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Part I. Blood Gene Expression Statistical Analysis
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Abstract Survival of solid organ grafts depends on life-long immunosuppression, which results in increased rates of
infection and malignancy. Induction of tolerance to allografts would represent the optimal solution for controlling both
chronic rejection (CR) and side effects of immunosuppression. Although spontaneous ‘‘operational tolerance’’ can occur
in human kidney transplantation, the lack of noninvasive peripheral blood biological markers of this rare phenomenon
precludes the identification of potentially tolerant patients in whom immunosuppression could be tapered as well as the
development of new tolerance inducing strategies. Here, the potential of high throughput microarray technology to
decipher complex pathologies allowed us to study the peripheral blood specific gene expression profile and
corresponding EASE molecular pathways associated to operational tolerance in a cohort of human kidney graft
recipients. In comparison with patients with CR, tolerant patients displayed a set of 343 differentially expressed genes,
mainly immune and defense genes, in their peripheral blood mononuclear cells (PBMC), of which 223 were also different
from healthy volunteers. Using the expression pattern of these 343 genes, we were able to classify correctly >80% of the
patients in a cross-validation experiment and classified correctly all of the samples over time. Collectively, this study
identifies a unique PBMC gene signature associated with human operational tolerance in kidney transplantation by a
classical statistical microarray analysis and, in the second part, by a nonstatistical analysis. J. Cell. Biochem. 103: 1681–
1692, 2008. � 2007 Wiley-Liss, Inc.
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Induction of operational tolerance [Ashton-
Chess et al., 2006], clinically defined as ‘‘the
absence of acute and chronic rejection and
indefinite graft survival with normal function
in an immunosuppressive free and fully
immunocompetent host’’ [Ansari and Sayegh,
2004], is regarded as the optimal solution for
both chronic rejection (CR) and side effects of
standard immunosuppression [Dantal et al.,
1998; Soulillou, 2001] in patients with solid
organ transplantation. Several therapeutic
strategies have been shown to induce opera-
tional tolerance in experimental models [Cob-
bold et al., 2006; Ballet et al., 2007], but are
turning out to be difficult to apply in the clinic.
However, accumulating evidence indicates that
a state of operational tolerance can indeed occur
in human graft recipients: immunosuppression
can be completely withdrawn in 25% of
liver recipients [Takatsuki et al., 2001; Marti-
nez-Llordella et al., 2007] and some kidney
recipients display spontaneous operational
tolerance years after immunosuppressive treat-
ment interruption [Roussey-Kesler et al., 2006].
A better understanding of this rare but bio-
logically and medically important phenomenon
may help to guide progressive immunosuppres-
sive drug minimization in selected patients as
well as to develop monitoring of new tolerance
induction protocols in humans [Fudaba et al.,
2006].

Several mechanisms may contribute to the
spontaneous acceptance of a kidney graft. We
have previously described the clinical features
of drug free operational tolerance in kidney
transplantation [Ballet et al., 2006; Roussey-
Kesler et al., 2006]. We have shown that most of
these patients display an altered T cell receptor
(TCR) repertoire usage with a unique pattern of
inflammatory cytokine transcripts in T cells
with skewed TCR usage [Brouard et al., 2005]
as well as CD4 and CD8 lymphocyte phenotypes
distinct from patients with CR but close to those
of normal individuals [Baeten et al., 2006; Louis
et al., 2006]. However, none of these observa-
tions have yet been convincingly validated as
being functionally involved in operational tol-
erance in humans. Therefore, the identification
of the peripheral blood molecules associated
with drug-free operational tolerance in kidney
graft recipients remains an important and
challenging issue.

High throughput methods such as micro-
arrays have expanded our ability to study

complex pathological situations such as cancers
[Alon et al., 1999; Alizadeh et al., 2000; van de
Vijver et al., 2002; Glas et al., 2005; Becker
et al., 2006], cardiovascular disease [Hiltunen
et al., 2002; Tuomisto et al., 2003], auto-
immune disorders [Chabas et al., 2001; Lock
et al., 2002; Baechler et al., 2003; Bennett et al.,
2003; Peterson et al., 2004; Kasperkovitz et al., ],
glomerular kidney diseases [Luckow et al.,
2004], and organ transplantation [Stegall et al.,
2002; Man et al., 2003; Sarwal et al., 2003;
Flechner et al., 2004; Horwitz et al., 2004;
Hotchkiss et al., 2006]. Recently, Martinez-
Llordella et al. [2007] reported a specific gene
signature in blood from liver transplant re-
cipients who had been successfully weaned from
immunosuppressive drugs. In the current study,
we report a differential transcriptional pattern,
consisting mainly of immune and defense genes,
in peripheral blood of patients who are opera-
tionally tolerant to kidney grafts compared to
patients with CR and healthy volunteers (HV).
Data of nonstatistical bioinformatics gene ana-
lysis based on classification of ‘‘key genes’’ are
presented in the twin article [Sivo et al., 2007].

MATERIALS AND METHODS

Patients

Thirty-four individuals were included in the
study. The protocol was approved by the Uni-
versity Hospital Ethical Committee and the
Committee for the Protection of Patients from
Biological Risks of the University Hospital. All
patients signed a written informed consent
before inclusion.

The study included:

(a) Eight drug-free operationally tolerant (TOL)
patients, defined as kidney graft recipients
with stable graft function (blood crea-
tinemia< 150 mmol/L, proteinuria< 1 g/
24 h) for at least 1 year (mean 6.4 years,
range 1.6–17.2 years) after complete inter-
ruption of immunosuppressive therapy.
Thus, this disruption is based on clinical
and stable graft function years after with-
drawal of all immunosuppressive drugs.
Stable graft function was defined by the
absence of 30% or more variation of the
baseline creatinemia. Biopsies were not
recommended by the ethical committee and
refused by the patients. Immunosuppressive
treatment, including corticosteroids, was
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stopped due to non-compliance (TOL01,
04, 05, 06, 07 and TOL08), post-transplant
lymphoproliferative disorder (PTLD) (TO-
L03), or calcineurin inhibitor toxicity
(TOL02). The clinical and biological charac-
teristics of the operationally tolerant
patients have been described in detail pre-
viously [Roussey-Kesler et al., 2006]; the
most relevant demographic and clinical data
are summarized in Table I. Four out of the
8 TOL patients (TOL01 to TOL04) were
sampled and analyzed at two different time
points with an interval of at least 16 months
(mean 25.8 months, range 16–31 months).
These patients fulfilled all clinical and
biological criteria of drug-free operational
toleranceat the different studiedtimepoints.
Serially harvested samples are denoted by
an asterisk.

(b) Eighteen kidney graft recipients with CR: All
patients had a progressive degradation of
their renal function (blood creatinemia
�150 mmol/L, proteinuria �1 g/24 h). CR was
diagnosed on a graft biopsy according to the
updated Banff criteria [Solez et al., 2007]. CR
was defined by histological signs of chronic
allograft arteriopathy (arterial intimal fibrosis
with mononuclear cell infiltration) and/or
transplant glomerulopathy with glomerular
double contours: 15/18 patients had a trans-
plant glomerulopathy, 10/18 had an ‘‘active
humoral component’’ [Solez et al., 2007] as
demonstrated by the presence of C4d together
with circulating anti-HLA antibodies. One of
the patients had C4d deposits but no circulat-
ing anti-HLA antibodies and another patient
did not show C4d deposits but did have
circulating anti-HLA antibodies. Three CR
patients (CR001 to CR003) were also sampled
and analyzed at two time points with an
interval of at least 12 months (mean
25.8 months, range 12–36 months). To assess
the role of maintenance immunosuppressive
treatment on the gene expression pattern,
this population of 18 patients consisted of
15 patients under immunosuppressive treat-
ment (CR001 to CR006, CR010 to CR013) and
three patients with CR (CR007 to CR009) in
whom immunosuppression was completely
stopped and dialysis was recently restarted.
Detailed demographic and clinical data are
shown in Table I.

(c) Eight age-matched HV were also included
after informed consent. They all had a

normal blood formula and no infectious or
other concomitant pathology for at least
6 months prior to the study (Table I).

RNA Preparation

Ten milliliters of peripheral blood were
collected in EDTA tubes. Peripheral Blood
Mononuclear Cells (PBMC) were separated on
a Ficoll layer (Eurobio, Les Ulis, France) and
frozen in Trizol1 reagent (Invitrogen, Life
Technologies, CA). One microgram of total
RNA (tRNA) of each sample was subjected to
amplification using the Amino Allyl Messa-
geAmpTM II aRNA Amplification Kit (Ambion,
Austin, TX) according to the manufacturer’s
protocols. This method of RNA amplification
has been extensively tested and validated for our
microarray platform (see: http://cardioserve.
nantes.inserm.fr/ptf-puce/publis_en.php#_4). In
accordance with previous studies reporting that
RNA amplification may induce significantly
different expression ratios in approximately
10% of the genes [Nygaard et al., 2003],
preliminary validation assays with 14 samples
subjected to two independent amplifications
showed differential expression of 13.7% of the
analyzed genes (data not shown). In order to
reduce this technical variability in the present
study, each tRNA sample was amplified in
duplicate and both duplicates were subse-
quently used for microarray hybridization and
analysis. Quality and quantity of tRNA and
amplified RNA (aRNA) was tested by an Agilent
2100 Bioanalyser1 (data not shown). All aRNA
samples were subsequently fragmented using
RNA fragmentation Reagents (Ambion) accord-
ing to the manufacturer’s protocols. Frag-
mented aRNA of each sample was labeled with
Cyanine 3 (Cy3; Amersham Biosciences, Buck-
inghamshire, UK). As the reference for the
hybridization, aRNA were prepared as
described from PBMC of 169 kidney graft
recipients with stable graft function and under
standard immunosuppressive treatment. This
referential aRNA was pooled and labeled with
Cyanine 5 (Cy5). Cyanine incorporation and
aRNA quantities were confirmed using a Nano-
drop ND1000 spectrometer (data not shown).

Microarray Hybridizations

Six thousand eight hundred sixty-four genes of
interest in immunology, apoptosis and cell signal-
ing were selected to be used on a dedicated
‘‘immunology microarray’’ spotted on glass-slides.
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The genes were selected based on literature data,
on data obtained in other immunological and
cancer fields (IFR26, West Genopole, Nantes,
France), and on our previous experiments with
pangenomicarrays on 6TOL and8 CR,which had
allowed us to select 520 unique genes (data not
shown). These patients are denoted by super-
script ‘‘a’’ in Table I. Detailed information on the
microarray is available online (http://cardioserve.
nantes.inserm.fr/ptf-puce/cancerochips_en.php).
A set of 50-mer oligonucleotides corresponding to
these 6,864 genes was spotted on the arrays, with
each oligonucleotide being spotted in triplicate in
order to reduce the technical variability of the
assay. Subsequently, 1 mg of Cy5-labeled refer-
ence aRNA and 1 mg of Cy3-labeled sample aRNA
were hybridized on the array for 16 h at 428C in a
sealed chamber (Telechem Int., Sunnyval, CA).
Validation assays on 28 samples indicated a
high correlation between the two hybridizations
arising from the same sample, with an R2 of
0.764 (�0.09) (data not shown). Since each RNA
sample was amplified in duplicate, one hybrid-
ization per aRNA was performed (one for each
aRNA) leading to a total of six data points per
sample.All replicateswereused in order to reduce
variability [Yang and Speed, 2002].

Microarray Analysis

Hybridized slides were scanned by fluores-
cence confocal microscopy (ScanArray 3000,
GSI-Lumonics) using independent laser excita-
tion of the two fluorescent dyes at 532 and 633
nm at a 10 mm/pixel resolution. Fluorescence
values and ratios were extracted with the
GenePix Pro 5.1 software. For each fluorescent
spot representing the hybridization with a
nucleotide of a single gene, the average pixel
intensity of the spot and the local background
were computed and subtracted to obtain the net
fluorescence intensity. The data were normal-
ized using a lowest fit approach independently
applied to each log ratio distributions [Golfier
et al., 2004]. Significance levels (scaled fold)
were computed by comparing the fluorescence
intensity of the tested sample with that of the
reference RNA for each spot of the microarray,
using the VARAN error models (http://www.
bionet.espci.fr/varan/). VARAN performs a
signal intensity based analysis of the log 2
expression ratio variability deduced from the
DNA microarray data. Considering the dupli-
cates for the amplification and the triplicates for
each gene spotted on the microarray, the

median of the six-scaled fold values for each
gene was used for statistical analysis. The
technical details of the analysis of the micro-
arrays are available on the website: http://
www.bionet.espci.fr/varan/. Functional annota-
tion of the genes selected as differentially
expressed was performed using the Expression
Analysis Systematic Explorer (EASE; http://
niaid.abcc.ncifcrf.gov/content.jsp?file¼/ease/
ease1.htm&type¼1). EASE provides a statisti-
cal significance of gene families using stan-
dardized Kyoto Encyclopedia of Genes and
Genomes (KEGG) or Gene Ontology database
terms, and a normalized gene enrichment score
is reported for each functional category.

Statistics

Unsupervised clustering of gene expression
data was performed by hierarchical clustering
(Pearson uncentered distance and average link-
age) with Cluster/TreeView software [Eisen
et al., 1998] (http://rana.lbl.gov/EisenSoftware.
htm). Cross-validation was performed using
the Predictive Analysis of Microarray (PAM)
software [Tibshirani et al., 2002] (http://
www-stat.stanford.edu/�tibs/PAM/).

RESULTS

Identification of a Specific Gene Expression
Pattern in Drug-Free Operational Tolerant

Kidney Graft Recipients

We first analyzed the transcriptional profile
in PBMC of the 8 TOL versus the 18 CR by two-
class Significance Analysis of Microarray (SAM
software) using a False Discovery Rate (FDR)
<0.05 and running 1,000 permutations of the
6,864 oligonucleotides. As shown in Table II,
343 oligonucleotides corresponding to 331 dis-
tinct genes were found to be significantly
differentially expressed between TOL and CR
sets. Of these, 275 were downregulated in TOL
with a fold change of 0.475–0.896. The other 68
genes were upregulated in TOL compared to
CR, with a fold change of 1.143–2.529 (Supple-
mental Table I).

In order to ascertain that the 343 genes set
was associated with operationally tolerance and
not due to the absence of immunosuppressive
drugs in these patients, we reanalyzed the
expression data of the 343 genes in comparison
with healthy individuals (HV) by SAM analysis.
Among the 68 upregulated genes in TOL versus
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CR, 43 were also differentially expressed
between TOL and HV. Among the 275 down-
regulated genes in TOL versus CR, 180 were
also differentially expressed between TOL and
HV. Taken together, these 223 genes (Supple-
mental Table II) are differentially expressed in
TOL compared to CR but also different com-
pared to HV. These 223 genes constitute a
unique pattern for operational tolerance. We
employed EASE in order to identify functional
categories for the 343 genes list and the 223
gene list (Tables II and III, respectively). For
each analysis, we selected only those functional
categories with a P< 0.05 and a number of genes
>10. For the 343 genes list, EASE identified 7

and 16 functional groups among the upregu-
lated and the downregulated genes, respec-
tively (Table II). For the 223 genes list, EASE
identified no functional family among the
upregulated and 12 functional groups among
the downregulated genes (Table III). In both
analysis, the functional categories corre-
sponded to genes involved in immune responses
and host defense.

Hierarchical Classification Using
the Gene Expression Profiles

We next analyzed the capacity of the gene
expression profiles to classify the diagnostic
category (TOL vs. CR) of a sample using PAM

TABLE III. Functional Classification of the 223 Differentially
Expressed Genes Using EASE

Gene Category Number of genes EASE score (P-values)

Downregulated genes in TOL
Response to wounding 15 2.12E� 05
Immune response 23 1.13E� 04
Defense response 23 2.70E� 04
Response to biotic stimulus 23 6.90E� 04
Inflammatory response 10 1.33E� 03
Innate immune response 10 1.70E� 03
Response to pest/pathogen/parasite 15 2.09E� 03
Cell motility 10 2.47E� 03
Response to stress 19 4.30E� 03
Response to external stimulus 24 8.81E� 03
Calcium ion binding 12 9.05E� 03
Biological process unknown 10 3.73E� 02

Functional categories with a P-value <0.05 and a number of genes> 10 were selected (http://
niaid.abcc.ncifcrf.gov/content.jsp?file¼/ease/ease1.htm&type¼1).

TABLE II. Functional Classification of the 343 Differentially
Expressed Genes Using EASE

Gene Category Number of genes EASE score (P-values)

Upregulated genes in TOL
Response to wounding 10 4.10E� 05
Immune response 14 1.84E� 04
Defense response 14 3.34E� 04
Response to biotic stimulus 14 6.44E� 04
Response to pest/pathogen/parasite 10 1.14E� 03
Response to external stimulus 15 2.38E� 03
Response to stress 11 7.56E� 03

Downregulated genes in TOL
Immune response 49 1.67E� 05
Defense response 51 1.75E� 05
Response to biotic stimulus 52 5.12E� 05
Response to pest/pathogen/parasite 34 6.68E� 05
Response to external stimulus 60 3.08E� 04
Response to stress 44 3.87E� 04
Cell motility 18 2.75E� 03
Response to wounding 21 4.18E� 03
Inflammatory response 16 6.77E� 03
Receptor activity 45 7.19E� 03
Innate immune response 16 9.30E� 03
Defense/immunity protein activity 13 1.84E� 02
Transmembrane receptor activity 31 2.20E� 02
Obsolete molecular function 15 3.86E� 02
Carbohydrate metabolism 14 4.91E� 02

Functional categories with a P-value <0.05 and a number of genes> 10 were selected (http://
niaid.abcc.ncifcrf.gov/content.jsp?file¼/ease/ease1.htm&type¼1).
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software [Tibshirani et al., 2002]. PAM analysis of
the 343 differentially expressed genes was per-
formed in the 8 TOL and the 18 CR patients. As
shown in Figure 1A, 5 out of 8 TOL and 16 out 18
CR were classified correctly. Collectively, these
data indicate we are able to classify TOL and CR
patients correctly in this cross-validation experi-
ment with a positive predictive value of 80.8%.

The same analysis was performed using the
223 genes differentially expressed in TOL
compared to both CR and HV that constitute
the unique gene expression pattern of opera-
tional tolerance. As shown in Figure 2A, again
5 out of 8 TOL and 16 out of 18 CR were classified
correctly by PAM, yielding the same positive
predictive value.

Using the list of 343 differentially expressed
genes between TOL versus CR, the correspond-
ing expression matrix was classified by an

unsupervised hierarchical clustering approach
where the degree of similarity between samples
and genes are visualized. As shown in Figure 3,
two clearly distinct clusters of patients were
identified solely on the basis of the gene
expression data: one cluster contained 6 out of
8 TOL, whereas the other contained 16 out of the
18 CR as well as two TOL (TOL06 and TOL08).
This result is in accordance with what is
observed in Figure 2.

Stability of the Gene Expression Profile Over Time

In order to confirm that the TOL and CR gene
signature was reproducible and stable
over time, 4 TOL (TOL01 to TOL04) and 3 CR
(CR001 to CR003) patients were sampled and
analyzed at a second time point with an interval
of at least 12 months (mean 25.7 months, range
16–31 months for TOL and mean 25.8 months,

Fig. 1. Classification probabilities of individual patients by
Predictive Analysis of Microarray (PAM) based on the 343
differentially expressed genes between operationally tolerant
kidney graft recipients (TOL) and patients with chronic rejection
(CR). Each patient sample is shown by a bar, as labeled in the
X-axis. The color codes indicate the probability (0–1, as
indicated in Y-axis) that the sample belongs to TOL (red) or CR
(green). A: Cross-validated probabilities on the 8 TOL and 18 CR
that were used to set up the 2-class (TOL/CR) classification

algorithm. Among the 26 patients, 5 samples (CR013, CR014,
TOL01, TOL06 and TOL08) were misclassified. B: Using the
PAM algorithm defined with 8 TOL and 18 CR patients, 7 serially
harvested samples (4 TOL and 3 CR) at a time interval of more
than 1 year after the first sample were classified. The algorithm
correctly classified all samples, with a probability of 100% for
TOL and 92.0% for CR. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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range 12–35 months for CR). The gene expres-
sion data were analyzed using the PAM algo-
rithm defined in the previous paragraph by the
8 TOL and 18 CR samples. All the serial TOL
and CR samples were classified correctly with a
probability of 100% and 92.0% for TOL and CR,
respectively (Fig. 1B). Also the PAM algorithm
based on the unique 223 gene set classified all
TOL and CR correctly with a probability of
98.2% and 92.9%, respectively (Fig. 2B). Accord-
ingly, the gene expression levels of the serial
samples showed a good correlation over time in
6 out of 7 patients (Table IV).

DISCUSSION

Kidney transplantation remains the major
treatment for end-stage renal diseases, but is
often complicated either by acute or CR or by

side effects of long-term immunosuppression.
The molecular basis of these processes have
been analyzed by gene expression profiling in
various studies focusing on acute [Sarwal et al.,
2001; Gimino et al., 2003; Hippen et al., 2005;
Hoffmann et al., 2005] or CR [Donauer et al.,
2003; Scherer et al., 2003; Flechner et al., 2004;
Cheng et al., 2006; Hotchkiss et al., 2006],
response to treatment [Flechner et al., 2004;
Melk et al., 2005], and lung cancer [Chen et al.,
2007], demonstrating the unique potential of
this approach to decipher complex pathological
processes in human disease. Recently, the
feasibility and value of microarray analysis of
operational tolerance has been demonstrated by
Martinez-Llordella et al. [2007] in liver trans-
plantation and by our-selves in kidney trans-
plantation [Brouard et al., 2007].

Fig. 2. Classification probabilities of individual patients by
Predictive Analysis of Microarray (PAM) based on the 223
specific genes differentially expressed between operationally
tolerant kidney graft recipients (TOL), patients with chronic
rejection (CR), and HV. Each patient sample is shown by a bar, as
labeled on the X-axis. The color codes indicate the probability
(0–1, as indicated in Y-axis) that the sample belongs to TOL (red)
or CR (green). A: Cross-validated probabilities on the 8 TOL and
18 CR that were used to set up the 2-class (TOL/CR) algorithm.

Among the 26 patients, 5 samples (CR013, CR014, TOL01,
TOL06, and TOL08) were misclassified. B: Using the PAM
algorithm defined with 8 TOL and 18 CR patients, 7 serially
harvested samples (4 TOL and 3 CR) at a time interval of more
than 1 year after the first sample were classified. The algorithm
correctly classified all samples, with a probability of 98.2% for
TOL and 92.9% for CR. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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In the present study, we identified a list of 343
genes, mainly immune and defense genes,
differentiating operational tolerance from CR
in human kidney recipients. We demonstrated

that the obtained gene expression profile cor-
rectly classified more than 80% of the samples in
a cross-validation experiment and separated
well on the unsupervised hierarchical cluster-
ing. More importantly, the expression algo-
rithm still yielded a positive predictive value
for all samples harvested over time of both
operationally tolerant and CR patients, demon-
strating the stability of the gene expression
pattern. Interestingly, one patient (TOL06) was
classified as CR in the cross-validation test. This
patient, who fulfilled the criteria of operational
tolerance at the time of the study two years after
total withdrawal of immunosuppressive drugs,
had a declining graft function (creatinemia:
165 mm/l, proteinuria: 1 g/day) and displayed
anti-donor class II (anti-DR4) antibodies
6 months later. Although single cases should
be interpreted with caution, this suggests that
the blood gene profiling may contribute to
identifying patients at risk of losing the status
of tolerance. Two other patients (TOL01 and
TOL08), however, were classified as CR by their
gene expression profile but still fulfilled the
criteria of operational tolerance upon follow-up.
Therefore, no conclusions can be made about the
potential prognostic value of the identified
expression signature without large, prospective
and longitudinal trials.

Of major importance in a clinical perspective
is the fact that the described gene expression
profile has been obtained from PBMC and can
thus easily be used and validated in other
settings. Several studies have reported that
gene profiling of peripheral blood cells may be
useful in the prediction of clinical events and the
management of immunosuppressive treatment
in heart [Deng et al., 2006] and kidney trans-
plantation [Flechner et al., 2004] as well as in
other pathological conditions [Steinman and
Zamvil, 2003; Achiron and Gurevich, 2006]. In
an experimental rodent model of infectious
tolerance, regulatory lymphocytes from periph-
eral blood were able to transfer long-term
survival [Fujino et al., 2004], indicating that
peripheral regulatory mechanisms really exist.
Thus, even in the presence of compartment-
specific differences [Lair et al., 2007], gene
expression profiling of peripheral blood may be
useful to monitor the state of the immune
response to kidney transplants.

Besides the clinical implications of the present-
ed data, a major topic of interest is the identi-
fication of the molecular pathways underlying the

Fig. 3. Schematic representation of the clustering analysis of
the 343 genes which were differentially expressed between
operationally tolerant kidney graft recipients (TOL) and patients
with chronic rejection (CR). The color scale ranges from green,
representing downregulation of genes in TOL, to red, represent-
ing upregulation of genes in TOL. Each column of the matrix
corresponds to a single patient sample and each row to a gene.
Patients’ samples were clustered according to the similarity in
their expression profile across the genes. The dendrogram tree
summarizes the results of this clustering. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]
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identified expression profile and their functional
involvement in tolerance. Although stringently
significant at the statistical level, all these genes
showed a relatively moderate fold-change com-
pared to CR, thereby indicating that a complex
interaction between a multitude of genes and
pathways rather than a massive upregulation of a
few single genes is relevant for operational
tolerance. This expression pattern is consistent
with previous studies in autoimmune diseases
[Bennett et al., 2003] and even highly specific
oncology gene signatures are composed of sets of
70–100 genes with relatively small fold-changes
[van ’t Veer et al., 2002; Glas et al., 2006]. A
detailed functional analysis of the obtained gene
expression profiles using two different statistical
and nonstatistical methods is therefore presented
in the second part of this article.
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