
ANTIOXIDANTS & REDOX SIGNALING
Volume 9, Number 12, 2007
© Mary Ann Liebert, Inc.
DOI: 10.1089/ars.2007.1801

Forum Original Research Communication
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ABSTRACT

Ischemia/reperfusion injury (IRI) has a major impact on short- and long-term renal allograft survival by in-
creasing graft immunogenicity. Donor preconditioning by inducing heme oxygenase 1 (HO-1) has been proven
to exert cytoprotective and antiinflammatory effects on the graft, thus resulting in reduced graft immuno-
genicity. The study analyzed the effects and mechanisms of HO-1–mediated cytoprotection in rat kidney trans-
plants exposed to cold preservation. We studied the differential gene-expression patterns of allografts after
either short or long cold ischemia using a customized cDNA microarray. Prolonged cold ischemia led, 12 h
after engraftment, to enhanced levels of adhesion molecules, heat-shock proteins, chemokines (CXCL10), and
a remarkable upregulation of immunoproteasomes. Next we addressed the question whether induction of HO-
1 or its byproduct carbon monoxide (CO) in organ donors targets these candidate markers related to en-
hanced immunogenicity. Induction of HO-1 or CO in organ donors 24 h before organ harvesting resulted in
reduced mRNA levels of immunoproteasomes, MHC class II expression, and co-stimulatory molecules in the
recipient’s spleen, suggesting diminished migration and activation of donor dendritic cells. This observation
suggests that HO-1/CO induction protects marginal allografts by inhibiting the immunogenicity of donor-de-
rived dendritic cells. Antioxid. Redox Signal. 9, 2049–2063.
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INTRODUCTION

ISCHEMIA/REPERFUSION INJURY (IRI) has a major impact on
short- and long-term renal allograft survival. Historically,

IRI was considered a risk factor for delayed graft function
(DGF), which is a common clinical situation after kidney trans-
plantation, associated with enhanced risk of graft loss and in-
creased frequencies of acute rejections (22, 25, 31). Synergis-
tically with other donor factors, such as age, hypertension, and
brain death, IRI determines the pre/perioperative damage of the

graft. In addition to direct toxic effects on the graft, recent data
support the idea of increasing graft immunogenicity induced by
IRI that amplifies alloantigen-specific processes, resulting in
the development of chronic allograft nephropathy (CAN) in the
long-term outcome (27, 36, 37).

With the increasing knowledge of the link between innate
and adaptive immunity, particularly after the delivery of “dan-
ger” signals to pattern-recognition receptors, it is speculated that
enhanced allograft immunogenicity after IRI is due to the acti-
vation of innate immunity by endogenous Toll-like receptor li-
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gands, such as heat-shock proteins (HSPs) which trigger al-
loreactivity by enhanced antigen presentation (22, 24). Multi-
ple immune processes are associated with IRI, occurring
through a complex interaction between renal hemodynamics,
inflammatory mediators, and endothelial and tubular injury.
These processes are reflected by the recruitment of activated
neutrophils and monocytes/macrophages (9, 13), altered cell-
adhesion patterns (42), induction of cytokines/chemokines (4),
and complement activation (6). This leads to the recruitment
and activation of leukocytes, which generate reactive oxygen
species (ROS) and cytokines, thus resulting in enhanced injury
(7). Subsequent to IRI, the inflammatory response further re-
sults in endothelial activation with enhanced dendritic cell (DC)
adhesion and migration, accompanied with the expression of
MHC class II and co-stimulatory molecules, thus increasing
graft immunogenicity. Activated donor DCs begin to migrate
from the graft to the recipient lymphoid compartments, finding
their way to both draining lymph nodes and the spleen of the
recipient, finally initiating direct allorecognition. Consequently,
a stronger alloresponse results in higher frequencies of acute
rejection episodes and accelerated CAN.

For a better understanding of the molecular changes leading
to accelerated CAN, major contributions have been made iden-
tifying dynamic changes of IRI in experimental warm ischemia
models using gene-expression microarray analyses (45, 50). Re-
cent studies also reported on gene-expression profiles after cold
IRI in heart transplantation models (2, 43). Although a number
of studies have focused on mechanisms of IRI in organ trans-
plantation, early regulators and their therapeutic relevance have
not been explored. In this context, the beneficial effects of heme
oxygenase 1 (HO-1) activity have been proven as a promising
tool in renal allograft protection. HO-1 catabolizes heme into
the three byproducts: carbon monoxide (CO), iron, and
biliverdin (46), and biliverdin is further converted to bilirubin
through biliverdin reductase. Three isoforms of HO (HO-1, 
HO-2, and HO-3) have been identified. HO-1 is classified as
heat-shock protein 32 (HSP32) and is induced in response to
various stimuli such as hypoxia, endotoxin, heat shock, ROS,
or ischemia, acting as a cytoprotective protein (32, 38). Mean-
while, extensive experimental studies demonstrated that donor
preconditioning by inducing HO-1 exerts cytoprotective and
antiinflammatory effects in the graft. In particular, we demon-
strated that HO-1 induction by a single donor treatment 
with the synthetic metalloporphyrin cobalt-protoporphyrin-IX
(CoPPIX) ameliorated IRI in the rat and preserved long-term
function (48). Although the byproduct CO is not an antioxidant
(49), it can cause induction of antioxidant genes and demon-
strates antiapoptotic effects as well (33). Several reports have
demonstrated that CO is able to prevent IRI or allograft rejec-
tion via its antiinflammatory and antiproliferative effects (3, 11,
19, 21, 33, 49). Furthermore, very recently we showed that in-
duction of CO by applying the prodrug methylene chloride
(MC) in donor animals reduces the frequencies of donor-de-
rived DCs in the kidney graft, peripheral blood, and spleen, as-
sociated with decreased numbers of donor-reactive T cells and
prevention of CAN (28). Especially the latter observation sug-
gests that one of the major aspects of reducing graft immuno-
genicity after the induction of HO-1 or treatment with its
byproducts might be mediated by modulating maturation or mi-
gration of DCs.

The aim of the present study was to investigate potential
mechanisms of HO-1–mediated cytoprotection against nonanti-
genic injury in a well-defined rat model of kidney transplanta-
tion (F344–Lewis) after prolonged cold ischemia associated
with accelerated CAN. In a first series of experiments, we stud-
ied the differential gene-expression pattern of allografts from
F344 donors after either short (20 min) or long (24 h) cold isch-
emia using a customized cDNA microarray spotted with 737
immune-related genes. In a second series of experiments, we
addressed the question whether induction of HO-1 or CO in or-
gan donors would be associated with targeting identified can-
didate markers. In summary, our data suggest that HO-1 or CO
induction inhibits donor DC maturation and activation, result-
ing in reduced trafficking to secondary lymphoid organs, thus
leading to reduced immunogenicity and antidonor reactivity.

MATERIAL AND METHODS

Animal model and operative techniques

A well-established model for renal allograft deterioration was
used. Inbred adult (200–250 g body weight) male Fisher (F344)
and Lewis (LEW) rats (Harlan Winkelmann, Borchen, Ger-
many) served as donors and recipients, respectively. Renal al-
lografts from F344 donors were transplanted into LEW recipi-
ents using standard microsurgical techniques. All animals were
anaesthetized with pentobarbital, 30 mg/kg (Nembutal Sodium
Solution; Abbott Laboratories, Chicago, IL).

Experimental groups

For the microarray experiment, grafts were perfused with
University of Wisconsin (UW) solution at 4°C, undergoing 20
min. (n � 3) or 24 h of cold ischemia (n � 3). Engrafted or-
gans were removed after 12 h. For the pretreatment study, donor
animals were either treated with methylene chloride (MC,
CH2Cl2, 100 mg/kg, p.o; Sigma Aldrich, Munich, Germany),
or CoPPIX (5 mg/kg, i.p.; Porphyrin Products, Inc., Logan, UT)
24 h before organ harvesting or remained untreated (n � 6).
Grafts were also perfused with UW solution at 4°C and stored
for 6 h at 4°C. Removed organs after 12 h of engraftment were
transferred immediately in liquid nitrogen and stored at �80°C
until total RNA extraction. Untreated normal kidneys from
F344 rats served as controls. Animal experiments were per-
formed with the written permission of the local authorities (Lan-
desamt für Gesundheitsschutz, Arbeitsschutz und Technische
Sicherheit, Berlin, Germany).

Histology

Tissue samples were fixed in 4% buffered formalin and em-
bedded in paraffin. Hematoxylin-eosin (H&E) stains were eval-
uated by light microsocopy under the supervision of an expe-
rienced pathologist.

cDNA microarray production

A customized PIQOR cDNA microarray (Miltenyi Biotec
GmbH, MACSmolecular Business Unit, Cologne, Germany)
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spotted with 737 rat immune-related target genes was used for
analysis. Array production was done as previously described
(8). In brief, defined 200- to 400-bp fragments of selected 
cDNAs were generated by RT-PCR (Superscript II; Invitrogen,
Groningen, The Netherlands), cloned into pGEM-T Vector
(Promega, Mannheim, Germany) and sequence verified. Am-
plified inserts (Taq PCR Master Mix; Qiagen, Hilden, Ger-
many) were purified (Qiaquick 96 PCR BioRobot Kit; Qiagen),
checked on an agarose gel, and spotted 4 times (0.2 ng) on pre-
treated glass slides (8) with a noncontact piezo-based spotting
device.

Isolation of total RNA, labeling, 
and hybridization

Whole kidney tissues were disrupted with an Ultraturrax
homogenizer (Janke & Kunkel, Staufen, Germany). Total
RNA was extracted using the NucleoSpin RNA L Kit
(Macherey-Nagel GmbH und Co KG, Düren, Germany).
Sample quality and quantity were assessed with an Agilent
2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA). All
samples possessed 18S and 28S rRNA peaks with no RNA
degradation. mRNA isolation and fluorescent labeling of the
probes were performed as previously described (8). In brief,
100 �g of total RNA was combined with a control RNA con-
sisting of an in vitro transcribed Escherichia coli genomic
DNA fragment carrying a 30-nt poly(A)�-tail, and the mRNA
was isolated (Oligotex mRNA Mini Kit; Qiagen). The re-
sulting mRNA was diluted in 17 �l and combined with 2 �l
of a second control RNA, a mixture of three different tran-
scripts. The mRNA was then reverse-transcribed by adding
a mix consisting of 8 �l 5� First Strand Buffer (Invitrogen,
Karlsruhe, Germany), 2 �l Primer-Mix (oligo-dT and ran-
domers, 2 �l low C dNTPs (10 mM dATP, 10 mM dGTP, 10
mM dTTP; 4 mM dCTP), 2 �l FluoroLink Cy3/5-dCTP
(Amersham Pharmacia Biotech, Freiburg, Germany), 4 �l 0.1
M DTT, and 1 �l RNasin (20-40 U) (Promega, Mannheim,
Germany). 200 U of Super Script II Reverse Transcriptase
(Invitrogen) was added, incubated at 42°C for 30 min, fol-
lowed by the addition of a further 1 �l of Super Script II Re-
verse Transcriptase and incubated under the same conditions
as described earlier. Then 0.5 �l of RNaseH (Invitrogen) was
added and incubated at 37°C for 20 min. Cy3- and Cy5-la-
beled samples were combined and cleaned using QIAquick
(Qiagen). Eluates were diluted in 50 �l, and 50 �l of 2� hy-
bridization solution (Miltenyi Biotec GmbH) prewarmed to
42°C was added. Hybridization was performed according to
manufacturer’s guidelines (Miltenyi Biotec GmbH) using a
GeneTAC hybridization station (Perkin Elmer, Langen, Ger-
many). Then 100 �l of prehybridization solution was added,
and slides were prehybridized at 65°C for 30 min. Thereafter,
100 μl purified, mixed Cy3- and Cy5-labeled probes in 2�
hybridization solution was pipetted onto the slides, thereby
displacing the prehybridization solution. Hybridization was
then performed for 14 h at 65°C, followed by four washing
steps carried out at 50°C (see also instruction manual, Mil-
tenyi Biotec GmbH). RNA from control (nontransplanted)
F344 kidneys was labeled with Cy3-dCTP, and RNA from
transplanted kidneys was labeled with Cy5-dCTP.

Microarray data analysis

Image capture and signal quantification of hybridized PIQOR
cDNA arrays were done with the ScanArray3000 (GSI Lu-
monics, Watertown, MA) and ImaGene software version 4.1
(BioDiscovery, Los Angeles, CA). For each spot, the local sig-
nal was measured inside a fixed circle of 350 �m diameter, and
the background was measured outside the circle within speci-
fied rings 40 �m distant from the signal and 40 μm wide. Sig-
nal and background were taken to be the average of pixels be-
tween defined low and high percentages of maximal intensity,
with percentage parameter settings for low/high being 0/97%
for signal and 0/80% for background. Local background was
subtracted from the signal to obtain the net signal intensity and
the ratio of Cy5 to Cy3. The ratios were normalized to the me-
dian of all ratios using only those spots for which the fluores-
cent intensity in one of the two channels was twice the nega-
tive control. Subsequently, the mean of the ratios of four
corresponding spots representing the same cDNA was com-
puted. The negative control for each array was computed as the
mean of the signal intensity of four spots representing herring
sperm and four spots representing spotting buffer only. Only
genes displaying a net signal intensity twofold higher in the
control or treatment sample than in the negative control were
used for further analysis. For linear scaling, ratios with values
�1 were treated in the following way: (1/ration) x –1. There-
fore, �1 and �1 values are considered equal. The data dis-
cussed in this publication have been deposited in NCBIs Gene
Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/)
and are accessible through GEO Series accession number
GSE4441 (5, 14). All labelled samples were hybridized to
PIQOR cDNA microarrays. One microarray experiment was
carried out for each animal.

Cell preparation, culture, and treatments

Rat bone marrow–derived DCs (BMDCs) were obtained by
culturing bone marrow cells in medium supplemented with re-
combinant rat IL-4 or granulocyte–macrophage colony-stimu-
lating factor (GM-CSF) (final concentration of 4 and 1.5 ng/ml
of each cytokine, respectively; Peprotech Inc., Rocky Hill, NJ).
Cultures were fed with GM-CSF and IL-4 on days 3 and 6. At
day 8, adherent immature bone marrow–derived DCs were used.
Immature DCs were pulsed for 2 h with 50 �M CoPP. The cells
were then washed twice and cultured for 16 h. DCs treated with
CoPP were then cultured for a further 24 h with LPS (1 �g/ml,
Escherichia coli 026:B6; Sigma Aldrich), and nonadherent ma-
ture DCs were collected for analysis.

Quantitative real-time RT-PCR

Real-time reverse transcriptase polymerase chain reaction
(RT-PCR) was performed as described elsewhere (40). In brief,
the expression of selected candidate genes was analyzed by real-
time PCR using the ABI PRISM 7500 Sequence Detection Sys-
tem (TaqMan; Applied Biosystems, Darmstadt, Germany). All
primers were designed using Primer Express software (Applied
Biosystems) and validated at the Institute of Medical Immu-
nology, Universitätsmedizin Charité. The amplification primers
were designed to span the exon borders to exclude crossreac-
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tivity with genomic DNA. The PCR reaction was performed in
a final volume of 25 �l containing 1 �l cDNA, 12.5 �l Mas-
ter Mix (TaqMan Universal PCR Master Mix; Applied Biosys-
tems), 1 �l fluorogenic hybridization probe, 6 �l primer mix,
and 5.5 �l distilled water. The amplification took place in a
two-step PCR (40 cycles; 15-sec denaturation step at 95°C, and
1-min annealing/extension step at 60°C). Specific gene expres-
sion was normalized to the housekeeping gene �-actin given by
the formula 2��Ct, which also showed no regulation in the mi-
croarray experiments. The result for the relative gene expres-
sion was calculated by the 2���Ct method. The mean Ct val-
ues for the genes of interest and �-actin were calculated from
double determinations. Samples were considered negative if the
Ct values exceeded 40 cycles.

Western blot analysis

To validate the heightened gene expression of the different
immunoproteasome subunits and the immune activator PA28
subunits as a consequence of prolonged cold ischemia, West-
ern blot analysis was performed using whole tissue lysates from
rat kidneys or lysates from DCs. Tissues or cells were homog-
enized in protein extraction buffer (50 mM Tris · HCl, pH 7.4,
50 mM NaCl, 5 mM MgCl2, 0.1 % Triton X-100), supplemented
with complete protease inhibitor cocktail (Roche, Mannheim,
Germany) using an Ultraturrax tissue homogenizer (Jahnke and
Kunkel, Staufen i. Breisgau, Germany). After centrifugation (30
min., 4°C), total protein was quantified by applying Coomassie
Protein Assay Kit (Perbio Science, Bonn, Germany). Aliquots
of 150 �g were supplemented with 1� sample buffer and
applied to a 15% SDS-PAGE. The gels were blotted onto ni-
trocellulose membrane, and proteins were visualized with Pon-
ceau red staining. Blots were blocked for 1 h in blocking buffer
[PBS � 5% (wt/vol) low-fat dry milk � 1% Tween 20] at 
room temperature and agitated overnight at 4°C in a 2,000-fold
dilution of rabbit polyclonal anti-mouse MECL-1 (PSMB10),
2,000-fold dilution of rabbit polyclonal anti-mouse LPM7
(PSMB8), 1,000-fold dilution of rabbit polyclonal anti-mouse
LPM2 (PSMB9), 2,000-fold dilution of rabbit polyclonal anti-
mouse PA28�, and 2,000-fold dilution of rabbit polyclonal anti-
mouse PA28� in blocking buffer. Antibodies were cross-reac-
tive with rat. Blots were washed 3 times in PBS � 1% Tween
20 and incubated for 1 h in a 5,000-fold dilution of goat anti-
rabbit IgG-peroxidase conjugate (Amersham Biosciences,
Freiburg, Germany) in blocking buffer. After four washes, pro-
teins were visualized on films by enhanced chemiluminescence
reaction. An anti-mouse p38 MAPK monoclonal antibody (Bec-
ton Dickinson, Heidelberg, Germany) was used as loading con-
trol.

Statistics

The full data set consisting of 737 genes was used for data
processing. Hierarchic clustering was performed by applying
average linking clustering with the Cluster software described
in Eisen et al. (15; http://rana.lblgov/EisenSoftware.htm). Sta-
tistical significance of gene expression was analyzed using t
tests of unpaired data and the computer software SAM (Sig-
nificance Analysis of Microarrays; SAM; http://www-stat-
class.stanford.edu/SAM/SAMservlet). Statistical significance

for gene expression assessed by real-time RT-PCR was ascer-
tained by applying the Mann–Whitney U test. Differences were
considered significant at p � 0.05.

RESULTS

Graft morphology

F344 kidney transplants that experienced either 20 min or 24
h of cold ischemia were examined 12 h after engraftment into
LEW recipient rats. Twelve hours after engraftment, an increase
of cellular infiltrates, tubular atrophy, and arteriosclerosis was
observed in grafts after 24 h of cold ischemia compared with
those subjected to 20 min of cold ischemia (Fig. 1).

cDNA Microarray hybridizations

The cDNA microarray experiment was carried out in tripli-
cate for three individual animals of both groups. Unfortunately,
the hybridization of one cDNA microarray (24 h cold ischemia)
did not pass the quality control, because overall signal intensi-
ties were very low. Consequently, this array was excluded from
analysis. Hierarchic clustering of grafts subjected either to 20
min or 24 h of cold ischemia illustrated clearly two distin-
guishable groups based on their molecular-expression pattern.
Figure 2 illustrates two nodes of the dendogram showing nine
induced genes.

Gene expression in kidney transplants 
after short-term cold ischemia

The cDNA microarray analysis revealed the expression of 87
differentially regulated genes (47 genes upregulated, twofold or
more; 40 genes downregulated, twofold or more) in kidneys sub-
jected to 20 min of cold ischemia after 12 h of engraftment com-
pared with nontransplanted F344 control kidneys. Among the
early regulated genes, the small inducible cytokine A19 (CCL19,
5.2-fold up), tissue inhibitor of metalloproteinase 1 (TIMP-1, 5.7-
fold up), and the suppressor of cytokine signaling 3 (SOCS3, 5.6-
fold up) represented the most strongly (more than fivefold) in-
duced genes, whereas the transcription factor c-fos displayed the
most significantly downregulated gene (c-fos, �3.7-fold down).
A summary of genes that were detected in at least all three in-
dependent experiments are displayed in Table 1.

Gene expression in kidney transplants 
after long-term cold ischemia

As expected, the expression pattern was significantly altered
after 24 h of cold ischemia, comprising 79 upregulated genes and
62 downregulated genes in kidneys derived from animals killed
12 h after engraftment compared with nontransplanted controls.
Among 79 induced genes, 20 genes were upregulated more than
fivefold. The analysis demonstrated that prolonged cold ischemia
leads to a further increase of TIMP-1 (22.1-fold up) or adhesion
molecules including intracellular adhesion molecule 1 (ICAM-1,
9.9-fold up) (see Table 1). In addition, the interferon-�–induced
chemokine 10 (IP-10, CXCL10) displayed a strong induction as
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a result of prolonged cold ischemia (23.3-fold up). Furthermore,
we discovered the increased expression of inducible proteasome
� subunits (immunoproteasomes), including proteasome compo-
nent C13 (PSMB8 or LMP7, 16.11-fold up), proteasome chain
7 (PSMB9 or LMP2, 5.60-fold up), and proteasome component
MECL-1 (PSMB10 or MECL, 5.96-fold up). Moreover, an ele-
vated expression for both subunits of the proteasome activator
PA28� and � (PSME1, PSME2; 3.30-fold up and 3.75-fold up,
respectively) could be observed (see Table 1). In contrast, no dif-
ferential expression of the constitutively expressed proteasome �
subunits X, Y, and Z (PSMB5, PSMB6, and PSMB7) could be
detected (data not shown). For further confirmation of the gene-
expression data obtained by cDNA microarrays, we verified the
gene expression by real-time RT-PCR. Figure 3 illustrates the re-
sults obtained for the candidate markers IP-10, ICAM-1, CCL19,
LMP2, LMP7, and MECL-1.

Enhanced immunoproteasome induction in kidney
grafts underlying prolonged cold ischemia

To clarify whether increased expression of inducible im-
munoproteasomes is also observed at the protein level, we ex-
amined the expression of LMP2, LMP7, MECL-1, and PA28�/�
by Western blot analysis. Figure 4 demonstrates the upregulation
of LMP2 (PSMB9) and LMP7 (PSMB8) at the protein level in
grafts underlying 24 h of cold ischemia compared with native
kidneys or grafts undergoing a short cold-ischemia time. Al-
though we detected a more than threefold induction of the pro-
teasome activator PA28� and PA28� subunits at the mRNA level
(see Fig. 1), these were barely induced at the protein level. Un-
fortunately, we did not succeed in detecting MECL-1 (PSMB10)
by Western blot analysis, as available antibodies have been non-
reactive. Consequently, we proceeded to analyze the different im-
munoproteasome subunits by real-time RT-PCR.

Donor pretreatment with CoPP or MC did not
inhibit ischemia/reperfusion injury–induced
immunoproteasome induction in the graft

The induction of HO-1 or the treatment with its byproducts
has been demonstrated to exert cytoprotective and antiinflam-
matory effects in various transplantation models (21–29). To
ascertain whether donor pretreatment with CoPP or MC targets
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FIG. 1. Structural changes of
grafts undergoing either 20 min
or 24 h of cold ischemia after 12
h of engraftment. In particular,
prolonged cold ischemia of 24 h
led to an increase of arterioscle-
rosis (1), cellular infiltrates (2),
and tubular atrophy (3) in kidneys
already detectable within the first
12 h after transplantation (hema-
toxylin-eosin staining, 200x). 

FIG. 2. Gene-expression dendogram showing hierarchic
clustering of nine induced genes affected during IRI in rat
kidneys undergoing either 20 min or 24 h of cold ischemia
after an observation period of 12 h. Among the highly in-
duced genes, the inducible immunoproteasome subunits LMP2
(PSMB9), LMP7 (PSMB8), and MECL-1 (PSMB10) were un-
covered. CDH5, vascular endothelial–cadherin precursor; HSP,
heat-shock protein; I�Ba, I-kappa-B alpha; PSME2, 11S pro-
teasome regulator PA28 � subunit; STAT1, signal transducer
and activator of transcription 1 a/�; TUBA1, tubulin �-1 chain.

http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2007.1801&iName=master.img-000.jpg&w=335&h=155
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TABLE 1. TRANSCRIPTS INDUCED AFTER SHORT AND PROLONGED COLD ISCHEMIA IN RENAL ALLOGRAFTS

Gene
Gene name symbol UniGene ID 20 min 24 h

Apoptosis related
Tissue inhibitor of metalloproteinase 1 TIMP1 Rn.25754 �5.67 �22.12
Tumor necrosis factor receptor TNFR1 Rn.11119 �2.56 �2.28
Tumor necrosis factor ligand superfamily ligand 13 APRIL Rn.19955 �2.20 �2.56
BCL2/Adenovirus E1B 19-kDa protein-interacting protein 3 BNIP3 Rn.2060 �1.28 �3.22
Cellular tumor antigen p53 p53 Rn.54443 �1.50 �5.21
Secreted apoptosis related protein SARP2 Rn.19802 �2.05 �2.87
TNF-related weak inducer of apoptosis TNFSF12 Rn.3211 �1.58 �4.34
RAS-related protein (p23) RRAS Rn.14692 �1.61 �1.88
Clusterin CLU Rn.1780 �3.51 �13.96

Complement system
Complement CS1 component C1S Rn.4037 �1.27 �2.44
Complement C4 C4A Rn.30176 �1.85 �1.22

Cell adhesion and cytoskeleton
Intracellular adhesion molecule 1 ICAM1 Rn.12 �3.71 �9.85
Integrin alpha 5 ITGA5 Rn.12138 �2.38 �6.67
Tubulin alpha 1 chain TUBA Rn.54749 �1.46 �3.11
Endoglin ENG Rn.12225 �1.39 �1.58
Integrin beta 1 ITGB1 Rn.25733 �1.43 �2.35
Membrane glycoprotein (SFA-1) CD151 Rn.1465 �1.39 �1.59

Antigen presentation
Proteasome component C13, LMP7 PSMB8 Rn.29244 �1.03 �16.11
Proteasome chain 7, LMP2 PSMB9 Rn.13686 �1.58 �5.60
Proteasome component MECL-1 PSMB10 Rn.24968 �1.45 �5.97
11S Proteasome regulator PA28 alpha subunit PSME1 Rn.2742 �1.14 �3.30
11S Proteasome regulator PA28 beta subunit PSME2 Rn.4017 �1.09 �3.75
Ubiquitin carboxyl-terminal hydrolase 2 USP2 Rn.19491 �1.20 N.D

Metabolism
Phosphatidylinositol 3-kinase PIK3R1 Rn.10599 �2.24 �2.89
Alanyl (membrane) aminopeptidase ANPEP Rn.1132 �1.33 �7.14
Microsomal glutathione S-transferase MGST3 Rn.1916 �1.18 �2.77
Superoxide dismutase SOD1 Rn.6059 �1.21 �2.56

Immune cell infiltration
CD68 Antigen macrosialin CD68 Rn.12478 N.D �14.56

Receptor expression
Colony-stimulating factor 2 receptor CSF2RB Rn.42930 �1.33 �7.69
Insulin-like growth factor II receptor MPRI Rn.270 �1.14 �2.56
Parathyroid hormone–related peptide receptor PTHR1 Mm.3542 �1.40 �7.40

Cytokines/Chemokines
Transforming growth factor beta TGFb Rn.40136 �3.46 �3.11
Chemokine (C-X-C motif) ligand 10 CXCL10 Rn.0584 �2.55 �23.27
Small inducible cytokine A19 CCL19 Rn.12445 �5.19 N.D
Neurotrophin 1 (gp130 family) CLC Mm. 34791 �3.82 �4.76

Signaling/Transcription
Activating transcription factor 3 ATF3 Rn.9664 �2.08 �5.94
Early growth response 1 EGR1 Rn.9096 �1.96 �3.22
p55-c-fos proto-oncogene protein C-FOS Rn.21076 �3.7 �5.26
Transcription factor HES1 HES-1 Rn.19727 �1.96 �3.57
B-Lymphocyte activation marker (BLAST-1) CD48 Rn.3705 �1.34 �1.61
B-cell lymphoma 3–encoded protein BCL3 Rn.64776 �4.43 �5.23
Nuclear factor kappa-B inhibitor IKBA Rn.12550 �1.03 �1.55
MAFB/Kreisler basic region/leucine zipper transcription factor MAF1 Rn.10725 �1.29 �2.98
Suppressor of cytokine signaling 3 SOCS3 Rn.29984 �5.55 �7.30
Signal transducer and activator of transcription 1-alpha/beta STAT1 Rn.12592 �1.03 �2.47
Signal transducer and activator of transcription 3 STAT3 Rn.10247 �1.58 �1.45

Stress-related heat-shock protein
Heat-shock protein 105kD HSP105 Rn.37906 �1.75 �3.3
Heat-shock protein 70kD HSP70.1 Rn.1950 �1.04 �9.74
Heat-shock protein HSP90 alpha HSPCA Rn.3277 �1.11 �3.76

Coagulation cascade/Angogenesis related
Plasminogen activator inhibitor PAI Rn.6169 �1.36 �8.35

Duration of cold
ischemia



IRI-associated candidate markers related to “immunogenicity”
uncovered after extended cold ischemia of 24 h, we applied the
same rat model by choosing a more appropriate prolonged cold
ischemia time of 6 h, as it has been shown that a cold ischemic
time of 6 h is sufficient to accelerate CAN. Recent data have
shown that HO-1/CO protects these grafts from accelerated
chronic graft injury compared with short-ischemic organs (28,
48). Surgery and IRI led to a significant increase of HO-1
mRNA in the graft versus native controls (p � 0.01; Fig. 5a;
n � 6) 12 h after Tx and pretreatment of donors with CoPP-in-
duced HO-1 before transplantation (data not shown) still sus-
tained 12 h after transplantation at higher levels compared with
controls. Furthermore, we could confirm the elevated expres-
sion of inducible proteasome subunits LMP2/7 and MECL-1 in
grafts underlying prolonged (6 h) cold ischemia compared with
native kidney controls at the mRNA level as a consequence of
IRI (p � 0.05; Fig. 5a). However, treatment with CoPP or MC
did not decrease intragraft mRNA expression levels of LMP2/7
and mRNA expression of MECL-1 illustrated even a slight in-
crease compared with control kidneys (p � NS; Fig. 5a).

Donor pre-treatment with CoPP or MC did 
not affect intragraft mRNA expression of 
co-stimulatory molecules and candidate 
genes involved in lymphocyte trafficking

Events related to IRI activate graft DCs, which upregulate
MHC class II and co-stimulatory molecules, thus increasing
graft immunogenicity. It has been shown that donor condition-
ing with CO results in a decrease of DCs intragraft and pe-

ripherally (28, 29). However, we could not observe significant
differences for MHC class II and CD86 mRNA expression in
the graft (data not shown), although the induction of HO-1 and
CO in the organ donor resulted in a significant increase of CD80
mRNA levels (p � 0.01, data not shown). Applying cDNA mi-
croarrays, we identified upregulated levels of the chemokine
CCL19 after a short ischemic time, which decreased after pro-
longed cold ischemia (see Table 1). Furthermore, we detected
elevated levels of the chemokine IP-10, a chemoattractant for
activated T cells, as well as the adhesion molecule ICAM-1. To
ascertain whether HO-1 or CO induction affects expression of
these candidate markers, we investigated their mRNA profiles
after donor preconditioning. Whereas 6 h of prolonged cold
ischemia led to a significant increase of IP-10 mRNA in the
transplant, confirming the cDNA microarray data (p � 0.05,
data not shown), treatment with CoPP or MC did not lead to a
significant decrease compared with untreated controls. As ex-
pected, elevated ICAM-1 mRNA levels were detected in the
graft as a consequence of prolonged cold ischemia (p � 0.05;
data not shown), but induction of HO-1 or CO in the organ
donor did not alter the expression profile. The chemokine
CCL19 displayed only a slight increase after 6 h of cold isch-
emia, and no reduction of CCL19 mRNA was detectable in the
kidney graft after donor conditioning.

Donor pretreatment with CoPP or MC affects
antigenicity and migration of DCs

After engraftment, donor DCs begin to migrate from the graft
to the recipient lymphoid compartments. To ascertain whether
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FIG. 3. Confirmation of cDNA microarray data by real-time RT-PCR. The relative mRNA expression is shown for IP-10,
ICAM-1, CCL19, LMP2, LMP7, and MECL-1 compared with the expression profile gained by cDNA microarray analyzed af-
ter 12 h of engraftment. The obtained data confirmed the cDNA microarray data in the transcriptional direction (n � 3 animals).
ND, not detected.
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induction of HO-1 or CO affects migration of DCs, we inves-
tigated the recipient’s spleen for the selected candidate mark-
ers. In contrast to the kidney graft, the analysis revealed sig-
nificant reduced mRNA levels of all three inducible proteasome
subunits selectively after CoPP and MC treatment of the kid-
ney donor versus untreated controls (p � 0.05; Fig. 5b). Fur-
thermore, we observed a significant decrease of MHC class II
mRNA expression in the recipient’s spleen (Fig. 5c), and sim-
ilar effects were detected for CD80 and CD86, although the re-
sults gained for CoPP treatment displayed statistical signifi-
cance only (p � 0.05; Fig. 5c). Whereas an induction of the
chemoattractant IP-10 was detectable in the graft remaining un-
affected after HO-1 or CO induction (Fig. 5c), a significant re-
duction of IP-10 mRNA after donor pretreatment was detected
in the spleen compared with untreated controls (p � 0.05; Fig.
5c). In contrast, no differences for ICAM-1 mRNA expression
were observed. However, in the spleen, IRI resulted in height-
ened CCL19 mRNA expression levels and HO-1, and CO in-
duction abrogated this induction (p � 0.05; Fig. 5c).

Pretreatment with CoPP abrogates LPS-induced
maturation of dendritic cells 

We assumed that diminished migration of DCs to lymphoid
organs is further reflected by the inhibition of maturation and
therefore analyzed the effects of HO-1 induction in vitro using
rat bone marrow–derived DCs matured with LPS. In contrast
to a previous publication (12), LPS treatment alone led to a sig-
nificant induction of HO-1 at the mRNA level compared with
untreated DCs (p � 0.01; Fig. 6). This observation was further
confirmed in independent experiments with murine bone mar-
row–derived DCs (own unpublished observations). As ex-
pected, LPS further resulted in an increase of the inducible im-
munoproteasome subunits LMP2/7 (p � 0.05; see Fig. 6) and
MECL-1, although the latter did not reveal statistical signifi-
cance. However, after pretreatment with CoPP for HO-1 in-
duction, this increase was downregulated (CoPP/LPS vs. LPS;
p � 0.05). CoPP treatment itself led to a decrease of MHC class
II expression, but also after LPS-induced maturation, this in-
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FIG. 4. Western blot analysis of the immunoproteasome subunits LMP2 (PSMB9), LMP7 (PSMB8), and the proteasome
activator subunits PA28 �/� (PSME1, PSME2) in rat kidney allografts undergoing 20 min (n � 2) or 24 h (n � 2) of cold
ischemia. A native F344 kidney served as control. A strong induction could be observed for both proteasome � subunits and
proteasome activator subunits in kidney transplants after 24 h of cold ischemia. The staining of p38 MAPK served as internal
control. Western blot analysis is representative of three independent experiments.
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crease was abrogated (p � 0.05; see Fig. 6). Similar observa-
tions were made for both CD80 and CD86 mRNA expression.
Furthermore, we have been able to detect enhanced levels of
IP-10 mRNA after inducing DC maturation with LPS, although
this expression was not affected after HO-1 induction.

DISCUSSION

Although many studies described evidence for a link between
enhanced IRI and inflammation, the molecular mechanisms un-

derlying IRI and its impact on late graft outcome are still poorly
understood. Therefore, we addressed the question whether
cDNA microarray gene-expression analysis might reveal evi-
dences for putative mechanisms of IRI-mediated injury. Most
of the published studies investigated gene-expression profiles
after IRI in experimental warm-ischemia models (45, 50) and
in syngeneic cold-ischemia heart transplantation models of the
mouse (2, 43). Although we analyzed only a small number of
animals in an allogeneic kidney transplant model of the rat, our
data generally agree with the findings of previous studies,
demonstrating the induction of genes involved in the immune
response (e.g., CD68) (2), apoptosis (TIMP-1), and adhesion
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FIG. 5. Gene-expression analysis of selected markers after HO-1 and CO induction in kidney grafts and recipient’s
spleen. (A) Surgery and IRI led to a significant increase of HO-1 mRNA in the graft versus native controls 12 h after en-
graftment. Elevated mRNA-expression levels of the inducible proteasome subunits LMP2/7 and MECL-1 in grafts underlying
cold ischemia compared with native kidney controls could be detected (p � 0.05). Donor treatment with CoPP (5 mg/kg, i.p.) or
MC (100 mg/kg, p.o.) 24 h before harvesting did not result in a decrease of LMP2/7 and MECL-1 (n � 6). (B) In contrast to the
kidney graft by investigating the recipient’s spleen, the analysis revealed significant reduced mRNA levels of all three immuno-
proteasome subunits selectively after CoPP and MC treatment of the kidney donor versus untreated control (p � 0.05; n � 6).
(C) CoPP and MC treatment led to a significant decrease of MHC class II, CD80, and CD86 mRNA expression in the recipi-
ent’s spleen and a significant reduction of IP-10 mRNA after donor pretreatment was detected compared with untreated controls.
No differences for ICAM-1 mRNA expression were observed. In contrast to the kidney graft, IRI increased CCL19 mRNA ex-
pression in the spleen and HO-1 as well as CO induction abrogated this induction. Box whisker plots show the 10th, 25th, 50th,
75th, and 90th percentile values of candidate markers.

A
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(e.g., ICAM-1) (30) (see Table 1). Twelve hours after engraft-
ment, our data revealed that prolonged cold ischemia is further
associated with enhanced expression of HSPs (HSP105,
HSP70) and the induction of chemokines, including interferon-
inducible protein 10 (IP10, CXCL10) and macrophages at-
tracting chemokines, functionally reflected by enhanced CD68
expression (see Table 1). Moreover, we provide evidence that
proteasome activity is amplified in kidney transplants as a di-
rect consequence of IRI after prolonged cold ischemia (see Figs.
2–4). The proteasome pathway plays a central role for MHC
class I presentation and regulation of cell activation. Protea-
somes are the main multicatalytic proteinase complex involved
in stress response (e.g., NF-�B activation), apoptosis, and in
the generation of intracellular antigens. These antigenic pep-
tides presented on major histocompatibility complex (MHC)
class I molecules to cytotoxic T cells are generated in the cy-
tosol by the 20S proteasome, which represents the core struc-
ture of the proteasome, made up of seven different � and � sub-
units each. In mammalian cells, IFN-� leads to the induction
of new proteasome � subunits LMP2 (PSMB9), LMP7

(PSMB8), and MECL-1 (PSMB10), which replace the respec-
tive constitutive catalytic subunits X (PSMB5), Y (PSMB6),
and Z (PSMB7) during de novo assembly of proteasomes (16,
17). Furthermore, mammalian cells contain a proteasome acti-
vator called PA28 (also known as 11S regulator) composed of
� and � subunits, which is likewise induced by IFN-� but not
part of the 20S proteasome itself. We uncovered the induction
of all three IFN-�–inducible proteasome subunits (LMP2,
LMP7, MECL-1) and both PA28�/� subunits (PSME1 and
PSME2) in grafts undergoing prolonged cold ischemia (24 h)
by cDNA microarray analysis (see Table 1) and confirmed the
heightened expression, with the exception of MECL-1, at the
protein level (see Fig. 4). These so-called immunoproteasomes
LMP2, LMP7, and MECL-1 appear to alter the cleavage pro-
file of proteasomes, resulting in the use of specific cleavage sites,
leading to the transition of generated peptides within the pep-
tide pool (39, 41). On stimulation of cells with IFN-�, the ex-
pression of immunoproteasomes and PA28 is induced, resulting
in the enhancement of peptide degradation by the 20S protea-
some or enlargement of the peptide repertoire presented to CD8�
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FIG. 5. Continued.
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T cells. Furthermore, it is has been described that enhanced ex-
pression of PA28� and � in mature DCs results in PA28�/�
complex formation and association with 20S proteasomes (26).
This suggests a reorganization of the proteasomes, resulting in
a change of antigen presentation, as PA28�/� has been demon-
strated to alter polypeptide fragmentation in vitro (18).

Dendritic cells have the ability to capture cellular tissue anti-
gens and present them on MHC class I molecules to Ag-specific
CD8� T cells. This process, called cross-presentation, is an im-
portant pathway in controlling T-cell priming in vivo (1). It was
shown that immature dendritic cells express similar levels of
standards and immunoproteasomes (10) and that during matu-
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FIG. 6. Gene-expression analysis of selected markers after HO-1 induction in bone marrow–derived DCs. LPS treatment
resulted in an increase of the inducible immunoproteasome subunits LMP2/7 (p � 0.05) and MECL-1, although the latter did not
reveal statistical significance (n � 6). After pretreatment with CoPP (50 �mol) for HO-1 induction, this increase was downreg-
ulated (CoPP/LPS vs. LPS; p � 0.05). Similar observations were made for both CD80 and CD86 mRNA expression. Enhanced
levels of IP-10 mRNA after inducing DC maturation with LPS were detected, although this expression was not affected after
HO-1 induction. Box whisker plots show the 10th, 25th, 50th, 75th, and 90th percentile values of candidate markers.
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ration, the synthesis of immunoproteasomes is stimulated. Re-
cent data indicate that immunoproteasomes play an important
role in controlling cross-priming (35) and that stimulation of
TLRs leads to further induction of immunosubunits in DCs (44).
It is well known that DCs play a dominant role in the early phase
of alloresponse. As a consequence of graft reperfusion, and in
the presence of inflammatory signals, donor-derived DCs ma-
ture and migrate to lymph nodes and spleen of the recipient.
Therefore, we hypothesize that the induction of immunoprotea-
somes in donor graft cells after prolonged ischemic time might
be one of the key events to alter allograft “immunogenicity.”
This might be reflected by enhanced NF-�B activation, the gen-
eration of immunoproteasomes and consequently in more-effi-
cient generation of allogeneic T-cell epitopes [e.g., by antigen-
presenting cells (APCs)] important for both the direct and
indirect pathways presented in secondary lymphoid organs.

As HO-1 induction has emerged as a promising approach for
targeting IRI, illustrated by ameliorating graft immunogenicity
(28, 29, 48), we further investigated how induction of HO-1 or
its byproduct CO affects uncovered target genes associated with
IRI. Meanwhile, extensive studies have illustrated that donor
preconditioning by inducing HO-1 improves the function of
marginal organs (e.g., after IRI) and preserves long-term func-
tion (48). Although IRI led to a significant immunoproteasome
induction in the graft, pretreatment of the kidney donor resulted
in a significant downmodulation of LMP2/7 and MECL-1
mRNA in the recipient’s spleen (see Fig. 5b). This decreased
expression was associated with reduced MHC class II, CD80,
and CD86 mRNA levels, although these effects could not be
observed in the transplant. As both the induction of HO-1 and
CO seem to mediate similar results, we suggest that CO, as a
byproduct of HO-1 activity, may account for these effects.
Lately it has been demonstrated that HO-1 induction in bone
marrow–derived DCs prevents phenotypic maturation induced
by LPS (12). By applying the same experimental setup, we
could confirm these previous observations, illustrated by de-
creased mRNA expression of MHC class II, CD80, and CD86.
Moreover, our experiments demonstrated that because of the
maintenance of the immature phenotype of DCs, HO-1 induc-
tion resulted in a significant abrogation of immunoproteasome
subunit mRNA synthesis (see Fig. 6).

A second important observation regarding altered antigen
presentation after prolonged ischemia might be the affected
homing of DCs by changes in the intragraft expression of C-C
motif receptor 7 (CCR7) ligands. Heart allografts from
CCR7�/� mice show a prolonged survival (20), suggesting the
importance of this pathway. Indeed, we found an enhanced
CCL19 expression after short ischemia compared with native
kidney that, however, disappeared completely after prolonged
ischemia of 24 h (see Table 1). We speculate that early intra-
graft downregulation of CCR7 ligands, including CCL19, re-
sults in enhanced migration of activated donor-derived APC
from the graft to secondary immune organs and induces an in-
creased alloresponse. Moderately enhanced levels of CCL19
mRNA were still detectable after 6 h of cold ischemia in the
graft and more enhanced in the spleen. Interestingly, after donor
pretreatment applying CoPP or MC, the induction of CCL19 as
a direct consequence of IRI is diminished (see Fig. 5c), sug-
gesting reduced DC migration. Additionally, we identified en-
hanced transcripts of the interferon-inducible protein 10 (IP10,

CXCL10) as a direct consequence of prolonged cold ischemia
(see Table 1 and Fig. 3), further emphasizing recent results re-
porting on IP-10 induction after of IRI in an experimental model
of liver transplantation (51). However, studies of the same
group illustrated in a murine model of warm ischemia that HO-
1 upregulation suppressed induction of IP-10 during the course
of hepatic IRI (47). This result is in line with our own data, al-
though a suppression of IP-10 mRNA was observed only in the
spleen of the recipient (see Fig. 5c). Beyond this, it has been
demonstrated that DCs are able to produce substantial amounts
of IP-10/CXCL10 and therefore efficiently attract CD8� T
cells. Concomitantly, the elicitation of MHC class I–restricted
effector functions is enhanced (34). We verified this observa-
tion in our experiments that LPS-induced inflammation resulted
in enhanced levels of IP-10 mRNA in bone marrow–derived
DCs; nevertheless, pretreatment with CoPP did not suppress 
IP-10 induction in vitro (see Fig. 6).

In summary, these data might help to explain the impact of
a perioperative event on enhanced graft immunogenicity and
how this is targeted by the induction of HO-1 or CO in the or-
gan donor. Our data are in line with recent reports, illustrating
that induction of HO-1 resulted in an inhibition of DC matura-
tion (12) and reduced frequencies of donor-derived DCs ac-
companied with decreased T-cell alloreactivity in an experi-
mental model of kidney transplantation (28). However,
applying our experimental conditions, we observed, after 
HO-1 or CO induction in the organ donor, significant changes
of maturation-associated markers in the recipient’s spleen and
not within the graft. These data suggest indeed that migration
of donor DCs to secondary lymphoid organs is affected. We as-
sume that HO-1 induction resulting in diminished alloreactiv-
ity after IRI is mediated by (a) decreased numbers and dimin-
ished antigenicity of DCs migrating to secondary lymphoid
organs, (b) alleviated levels of presented allogeneic peptides to
CD8� T cells due to the reduction of synthesized immunopro-
teasomes, and (c) affecting chemokines important for lympho-
cyte trafficking to secondary lymphoid organs, thus preventing
efficient T-cell priming. Thus, donor pretreatment resulting in
the inhibition of DC activation improves the outcome of mar-
ginal organ donors.
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ABBREVIATIONS

CAN, chronic allograft nephropathy; CDH5, vascular endo-
thelial-cadherin precursor CoPPIX, cobalt protoporphyrin-IX;
CCR7, C-C motif receptor 7; DCs, dendritic cells; DGF, de-
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layed graft function; HO-1, heme oxygenase 1; HSP, heat-shock
protein; IFN-�, interferon gamma; I�Ba, I-kappa-B-alpha; IRI,
ischemia/reperfusion injury; IP-10, interferon-inducible protein
10; LPS, lipopolysaccharide; MC, methylene chloride; PSMB8,
proteasome component C13 precursor; PSMB9, proteasome
chain 7 precursor; PSMB10, proteasome component MECL-1
precursor; PSME2, 11S proteasome regulator PA28 � subunit;
STAT1, signal transducer and activator of transcription 1 a/�;
TUBA1, tubulin �-1 chain.
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