

 iT
R

A
Q

: I
so

ba
ric

 ta
gs

 fo
r r

el
at

iv
e 

an
d 

ab
so

lu
te

 q
ua

nt
ita

tio
n;

 K
N

G
1:

 K
in

in
og

en
-1

; L
B

P:
 L

ip
op

ol
ys

ac
ch

ar
id

e-
bi

nd
in

g
pr

ot
ei

n 
pr

ec
ur

so
r; 

LC
: L

iq
ui

d 
ch

ro
m

at
og

ra
ph

y;
 M

M
P:

 M
at

rix
 m

et
al

lo
pr

ot
ei

na
se

; M
R

M
: M

ul
ti-

re
ac

tio
n 

m
on

ito
rin

g;
 M

S:
 M

as
s s

pe
ct

ro
m

et
ry

; n
A

R
: N

on
-a

cu
te

 re
je

ct
io

n;
 n

oC
A

N
: N

o 
ch

ro
ni

c 
al

lo
gr

af
t n

ep
hr

op
at

hy
; S

EL
D

I: 
Su

rf
ac

e-
en

ha
nc

ed
 la

se
r d

es
or

pt
io

n 
io

ni
za

tio
n;

 S
ER

PI
N

:
Se

rin
e 

pr
ot

ea
se

 in
hi

bi
to

r; 
SR

M
: S

el
ec

te
d 

re
ac

tio
n 

m
on

ito
rin

g;
 T

IM
P1

: T
is

su
e 

in
hi

bi
to

r o
f m

et
al

lo
pr

ot
ei

na
se

 1
; T

TN
: T

iti
n;

 U
M

O
D

: U
ro

m
od

ul
in

; V
A

SN
: V

as
or

in
 p

re
cu

rs
or

.

Expert Rev Proteomics. Author manuscript; available in PMC 2012 October 1.


