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Microarrays: a monitoring tool for transplant patients?
Lauren A. Weintraub and Minnie M. Sarwal

Department of Pediatrics, Stanford University, Stanford, CA, USA

Introduction

The development of microarray technology has been a

revolutionary advance in the field of genomic research,

advancing our ability to characterize human disease and

pathologic states. Since the completion of the Human

Genome Project, the focus of genomic research has shif-

ted toward functional genomics. Microarrays are powerful

tools, which generate transcriptional profiles by simulta-

neously analyzing the expression of tens of thousands of

genes. This technique of genome-wide scanning identifies

changes in gene expression which occur in different path-

ologic states, providing a tool to gain insight into the

underlying biological pathways in both health and disease.

Previously, genomic research was restricted to traditional

methods such as polymerase chain reaction and probe-

based assays, which limited investigators to the study of

individual candidate genes in isolation. High-throughput

methods such as microarrays have expanded our ability

to study complex disease processes, allowing genes to be

studied in the context of other genes, providing insight

into the underlying molecular pathways. Although oncol-

ogy is by far the field with the most data generated by

transcriptional studies [1–6], many other fields have

begun to follow their lead, including studies in cardiovas-

cular disease [7,8], Alzheimer’s disease [9,10], rheumato-

logic disorders [11,12], and more recently, glomerular

kidney disease [13,14] and organ transplantation. The

major focus of this article is the current application of

DNA microarray technology to the field of solid organ

transplantation.

Microarray construction and technique basics

A microarray is a high-density array of complementary

DNA (cDNA) or oligonucleotide probes immobilized on

a solid support. The original method of ‘genechip’ con-

struction consists of gridding cDNA fragments, typically

approximately 500 bp in length, onto glass slides, which

can accommodate as many as 50 000 genes on a single

slide. Using a dual-color fluorescent dye system, relative

gene expression in a sample is determined by comparing

hybridization of cDNA probe sequences and reference

samples. Currently, the most commonly used Affymetrix

GeneChip� system (http://www.affymetrix.com/index.

affx) photolithographically synthesizes millions of oligo-

nucleotide probes on a coated quartz surface. This plat-

form utilizes a single-color system to detect expression

level differences. The short probe length, approximately

20–25 bp, is designed for higher specificity for DNA tar-

gets by increasing the ability to distinguish between near-

identical sequences, thus decreasing the problematic
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Summary

Microarray technology holds a distinct advantage over traditional genomic

methods, with the unique capability to rapidly generate multiple global gene

expression profiles in parallel. This technology is quickly gaining widespread

use in many areas of science and medicine because it can be easily adapted to

study many experimental questions, particularly relating to disease heterogen-

eity. Microarray experiments have begun to advance our understanding of the

underlying molecular processes in solid organ transplantation; however, several

obstacles must be overcome before this technology is ready for application in

the clinical setting. This article will review the current applications of microar-

ray technology in the field of transplantation, and discuss the potential impact

of this technology on monitoring of solid organ transplant recipients.
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cross-hybridization of related genes more frequently

encountered with cDNA microarrays. Reproducibility is

enhanced by the use of multiple oligoprobes for each

expression measurement. However, because of the short

length and stringency of the probe sequence, this plat-

form, may, in fact, not work as well for identification of

closely related gene family members and polymorphic

genes, such as genes in the HLA family. Recently, longer

oligonucleotide probes, typically ranging between

approximately 45–90 nucleotides in length, have been

introduced (http://www.agilent.com/about/index.html,

https://products.appliedbiosystems.com/) which reportedly

maintain the higher specificity of oligonucleotide probes

while allowing for greater identification of super gene

families. Oligoarrays by Applied Biosystems utilize a novel

chemiluminescent detection system and are composed of

60 mer geneprobes derived from both the Human Gen-

ome Project public domain database as well as the Celera

Genomics dataset, which includes 8000 additional genes.

Other formulations of microarrays are becoming more

widely applied to solid organ transplantation research

including single nucleotide polymorphism arrays (http://

www.affymetrix.com/products/application/dna_analysis_

products.affx), exon arrays (http://www.exonhit.com/

html/company/index.htm), and transcriptome-specific

arrays. Exon-level expression profiling should enhance

biomarker discovery efforts by addressing the complexity

of alternative splicing in gene transcription, which is

problematic with whole-genome arrays. Arrays are manu-

factured by robotic technology at several commercial

companies, and can also be generated locally at academic

institutions (http://cmgm.stanford.edu/pbrown/mguide/

index.html). Currently, several companies are also devel-

oping customized multiplex systems that contain a smal-

ler number of selected and highly informative genes

(http://www.agilent.com/about/index.html, http://www.

genexpbiosciences.com/index.html). These platforms allow

for the simultaneous processing of large numbers of

patient samples, further advancing this technology toward

large-scale application.

New lessons learned from microarrays

The progression toward high-throughput data production

and analysis represents a global paradigm shift from hypo-

thesis-driven experiments toward large-scale hypothesis-

generating data collection. As a result, our understanding

of biologic pathways is enhanced by the ability to identify

nonbiased expression patterns of thousands of genes,

including those with down-regulated as well as up-regula-

ted transcription during pathologic states, rather just

studying quantitative responses of single genes or groups

of genes. Transplantation is a complex immunologic state

involving constant interaction between the graft and the

recipient’s immune system. Numerous interrelated

immune pathways are responsible for the delicate balance

between graft rejection and acceptance, and are further

complicated by manipulation by immunosuppressive

medications. These precise molecular mechanisms remain

poorly understood, specifically the interplay between

co-regulated immune pathways and gene families that may

as yet be ‘unlinked’, based on single gene analyses. How-

ever, the evolution of the field of functional genomics,

including microarray technology, has begun to uncover

these intricate gene regulation events, and thus offer new

insights in to the pathogenesis of post-transplant clinical

events.

Clinical variability in disease presentation and behavior

is universally observed in the practice of medicine; how-

ever, few tools exist to allow clinicians to stratify patients

by these criteria. Greater understanding of the underlying

molecular heterogeneity of pathologic states which occur

following transplantation will allow us to develop meth-

ods to obtain critical information regarding disease pro-

gression, and treatment response, and clinical outcome.

Genomic profiling provides the link between biological

mechanism and clinical phenotype by elucidating the

underlying molecular processes responsible for the variab-

ility in clinical behavior and outcome, such as acute rejec-

tion (AR), chronic rejection (CR), drug toxicity (DT),

ischemia-reperfusion injury, delayed graft function, infec-

tion, and tolerance (Fig. 1).

Controlled studies in transplantation only exist by the

creation of animal models, which provide invaluable

information regarding the immunologic injury and regu-

latory pathways. Animal models can be manipulated in a

controlled environment to achieve a particular desired

clinical phenotype with ideal controls (e.g. isografts to

control for effect of ischemic injury), and are usually not

limited by access to tissue samples or sampling frequency.

Species-specific gene-chips are commercially available for

use in such studies, and occasionally, cross-hybridization

of higher species may also be accomplished on human

arrays (Table 1). Mechanistic information obtained from

these studies has potential for application toward hypo-

thesis-driven studies in humans, as well as generating

studies of therapeutic strategies to improve clinical out-

comes. For example, data from a rat model by Schuurs

et al. [22] suggest that alterations in gene expression, par-

ticularly in inflammatory and coagulation pathways,

occur in response to brain death and may contribute to

the higher rate of primary nonfunction in deceased donor

versus living donor renal transplant. Further study of

these mechanisms in humans can lead to targeted inter-

ventions aimed at increasing organ viability. Other exam-

ples include ‘knock-out’ mouse models for known critical
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pathways in the alloimmune response, specifically inter-

feron-gamma [31] and chemokine receptor-5 (CCR5)

[25]. By uncovering alternate pathways involved in AR,

researchers can characterize mechanisms which are typic-

ally buried in the redundancies of the immune response

in order to identify novel therapeutic targets in the

immune system.

The recent literature in human microarray based stud-

ies in solid organ transplantation is summarized in

Table 2. Several independent groups have demonstrated

distinct gene expression profiles, which correlate with dif-

ferent phenotypes in transplantation. The majority of

these studies focus on AR, from which common molecu-

lar processes are consistently identified across different

organs (kidney, heart, lung, and liver), such as up-regula-

tion of immune-mediated pathways (HLA and cytokine

genes), inflammation, apoptosis, cell-cycle regulation, and

transcription regulation [39,40,43,48]. On the other hand,

little overlap exists for the actual significant genes them-

selves in the individual studies, which may be a result of

different platforms used in different studies, different den-

sity and composition of gene probes on the platforms,

different sample handling and processing protocols, and

most importantly, lack of adequate sample size in many

studies for adequate biostatistical analysis. Key studies in

solid organ transplantation are discussed below.

Acute rejection

It is well recognized that an AR is a heterogeneous pro-

cess with variable clinical outcome and treatment

response. Microarray analyses have identified unique

alterations in gene expression profiles, which occur during

AR episodes. Changes in the expression of genes respon-

sible for a variety of cell functions, including immune

activation, cellular proliferation, cell cycling, and apopto-

sis, were identified in kidney biopsy tissue [39,45], bron-

choalveolar lavage (BAL) samples from lung transplants

[48], and peripheral blood from cardiac transplants [40]

with AR. Transcriptional microarray profiling has uncov-

ered molecular heterogeneity in renal transplant rejection,

identifying distinct molecular signatures, which are not

distinguishable by light microscopy, and which correlate

strongly with treatment response and risk of future graft

loss [43]. Profiles of patients with the highest risk of graft

loss include increased expression of genes implicated in

infiltration and activation of lymphocytes, apoptosis,

transcripts from a variety of inflammatory cells including

cytotoxic T cells, natural killer cells, and macrophages as

well as a dominant signature for B cells (CD20, CD74,

immunoglobulin heavy and light chains, and other mole-

cules associated with B-cell receptors). In the absence of a

strong correlation with biopsy C4d staining, these latter

Figure 1 Complexity of microarray analysis in solid organ transplantation.
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findings confirmed a pathogenic role for intra-graft B

cells (retrospective immunohistochemical staining of

biopsy tissue for CD20), as potential antigen presenting

cells for T cells [45,53]. Based on the findings in this

study, B-cell infiltrates have become recognized as indic-

ative of poor prognosis in kidney transplant rejection,

and treatment with Rituximab, an anti-CD20 monoclonal

antibody, has been initiated in some cases, as a potential

therapy for a sub-group of patients with recalcitrant AR

[54]. In contrast, the sub-group of patients with good

outcome following AR episodes demonstrated up-regula-

ted expression for genes involved in cell-cycling and cellu-

lar proliferation, but contained only minimal expression

of genes responsible for lymphocyte infiltration and acti-

vation [45]. These results provide a strong basis for the

clinical variability observed in AR. Therefore, stratification

by molecular profiling may enable clinicians to predict

treatment outcome, and individualize therapeutic inter-

ventions. Most importantly, the knowledge of these

pathogenic mechanisms may lead to the discovery and

implementation of novel therapeutic strategies.

Delayed graft function

Despite strict donor criteria and pretransplant organ

inspection, postischemic renal failure occurs in 25% of

deceased donor renal transplants and greatly impacts

long-term graft survival. Hauser et al. [44] identified a set

of 48 genes by microarray analysis, which classified

deceased donor kidneys according to post-transplant

course, identifying those grafts at risk for the develop-

ment of postischemic acute renal failure. When compared

with living donor kidneys, deceased donor kidney micro-

array profiles demonstrate increased expression of genes

in the inflammatory cascade, including complement, cell

adhesion molecules, and genes involved in apoptosis. This

response to brain death, which has been demonstrated in

animal models, may explain the propensity of deceased

donor kidneys to develop delayed graft function, and may

suggest the need to stratify management based on donor

source.

Donor kidney age

A major constraint to transplantation is the shortage of

available organs in the face of a constantly growing

deceased donor waiting list [55]. As a result, use of exten-

ded criteria donors, including older donors, has become

increasingly common [56]; however, donor age is a

known correlate of allograft survival [57], particularly in

renal transplantation. Gene expression analysis of kidneys

of various ages performed by Melk et al. [38] supports

clinical observations that significant heterogeneity existsD
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among donors, and age-related changes are not linearly

associated with chronologic age. Changes in expression of

genes related to tubular transport, cell cycling, energy

metabolism, and response to oxidative stress occur over

time, and likely affect the kidney’s ability to withstand

stress and injury. A set of 50 unique genes from this

microarray analysis distinguished a subgroup of old kid-

neys (>70 years) with profiles similar to adult kidneys

(31–46 years) from the remainder of the old kidneys. This

unique data generated by microarray analysis may pro-

vide the foundation for a novel method by which clini-

cians can better use selected organs from older donors,

thereby expanding the donor pool.

Chronic rejection

Microarray studies also carry the potential to uncover

early triggers of immune and nonimmune injury that

may drive the inexorable chain reaction resulting in chro-

nic graft injury and premature graft demise. Chronic allo-

graft injury, manifested as chronic allograft nephropathy

in kidney, bronchiolitis obliterans in lung, ‘vanishing bile

duct syndrome’ in liver, and coronary artery vasculopathy

in heart transplantation, results from many potential etio-

logic factors, including both immune (e.g. rejection) and

nonimmune mechanisms (e.g. hypertension, hyperlipide-

mia, and drug nephrotoxicity). No effective treatment

options exist as mechanisms of chronic injury progression

are unclear. While several studies have demonstrated the

ability to use gene expression profiles to distinguish sam-

ples from patients with established chronic graft injury

from those with stable allografts [45,46], they have not

identified subsets within the population which correlate

with clinical or histologic data. Similar to these prior

studies, Hotchkiss et al. recently demonstrated a single

cluster of 16 samples from patients with chronic allograft

nephropathy, whose gene expression profiles showed

upregulation of profibrotic and growth factors, as well as

genes involved in the immune response [36]. The inabil-

ity to stratify patients into subsets based on underlying

mechanisms, including drug nephrotoxicity, may be

attributable to late nonspecific injury patterns, regardless

of the nature of the primary injury. A comparison of cal-

cineurin inhibitor (CNI)-based versus CNI-free immuno-

suppression in renal transplant patients revealed more

extensive chronic allograft injury in 2 years post-trans-

plant in the CNI-based group, correlating with increased

gene expression of pro-fibrotic and pro-inflammatory

genes [42]. This suggests that sub-clinical molecular

events relating to chronic graft injury occur over time

and require early post-transplant serial sampling to dis-

cern etiology. The study of patients in the early stages of

chronic injury, even prior to the development of histo-

logic changes, may provide greater insight into the differ-

ences in the pathogenesis of chronic allograft injury. To

address this question, Scherer et al. [47] analyzed early

protocol renal allograft biopsies from 17 healthy recipi-

ents at 6 months post-transplantation in order to identify

patients at risk for the development of CR. Changes in

gene expression within the graft were detected in the early

protocol biopsies of patients prior to the onset of overt

clinical and histologic manifestations of CR. The path-

ways identified by this gene set were not previously

known to be involved in allograft rejection and are, there-

fore, not obviously pathogenic. However, these findings

lend credence to the hypothesis that early gene expression

changes can signal the onset of injury and identify those

patients at risk for CR and premature allograft failure.

Tolerance

Our laboratory has also been recently focusing on identi-

fying noninvasive biomarkers for spontaneous graft

acceptance in a select sub-group of immunocompetent

transplant patients who have achieved successful immu-

nosuppression minimization or discontinuation without

adverse consequences. Tolerance is a rare occurrence, in

which the recipient immune system ceases to recognize

the graft as ‘nonself’, resulting in this ideal state of alloan-

tigen acceptance. In current clinical practice, it is not

possible to differentiate tolerant patients from the rest of

the population, nor can we predict which patients have

the potential to achieve tolerance. By using microarray

technology to identify unique transcriptional profiles

from patients who have successfully minimized or discon-

tinued immunosuppressive medications (Sarwal et al.,

unpublished data), we have been recently able to gain

greater insight into the mechanisms underlying this rare

event. Preliminary attempts to address the molecular basis

of long-term rejection-free graft survival have suggested

that immune hyporesponsiveness does not necessarily

equate to immunological tolerance [51]. The identifica-

tion of those patients who are truly immunologically tol-

erant remains a challenge to researchers. Microarray

technology may offer novel ways to identify tolerant

patients, and eventually use this information to promote

or induce tolerance.

Microarrays: patient monitoring tools?

Microarray studies yield massive data output which

requires cross-validation of significant data in large-scale,

randomized trials. Therefore, in the near future, the most

applicable use of microarrays for clinical monitoring lies

in the field of biomarker discovery. Molecular profiling

by DNA microarrays uses rapid whole-genome scanning
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to generate sets of putative candidate disease biomarkers

or footprints to create methods for diagnosing and monit-

oring patients.

Invasive tissue biomarkers on protocol biopsy interroga-

tion may herald the onset of injury, although the search

for markers specific for triggers of chronic graft injury

remains elusive. Panels of tissue biomarkers can be used

to differentiate prognostic groups of AR [43] which may

then be used by the clinician to target patients for

increased graft surveillance and those at risk for graft loss

[45]. On the other hand, microarray studies have yielded

single gene biomarkers, such as CD20, which now allow

for unprecedented treatment stratification of AR [45].

Though informative, invasive biomarkers depend on the

performance of a diagnostic biopsy, which is an invasive

procedure with many associated risks.

Ideally, minimally or noninvasive post-transplant mon-

itoring tools will be developed using blood, urine, or BAL

samples, which will obviate the need for repeated invasive

procedures for the diagnosis of intra-graft events. Using

peripheral blood microarray analysis, Horwitz et al. [40]

identified candidate biomarkers in gene expression pro-

files, which correlated with the presence of AR in cardiac

transplant patients. Similar efforts in renal transplant

patients found signatures in tissue, but were unable to

identify biologically relevant peripheral blood biomarkers

[39]. This may relate to small sample size, and may also

result from underlying confounders in sample collection

and processing that need further refinement. Discordance

in signatures between tissue and blood microarrays also

likely reflects the disparity between local and systemic

immune responses, as well as the baseline differences in

tissue-specific gene expression. Recently, investigators

have demonstrated the ability to analyze blood or urine

mRNA samples from renal transplant patients for single-

gene biomarkers, and to use these results for the diagnosis

of AR [58–63]. The success of these single-gene studies,

as well as preliminary microarray data, raises the expecta-

tion that on-going, larger scale studies using peripheral

blood microarray analysis are likely to yield promising

results. The development of alternate genomic technol-

ogies, such as the TaqMan Low Density Arrays with up

to 384 genes per array (http://www.appliedbiosys-

tems.com/TLDA), is an excellent platform that can pro-

vide the rapid and more economical interrogation of

selected informative genes that have been gleaned from

previous genome-wide microarray experiments.

Microarray data analysis – a road block
for real-time clinical monitoring

Microarray experiments generate large data sets that

require a variety of data analysis software tools. Data ana-

lysis involves five broad steps: data normalization to com-

pare expression levels, data filtering to eliminate genes

expressed below a certain threshold, pattern identification,

literature mining, and gene family and pathway analysis.

Pattern identification of gene expression data can be

either unsupervised (no prior knowledge of the data is

used in the analysis) or supervised (prior knowledge of

the data is used in the analysis). Popular methods of

unsupervised analysis consist of Singular Value Decompo-

sition (SVD) [64] and clustering algorithms, such as Hier-

archical Clustering [65] and Self-Organizing Maps [66].

An SVD is used to determine if samples cluster because

of an internal bias, such as batch run, and can be used to

eliminate those genes associated with the bias. Hierarchi-

cal clustering is the most common algorithm used to

group genes or samples based on their expression profile,

creating a tree-like structure where the height of the bran-

ches is proportional to the distance between clusters. As

hierarchical clustering only provides information on genes

that are differentially regulated within the data set, Statis-

tical Analysis of Microarrays [67] [statistical analysis of

microarrays (SAM), www-stat.stanford.edu/�tibs/SAM/]

was developed to identify genes with statistically signifi-

cant changes in expression by producing a set of gene-

specific t tests. SAM, available as a Microsoft Excel add-

in, can be adapted to a broad range of experimental situ-

ations and can be applied to unsupervised and supervised

analysis. An exciting application of supervised analysis is

class prediction based on gene expression profiles, which

can be used to identify the minimal set of genes that

characterize a group of samples by phenotype. Two tools

available for class prediction are predictive analysis of

microarrays (PAM) [68] and ArrayTools (http://linus.

nci.nih.gov/BRB-ArrayTools.html). Both tools run cross

validation during the prediction process using a training

set of arrays.

Once genes of interest have been identified, one must

determine the relevance of these genes to the disease pro-

cess being studied. One way to accomplish this is to con-

duct a literature search on currently available

information. Search engines, such as PubMed (http://

www.ncbi.nlm.nih.gov/entrez/query.fcgi), provide access

to MEDLINE journals, as well as other general science

and chemistry journals, and can be used to determine the

interaction of individual genes. However, manual litera-

ture searches can be cumbersome because of the vast

information available on well-known genes, as well as the

abundance of less characterized genes for which

functional information may be limited. Software tools,

such as PathwayAssist (http://www.ariadnegenomics.com),

Ingenuity Pathway Analysis (http://www.ingenuity.com/

products/pathways_analysis.html), GeneSifter (http://

www.vizxlabs.com/product_info.html), and GenMapp
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[69] (http://www.genmapp.org/), aid the researcher in

identifying the information, which is biologically relevant

to the experimental dataset. These tools use genes of

interest to build a pathway based on known interactions

between these genes from the literature. The researcher

can select a pathway to retrieve the journal citation of

origin.

The final step in understanding the biological signifi-

cance of differentially regulated genes in the data set is to

identify their gene families and metabolic pathways. The

Gene Ontology (GO) project [70] facilitated this step by

standardizing gene family analysis through the organiza-

tion of genes into functional families belonging to three

main categories: molecular function, biological process,

and cellular components. This innovative project provides

a novel means for assigning biological relevance to gene

expression data; however, it is important to recognize that

the current knowledge base is expanding rapidly, and

contains as yet incomplete information regarding different

pathologic states. GoMiner [71] (http://discover.nci.

nih.gov/gominer/index.jsp) provides quantitative and sta-

tistical information about the GO families that are over-

or under- represented in the set of differentially expressed

genes relative to the entire gene list. The genes of interest

are linked to external data sources such as LocusLink,

PubMed, NCBI’s structured database, MedMiner, Gene-

Cards, and KEGG. Expression Analysis Systemic Explorer

[72] (EASE, http://david.niaid.nih.gov/david/ease.htm) is

another tool that uses the GO categories, as well as cus-

tom and other public categories, to determine statistical

gene enrichment. Both GoMiner and EASE provide links

to the Kyoto Encyclopedia of Genes and Genomes [73]

(KEGG, http://www.genome.ad.jp/kegg) to map gene

function analysis to metabolic pathways. Databases, such

as KEGG and MetaCyc [74] (http://www.metacyc.com),

store information regarding metabolic and regulatory

pathways for a wide range of species, thus allowing for

cross-species analysis.

Data warehousing and reporting – essential
requisites for collaborative data analysis

Currently much of the data generated by an individual or

group is still unavailable to the scientific community or

in a format that is unusable by other laboratories. With

the continued discovery of new genes, scientific informa-

tion is constantly changing. In addition, the field of trans-

plant immunology is relatively new and information on

the mechanisms of AR, CR, and tolerance or the effects

of immunosuppressive medications is in its infancy. Mak-

ing data sets publicly available will help the scientific

community learn from each other, resulting in better

patient care through the prediction of disease processes

or individualization of treatment. Efforts are being made

to develop improved analysis software and publicly avail-

able links to current updated internet-based information.

Attempts to define a standard format for archiving

expression data are underway, and a number of repositor-

ies now exist in order for data to be deposited into public

or private gene expression databases such as Stanford

Microarray Database, ExpressDB, The Gene Expression

Database, and Gene Expression Omibus.

Limitations

Microarrays provide a high-throughput screening method

of analyzing thousands of genes and discovering new bio-

markers and metabolic pathways in different processes.

However, some limitations exist that need to be consid-

ered.

1. Information regarding proteins and metabolic processes

for corresponding genes is not provided by microarray

analysis. Gene expression levels do not necessarily corre-

late with protein levels, as post-translational modifications

cannot be measured by microarrays. Instead, one must

currently use other methods, such as immunohistochem-

istry, to determine protein expression and localization.

Proteomic research in transplantation and related fields is

ongoing and may be a rich source of clinically relevant

biomarkers [75,76], and the introduction of protein mic-

roarrays should provide a parallel high-throughput

method for proteomic analysis. Similarly, metabonomic

research, the study of metabolic responses of living sys-

tems to pathophysiological processes, can complement

our understanding gained by transcriptional analyses.

2. Sampling variability, particular for renal transplant

biopsies with differing amounts of cortex versus medulla

represented in a sample, can greatly affect the pattern of

gene expression of a sample. Publicly available gene lists

specific for renal cortex and renal medulla have been gen-

erated and should be cross referenced to minimize

false clustering of samples because of biopsy sampling

rather than biological variability (http://genome-www5.

stanford.edu/).

3. Weak overlap exists between gene lists from individual

studies of similar phenotypes in transplantation (Table 2).

The disparity among microarray data can be attributed to

several factors:
l differences in microarray platform with differing

gene sets;
l weak statistical power and small sample sizes;
l biological variance because of variability in patient

characteristics;
l experimental variance, including lack of uniform

protocols for study design, sample collection (lithium

heparin versus TEMPUS versus PAX gene tubes),
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RNA processing, and sample labeling and hybridiza-

tion;
l different tools for data processing and statistical ana-

lysis: variable thresholds for data filtering, varying

stringencies for false discovery rates, and statistical

significance, different data analysis methods, inclu-

ding low level [RMA [77] (Robust Multichip Aver-

age) versus dChip (DNA chip analyzer http://

www.biostat.harvard.edu/complab/dchip/) versus

GCOS (GeneChip Operating Software), http://www.

affymetrix.com/products/software/specific/gcos.affx]

and high level signal analysis (SAM [67] versus PAM

[68] versus BRB array tools).

A direct comparison study between the two most com-

mon platforms, cDNA microarrays and Affymetrix olig-

oarrays, found poor correlation of microarray results

using 56 cancer cell lines [78]. Similar observations have

been noted in solid organ transplantation, despite the

growing numbers of datasets being generated. These

issues have begun to be addressed, including a recent ini-

tiative to form a working group to perform meta-analyses

of microarray studies across various laboratories and

microarray platforms (http://www.cybernephrology.

ualberta.ca/Banff/2005/highlights.htm). In addition, adop-

tion of standards for sample collection and preparation,

as well as the use of a broadly applicable, consistent plat-

form, will increase the consistency and reproducibility of

experimental results. The expectation is that identification

of large panels of biomarkers as well as validation studies

with large-scale, multicenter trials will address these

issues.

4. Microarray technology is currently cost prohibitive for

direct application to the clinical setting. In addition,

expertise in the experimental technique as well as the bio-

informatics analysis is required to perform the microarray

assay itself, making it unrealistic to be universally adopted

by clinical laboratories. Ideally, the data from these pre-

liminary studies can be used to create a panel of biomark-

ers or a smaller scale array custom designed with

sufficient sensitivity and specificity for diagnostic purpo-

ses. In addition, the development of multiplex platforms

will allow for simultaneous analysis of multiple patient

samples to make this a more cost effective tool.

Future directions

In reality, microarray technology is still several steps

from implementation into clinical care of transplant

recipients. Since the completion of the Human Genome

Project, rapid advancements in genomics and related

fields have had the potential to transform our approach

to post-transplant patient monitoring. The ability for

clinicians to individualize patient management is a

major ambition of transplantation research. By provi-

ding information regarding individual risks of AR, DT,

and CR, as well as the potential for developing toler-

ance, transcriptional profiling could enable clinicians to

tailor immunosuppression and monitor patients based

on the gene expression profiles. Although microarrays

are far from ready for clinical implementation, great

progress has been made toward the understanding of

the underlying molecular mechanisms of transplanta-

tion, and the application of this information to

improve patient monitoring. Ongoing and future multi-

center collaborative studies, as well as meta-analyses of

existing data, will enable the improvement and valid-

ation of the findings of the studies described in this

review. In addition, incorporation of gene expression

profiling into large-scale prospective clinical trials will

allow for better correlation with clinical data (i.e.

immunosuppression effects), improve prognostic capa-

bilities, and enable researchers to delineate the variables

involved in multifactorial processes such as chronic

graft injury. With the introduction of this powerful

genomic technique, these goals in solid organ transplan-

tation which once seemed unattainable are developing

into reality.
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