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Gene expression microarrays can estimate the prevalence of mRNA

for thousands of genes in a small sample of cells or tissue. Organ

transplant researchers are increasingly using microarrays to identify

specific patterns of gene expression that predict and characterize

acute and chronic rejection, and to improve our understanding of

the mechanisms underlying organ allograft dysfunction. We used

microarrays to assess gene expression in bronchoalveolar lavage

cell samples from lung transplant recipients with and without acute

rejection on simultaneous lung biopsies. These studies showed in-

creased expression during acute rejection of genes involved in in-

flammation, apoptosis, and T-cell activation and proliferation. We

also studied gene expression during the evolution of airway obliter-

ation in a murine heterotopic tracheal transplant model of chronic

rejection. These studies demonstrated specific patterns of gene

expression at defined time points after transplantation in allografts,

whereas gene expression in isografts reverted back to that of native

tracheas within 2 wk after transplantation. These studies demon-

strate the potential power of microarrays to identify biomarkers of

acute and chronic lung rejection. The application of new genetic,

genomic, and proteomic technologies is in its infancy, and the

microarray-based studies described here are clearly only the begin-

ning of their application to lung transplantation. The massive

amount of data generated per tissue or cell sample has spawned

an outpouring of invention in the bioinformatics field, which is

developing methodologies to turn data into meaningful and repro-

ducible clinical and mechanistic inferences.
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Lung and heart–lung transplants, introduced into clinical prac-
tice in 1981, have now been performed in over 20,000 individuals
worldwide for whom effective medical therapy was not available
(1). These procedures have been highly beneficial formany recip-
ients, with 2-yr survival rates of approximately 70%and dramatic
improvements in quality of life. Despite these remarkable suc-
cesses, problems remain, and long-term survival rates for lung
transplant recipients are considerably lower than those observed
in kidney, heart, and liver recipients. This is due, in large part,
to the development of chronic allograft rejection despite admin-
istration of immunosuppressive medications.

CHRONIC REJECTION AFTER
LUNG TRANSPLANTATION

Bronchiolitis obliterans syndrome after lung transplantation is
defined as a progressive, irreversible decrease in the FEV1 (2).

(Received in original form May 9, 2006; accepted in final form June 9, 2006 )

Supported by NIH PPG 5PO1-AI50162-02 (principal investigator: M.I.H.) and NIH

Pulmonary Training Grant 5T32HL07741 (principal investigator: David Ingbar).

Correspondence and requests for reprints should be addressed to Marshall I.

Hertz, M.D., University of Minnesota, 420 Delaware Street SE, MMC 276, Minne-

apolis, MN 55405. E-mail: hertz001@umn.edu

Proc Am Thorac Soc Vol 4. pp 44–51, 2007
DOI: 10.1513/pats.200605-110JG
Internet address: www.atsjournals.org

Bronchiolitis obliterans syndrome is often accompanied by oblit-
erative bronchiolitis, a histologic lesion characterized by in-
flammation and fibrosis of small airways. Obliterative bronchio-
litis is usually considered to be analogous to late graft loss after
transplantation of other organs—that is, they represent forms
of chronic graft rejection (3). The histologic appearance and
bronchoalveolar lavage (BAL) fluid and cell analyses suggest
that an inflammatory process is followed by fibroproliferation
in the bronchiolar walls and lumens (4).
As traditionally conceptualized, chronic rejection of the lung

and other transplanted organs results from two distinct, but
linked, processes: an alloimmune response directed against tar-
get cells in the organ, followed by a fibroproliferative response
that results in irreversible structural changes and impaired func-
tion. However, this simple linear model of lung rejection as two
discrete entities is almost certainly a vast oversimplification. In
reality, chronic rejection is probably better modeled in the same
way as other chronic illness states that are dependent on a large
number of genetic factors (in this case of both donor and recipi-
ent origin), environmental influences, and host–environment in-
teractions. In fact, bronchiolitis obliterans syndrome after lung
transplantation has been associatedwith infections, gastroesoph-
ageal reflux disease, and other pathophysiologic processes that
are not directly related to the alloimmune response.
The incidence of chronic rejection is highest during the first

2 yr after transplantation, but patients remain at risk indefinitely,
and the cumulative risk of bronchiolitis obliterans syndrome
may reach 60 to 80% between 5 and 10 yr after transplantation
(5, 6). In view of this, it would be quite useful to have a relatively
noninvasive, reliable means to identify patients who are at risk
for chronic rejection. In addition, no therapies have been identi-
fied to date which result in recovery of lung function lost to
chronic rejection, and current treatment approaches are aimed at
stabilizing lung function. Therefore, identification of molecular
markers of early disease, before the development of severe air-
flow obstruction, is an important research goal. Specifically, iden-
tification of patients during the earliest disease stages would
allow them to be treated with augmented immune suppression
or novel therapies. Conversely, those patients at low risk can
be candidates for reduction of immunosuppressive medications.

ACUTE REJECTION IS AN IMPORTANT RISK FACTOR
FOR CHRONIC REJECTION

Acute rejection occurs in 35 to 50% of lung transplant recipients,
often during the first post-transplant year. Histologically, acute
lung rejection is characterized by perivascular and subendothel-
ial mononuclear infiltrates and by lymphocytic bronchitis and
bronchiolitis (7). The pathogenesis of acute lung rejection is
believed to be similar to acute rejection of other organ allografts:
that is, primarily a manifestation of a CD8� T-cell–mediated
cytotoxic reaction initiated by recognition of graft alloantigens
by CD4� and CD8� T lymphocytes.
Acute rejection, by itself, is usually not life- or graft-threaten-

ing, and its abnormal histology can be reversed with treatment.
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However, it is an important problem because it often is accompa-
nied by irreversible decreases in lung function, and it is an impor-
tant risk factor for the later development of chronic rejection.
In fact, acute lung rejection histology, especially whenprolonged,
repeated, or severe, has been identified in multiple publications
as the strongest known risk factor for chronic rejection (8–10).
Recent evidence also indicates that even histologicallymild acute
rejection is statistically linked to future bronchiolitis obliterans
syndrome (11).

THE SEARCH FOR MOLECULAR BIOMARKERS OF ACUTE
AND CHRONIC LUNG REJECTION

Biomarkers are cellular, biochemical, molecular (genetic and
epigenetic) alterations by which a normal or abnormal process
can be recognized or monitored. In this regard, many investiga-
tors have attempted to identify diagnostic and predictive bio-
markers of acute rejection and chronic rejection. These have
included markers in blood, BAL fluid and cells, and exhaled air
and breath condensate. “Genomic” approaches have included
identification of single nucleotide polymorphisms (SNPs) that
are correlated with lung transplant outcomes, and analysis of
gene expression products in BAL cells and lung biopsy
specimens.

INFLAMMATORY MARKERS IN BAL CELLS DURING
ACUTE AND CHRONIC LUNG REJECTION

The lung allograft is ideally suited to study by BAL, which allows
repeated sampling of cells and secretions in the bronchiolar
microenvironment. Studies of BAL cells have provided insight
into the cellular and molecular effectors of local events in the
process of acute and chronic lung allograft rejection (12). Several
investigators have identified markers of inflammation in BAL
fluid and cells during acute rejection, including IFN-� (13–15),
interleukin (IL)-6 (16, 17), IL-4 (13, 18), perforin (19), IL-1, IL-
15, and granzyme B (20). Neutrophilia and neutrophil products
have also been identified (21).
Markers of fibroproliferation have also been found in BAL

cells of lung recipients with bronchiolitis obliterans syndrome.
For example, we determined that increased concentrations of
platelet-derived growth factor (PDGF) from alveolar macro-
phages are observed in BALfluid before irreversible bronchiolar
obliteration. Immunochemical and in situ hybridization studies
of histologic sections and BAL cells suggested that alveolar
macrophages are one cellular source of PDGF (22). BAL cell
transforming growth factor (TGF)-�, insulin-like growth
factor-1, and IL-12 gene expression are also increased in bronchi-
olitis obliterans syndrome (17, 23–25). These studies indicated
that BAL cells are likely to be an informative source of RNA
for use in characterizing acute and chronic lung rejection. How-
ever, a lack of sensitivity and specificity has limited the clinical
utility of the individual biomarkers that have been identified to
date.

MULTIPLE BIOMARKERS CAN IMPROVE DIAGNOSTIC
ACCURACY COMPARED WITH SINGLE-GENE ASSAYS

In an attempt to improve the specificity and sensitivity of intra-
graft gene expression studies for diagnosis of acute rejection,
investigators have evaluated the efficacy of using gene expression
patterns of several or many genes, rather than of only one gene.
This approach was pioneered in renal transplant recipients by
Strom and Suthanthiran, who found that the accuracy of the
correlation between gene expression and acute rejection his-
tology was enhanced by simultaneous analysis of three CTL
markers—Fas ligand, perforin, and granzyme B—in renal biopsy

specimens; if any two of these markers were up-regulated, the
sensitivity and specificity were 100% for detection of acute rejec-
tion histology (26).

USING GENE EXPRESSION MICROARRAYS TO
IDENTIFY REJECTION BIOMARKERS

The biology of acute and chronic rejection, almost certainly
involves a wide spectrum of molecules (proteins, RNA) that
play a role in inflammation, chemoattraction, apoptosis, T-cell
activation and proliferation, fibrosis, signal transduction, and
effector functions. To better understand the orchestration of
these events, an assay that can effectively gauge all of these
processes simultaneously would be optimal. Although measure-
ment at the protein level would be most biologically relevant,
measurement at the RNA level can be a reasonable surrogate
and can be done on a genomic scale. Mapping and sequencing
of whole genomes have led to the advent of assays that can
directly take advantage of this information to simultaneously
measure mRNA levels of tens of thousands of genes in a sample.
Two methods of assaying gene expression at a genomic level
are cDNA and oligonucleotide microarrays (27, 28). Both of
these technologies work by immobilizing nucleotide sequences
onto a surface and reading intensities of fluorescent molecules
conjugated to mRNA complementary to sequences attached to
the array (28, 29).

MICROARRAY GENE EXPRESSION ANALYSIS IN
HUMAN TRANSPLANT RECIPIENTS

Microarrays have been used in numerous contexts by the trans-
plant community in recent years. Gene expression signatures
have been explored for diagnosis and prediction of rejection
events after kidney, liver, and heart transplant. Expression pat-
terns discriminating acute-rejection state after kidney transplant
have been found in biopsy samples and peripheral blood (30–32).
Expression patterns in biopsy samples suggest that there are
subgroups of acute-rejection profiles with differences in immune
activation, cellular proliferation, and B-cell infiltrates, and that
patients with chronic allograft nephropathy, a renal transplant
correlate of obliterative bronchiolitis, have an expression profile
that is distinguishable from the normal and acute-rejection pro-
files (31). Microarray analysis has also been used to establish an
expression profile for early prognosis of renal chronic allograft
rejection from amplified biopsy RNA samples (33–35). Acute
rejection and cytomegalovirus (CMV) infection were analyzed
together in liver transplant recipients, and genes associated with
T-cell activation, adhesion, and apoptosis were found to be up-
regulated in both conditions (36). An association between anemia
and acute kidney rejection has been explored by gene expression
profiling of peripheral blood, suggesting a collection of hemoglo-
bin synthesis and erythropoiesis genes in common (37). Self-
protection in ABO-incompatible kidney transplant recipients
was analyzed by microarray comparison of ABO-compatible
renal graft biopsies to ABO-incompatible graft biopsies, and a
set of 440 probe sets, including SMADs, protein tyrosine kinases,
tumor necrosis factor-�, and mucin, was found to be significant
(38).Acute rejection has also beenmonitored by gene expression
profiling in liver (39, 40) and heart (41–43) transplant recipients
through analysis of biopsies and peripheral blood, respectively.
Our group has investigated gene expression patterns in BAL

cells after lung transplantation. We reported that microarray
analysis of BAL cells could identify genes and gene expression
patterns indicative of acute rejection of the lung allograft (44).
In this work, statistical methods were used to identify genes on
the microarray whose expression levels were correlated, positively



46 PROCEEDINGS OF THE AMERICAN THORACIC SOCIETY VOL 4 2007

or negatively, with the histopathologic findings on simultane-
ously obtained transbronchial lung biopsies. Biopsies were
graded from 0 to 4 for “A” (perivascular inflammation) and “B”
(lymphocytic bronchiolitis) scores, according to standardized
nomenclature (7). To simplify the numerous possible combina-
tions of scores, samples were assigned to one of two groups
based on the sum of the A and B scoring. The “no rejection”
group included samples with a combined sum of A and B scores
of 0 or 1 (A0B0, A1B0, and A0B1) and the “acute rejection”
samples with a sum of greater than 1 (e.g., A2B1).
A software package developed at Stanford University, Sig-

nificance Analysis of Microarrays (SAM), was used to find a set
of transcripts that were differentially expressed between subjects
in the two groups (45). Because of the large number of simultane-
ous comparisons, we controlled for false discovery rate (FDR)
rather than type I error rate in selecting interesting genes. At
an FDR of 0.001, a group of 135 transcripts was identified, and
visualized by two-dimensional hierarchical clustering (Figure 1).
Based on the clustering algorithm, we separated the samples
into two major groups. One group included all seven acute-
rejection samples and six no-rejection samples. The second group
included the majority (21 of 27) of the no-rejection samples, and
no acute-rejection samples. The five subjects represented by
more than oneBAL sample afforded the opportunity to compare
the importance of acute-rejection status in sorting samples ob-
tained from specific individuals. In general, samples sorted on
the basis of the corresponding acute-rejection score, and not on
the basis of the subject from whom the sample came.
Microarray analysis is particularly well suited for discovering

complex changes in gene expression profiles under different
conditions. Inherent within these complex changes is that knowl-
edge of the dynamics of a single gene or even a small group of
genes may be insufficient to understand the process occurring
due to the change in conditions. A greater understanding of
the overall process may be facilitated by seeing whether any
pathways, networks, or groups of genes with related function
are up-regulated or down-regulated as a whole. Organization of
genes into pathways, functional groups, or networks is the critical
step in such an analysis. Once this organization is established,
it is then possible to design a metric to assign significance to a
pathway, network, or group.
The Gene Ontology Consortium has provided a dynamic

vocabulary of three independent gene ontology (GO) catego-
ries—molecular function, biological process, and cellular compo-
nent—arranged into hierarchically nested nodes (46). Within a
node, the hypergeometric distribution can be used to determine
if there are more members of that node represented in a set of
genes than would be expected by chance. MAPPFinder is a
freely available application that uses either GO categories or
curated pathways to implement the hypergeometric distribution
and find pathway or GO nodes that are overrepresented by a
given set of genes (47). Significant GO groups or pathways can
then be visualized with the GenMAPP application, which can
overlay expression information on top of pathways orGOgroups
to color code individual genes with statistical significance across
experimental conditions.
We used GenMAPP to categorize our BAL cell microarray

results. A relatively large group of transcripts (FDR � 0.05;
n � 885) was used in the GenMAPP analysis to develop a more
robust picture of pathway activation. Pathways overrepresented
by this set of transcripts included TGF-� signaling, inflammatory
response, apoptosis, nucleotide G-protein–coupled receptors,
peptide G-protein–coupled receptors, the Wnt family of signal-
ing molecules, and other sets of related cytokines and chemo-
kines. Several of these pathways are expected to be involved in

acute rejection biology, whereas others represent novel observa-
tions worthy of further investigation (Figure 2).

MICROARRAY GENE EXPRESSION ANALYSIS OF
NONHUMAN TRANSPLANT MODELS

Analysis of human samples is limited by heterogeneity among
patients and an inability to obtain samples at specific stages in
the development of disease. To address these limitations, the
effects of various interventions on grafted organs in mouse and
rat models have been assessed using expression microarrays.
The overall dynamics of gene expression after cardiac transplant
in mice (48–51) and rats (52, 53) have been assessed. A collection
of cytotoxic T-lymphocyte–associated transcripts leading to the
development of tubulitis was found in mouse kidney allografts
(54). Tolerated and rejected islet grafts were compared in a
diabetic mouse model (55). Xenotransplantation of rat hearts
inmouse recipients has been analyzed using amurinemicroarray
(56). Ischemia–reperfusion injury has been explored in rat mod-
els of both cardiac (57, 58) and kidney (59) transplant.
Standard immunosuppression of cardiac transplantation was

analyzed in a heterotopic rat model (60–62). Analyses of the
gene expression profile changes of an experimental immunosup-
pressant on rat kidney allografts (63), anti-CD80 and anti-CD86
antibodies on mouse cardiac allografts (64), and anti-CD40 and
anti-LFA antibodies (65) onmouse tracheal allografts have been
tested to explore gene expression changes associated with atten-
uation of rejection in these models. A group of chemokine genes
was found to be up-regulated in IFN-�–knockout cardiac recipi-
ent mice compared with wild-type mice (66), and a set of genes
was associated with IFN regulatory factor-1–deficient mouse
cardiac recipients (67). Peripheral blood from rat liver allografts
with FK506-induced tolerance was compared with peripheral
blood of syngeneic liver recipients (68). Genes involved with
tolerance regulation in cardiac allografts from allochimeric ther-
apy have been identified as well (69, 70).
Our group has performed microarray analysis of gene expres-

sion in a well-characterized murine model of obliterative airway
disease that reproduces characteristic features of obliterative
bronchiolitis (71). This is an attractive model because the evolu-
tion of the process is more rapid and the heterogeneity involved
with human samples is avoided. We used this model system to
test the hypothesis that there are sequential, stereotypic gene
expression patterns that reflect pathophysiologic events in the
grafts and in the graft-infiltrating cells. Gene expression dynam-
ics at three distinct time points were studied, which correlated
with the previously identified evolution of the lesion: an initial
stage of ischemia-induced injury; re-epithelialization; and an
innate immune response followed by an adaptive immune re-
sponse, which includes both cell-mediated and humoral compo-
nents (72, 73).
Tracheal grafts from BALB/c or C57B6 mice were trans-

planted into BALB/c recipients. Isografts from BALB/c donors
have identical major histocompatibility (MHC) class I and II
phenotypes to the recipients, whereas allografts from C57B6
mice were incompatible for both MHC class I and II antigens.
Isografts and allografts were compared with each other at Days
4, 14, and 25, and with untransplanted BALB/c tracheas, which
represent baseline gene expression. Comparisons with untrans-
planted tracheas using both hierarchical clustering and principal
components analysis (Figure 3) indicated that, although both
gene expression patterns from isografts and allografts change
substantially from untransplanted tracheas early after trans-
plantation, isografts revert back to the baseline pattern, whereas
allografts continue to differ substantially.
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Figure 1. Cluster analysis of gene expression patterns of bronchoal-

veolar lavage (BAL) cells from lung transplant recipients with and with-

out acute rejection. Microarray analysis of human BAL cell samples from

subjects with no rejection (A�B score 0 or 1) and those with acute

rejection (A�B score � 1). RNA from BAL cells was isolated and applied

to Affymetrix U133A microarrays (Affymetryx, Inc., Santa Clara, CA)

according to a set of standard procedures. Expression levels for 22,283

transcripts, representing 13,267 unique Entrez gene IDs, were estimated

using algorithms fromMicroarray Suite 5.0 and GeneData Expressionist

Refiner 4.0 (GeneData, Basel, Switzerland) to preprocess, normalize,

and summarize probe level information. SAM (45) clustered the samples

into two main groups: one which included all of the acute-rejection

samples and the other which included only no-rejection samples. Sub-

jects A and B each contributed one acute-rejection sample and one no-

rejection sample; each of these samples clustered with their appropriate

groups according to rejection status. Subject C contributed two acute-

rejection samples, each of which clustered with other acute-rejection

samples. Conversely, subject D had three no-rejection samples that all

clustered within the no-rejection group. Subject E contributed two no-

rejection samples: one grouped with the majority of no-rejection samples,

but one clustered with the acute-rejection samples. Patients: Yellow �

individual patients; red � patient A; green � patient B; gray � patient C;

purple� patient D; black� patient E. Biopsies: light blue� no rejection;

dark blue � acute rejection. Genes: red � up-regulated genes; green �

down-regulated genes. Reprinted by permission from Reference 76.

At the earliest time point after transplantation, although dif-
fering from the untransplanted tracheas, isografts and allografts
had few gene expression differences from each other. Using
SAM to compare isografts and allografts pairwise at all three
time points, there were only 24 transcripts differentially ex-
pressed at Day 4 compared with over 1,000 genes at both Days
14 and 25, at the same level of statistical significance (FDR �

0.05).
Implementing a gene-wise linearmodeling approach, a collec-

tion of 1,677 transcripts was found to be associated with graft
type, or graft type and time interaction. Visualization using two-
dimensional hierarchical clustering revealed several clusters of
interest. A small number of genes were specifically more highly
expressed at the 14-d point. Genes with high Day 14 expression
included granzymes C and E, regenerating islet-derived 1, pro-
protein convertase subtilisin/kexin type 5, indoleamine-pyrrole
2,3 dioxygenase, ubiquitin D and IFN-�, and an expressed se-
quence tag. In addition to a set of transcripts with high expression
at both Days 14 and 25, including CD3, CD8, and T-cell receptor
genes, there also was a set of transcripts that stood out for
high levels of expression in 25-d allografts. These transcripts
principally comprised genes related to the humoral immune
response. A cluster of genes with generally higher allograft ex-
pression included many genes that were found differentially
expressed at all time points in the SAM analysis. A large cluster
of transcripts exhibited lower expression levels at both Days 14
and 25 in the isografts compared with allografts on those days.
These clusters included epithelial cell markers and many genes
with GO classifications associated with epithelial cell processes
and functions. Although the particular genes found in the mouse
overlap differed from the gene list found in the human microar-
ray studies, overrepresentation of genes associated with CD8�

T-cell immune function was clearly observed in both studies;
these included granzymes, T-cell receptor genes, CD3, and
IFN-�.

LIMITATIONS AND FUTURE DIRECTIONS

The application of new genetic, genomic, and proteomic technol-
ogies is in its infancy, and themicroarray-based studies described
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Figure 2. Relationship of genes significantly changed in acute rejection to process pathways. The relationship of genes significantly changed in

acute rejection (as compared with no rejection) to different biological pathways was investigated using GenMAPP, a computer application designed

to visualize gene expression data through preconfigured or custom-developed biological pathways and groupings of genes (47). For this analysis,

a delta value of 1.05, which identified 885 genes with a false discovery rate (FDR) of 4.63%, was used to include a larger pool of candidate genes.

Six of the 52 preconfigured pathways showed significant changes in expression of some of their component genes. These included pathways for

transforming growth factor-� signaling, inflammatory response, apoptosis, nucleotide G-protein–coupled receptors, peptide G-protein–coupled

receptors, and the Wnt family of signaling molecules. The inflammatory response pathway is shown here. Genes highlighted in orange are

significantly changed; those highlighted in gray are not significantly changed; those in white were not represented on the Affymetrix Human

U133A GeneChip. Reprinted by permission from Reference 76.

here are clearly only the beginning of their application to human
disease, including lung transplantation. The massive amount of
data generated per tissue or cell sample has spawned an out-
pouring of invention in the bioinformatics field, which is still
in the process of developing methodologies to turn data into
meaningful clinical and mechanistic inferences. In parallel to the
evolution of analytic methods, the underlying technology is also
in evolution. For example, although the available microarray
platforms all may accurately reflect the relative quantities of
specific mRNA species in a sample, they are likely to yield
different numerical results, thus limiting the ability to compare
work done in different laboratories (74). For this and other
reasons, microarrays are presently probably best suited as
“screening tools,” which can estimate the quantity of individual
and groups of gene products. Precise quantitation for diagnostic
purposes is more accurately performed using real-time polymer-
ase chain reaction or related technologies.
Important future directions for this research fall into several

general areas. First, the number of patients and patient samples

in studies needs to be increased greatly to improve statistical
validity. This will require the establishment of collaborative
study groups that share biological samples from hundreds of
subjects (75). These larger studies will likely use high-
throughput, low-cost technologies, such as real-time reverse
transcriptase–polymerase chain reaction, to study genes that
have been identified in microarray-based experiments.
Second, expression microarrays of BAL cells only describe

one dimension in the chain of events between donor and recipi-
ent genotypes and clinical phenotypes. To optimize our ability
to characterize patients in good and poor prognostic groups,
information regarding gene expression will need to be integrated
with clinical, genetic, genomic, and proteomic information.
Third, our studies to date have focused on correlation of gene

expression with the concurrent histologic diagnosis of “acute
rejection” versus “no rejection” (i.e., diagnostic biomarkers).
Although promising, these studies require additional refinement.
For example, we have excluded subjects with bronchopulmonary
infections at the time of RNA sampling, which would undoubtedly
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Figure 3. Comparison of gene expression patterns of isograft and allo-

graft tracheas harvested at 4, 14, and 25 d after heterotopic transplanta-

tion. Principal components analysis was performed on gene expression

measurements of all allografts, isografts, and untransplanted tracheas

for the most variant transcripts across the different samples. Principal

components analysis is a data-reduction technique that derives an or-

dered set of orthogonal components, each of which is a linear combina-

tion of the original variables, and explains themost amount of variability

that has not been accounted for by prior components. The first three

principal components of the most variant genes on the microarray,

based on the coefficient of variation (SD/mean; n� 3,554), were plotted

in three dimensions to visually assess the degree to which graft day

and type explain the largest sources of variation in the data. The first

three principal components accounted for 15.3, 10.7, and 6.9% of the

variation in the data, respectively. Normal, untransplanted tracheas

(gray) were closest to 14- and 25-d isografts when plotted according

to the first three principal components, suggesting that isografts revert

back to the normal baseline gene expression of the mouse trachea.

Comp. � component. Reprinted by permission from Reference 77.

influence gene expression. To apply these studies to “real world”
patients, we will have to understand and correct for the influence
of infections and other confounding factors on gene expression.
Finally, although the identification of diagnostic biomarkers of

acute rejection is important, an equally important goal is to identify
patterns of gene expression that predict poor outcomes, such as
bronchiolitis obliterans syndrome and obliterative bronchiolitis
(i.e., predictive biomarkers). This will require monitoring the evo-
lution of gene expression patterns in individual subjects, and corre-
lating these patterns with the development of the outcomes of
interest. Identifying these predictive biomarkers will help realize
the goal of identifying patients who are or are not at risk for poor
outcomes, and intervening before their development.
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