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Bernd Krügera,b, Stefanie Kricka, Navdeep Dhillona, Susan M. Lernerc, Scott Amesc, Jonathan S. Brombergc, Marvin Lina,
Liron Walsha, John Vellad, Michael Fischeredere, Bernhard K. Krämerb, Robert B. Colvinf, Peter S. Heegera,c,
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While studies in animal models have linked Toll-like receptor (TLR)
4 signaling to kidney injury induced by ischemia and reperfusion,
the relevance of TLR4 activation to allograft injury in human kidney
transplants is unknown. Here we show that TLR4 is constitutively
expressed within all donor kidneys but is significantly higher in
deceased-, compared with living-donor organs. Tubules from de-
ceased- but not living-donor kidneys also stained positively for
high-mobility group box-1 (HMGB1), a known endogenous TLR4
ligand. In vitro stimulation of human tubular cells with HMGB1, in
a TLR4-dependent system, confirmed that HMGB1 can stimulate
proinflammatory responses through TLR4. To assess the functional
significance of TLR4 in human kidney transplantation, we deter-
mined whether TLR4 mutations that confer diminished affinity for
HMGB1 influence intragraft gene-expression profiles and immedi-
ate graft function. Compared with kidneys expressing WT alleles,
kidneys with a TLR4 loss-of-function allele contained less TNF�,
MCP-1, and more heme oxygenase 1 (HO-1), and exhibited a higher
rate of immediate graft function. These results represent previ-
ously undetected evidence that donor TLR4 contributes to graft
inflammation and sterile injury following cold preservation and
transplantation in humans. Targeting TLR4 signaling may have
value in preventing or treating postischemic acute kidney injury
after transplantation.

delayed graft function � high mobility group box-1

Delayed graft function (DGF) occurs commonly following
kidney transplantation, with an incidence as high as 50% in

some series involving organs from deceased donors (1, 2). The
consequences of developing DGF are significant. In addition to
the acute complications related to renal failure and the associ-
ated economic impact of prolonged hospitalization, the devel-
opment of DGF increases the risk of chronic allograft nephrop-
athy and shortens allograft survival (3, 4). Current dogma is that
DGF following kidney transplantation is primarily a conse-
quence of ischemia/reperfusion (IR) injury, thus explaining the
higher incidence in deceased donor allografts that routinely
endure prolonged periods of ischemia.

Toll like receptors (TLRs) are a family of cell surface and
intracellular proteins initially described as molecular sentinels
capable of recognizing pathogen-associated molecular patterns
(PAMPs) that activate innate immunity in response to invading
pathogens. Humans express �10 distinct TLRs that, upon
binding to PAMPs derived from the universe of pathogens,
transmit signals through the adaptor Toll/IL-1R domain-
containing adaptor, inducing IFN or myeloid differentiation-
primary response protein (MyD88). Downstream effects include
cytokine and chemokine release, as well as up-regulation of
costimulatory molecules, which together initiate and amplify
local inflammation (5, 6).

A growing body of literature suggests that select TLRs,
including TLR2 and TLR4, function as detectors of sterile (not
pathogen-associated) injury upon binding to endogenous ligands
released by damaged cells (damage-associated molecular pat-
terns, DAMPs) (7). Examples of putative endogenous ligands
are heat-shock proteins, high-mobility group box 1 (HMGB1),
heparan sulfate, hyaluronan fragments, and fibronectin (6).
Studies from multiple laboratories have also revealed that TLR
expression is not confined to cells of the innate immune system,
but are also expressed on epithelial, endothelial, and mesenchy-
mal cells of the kidney, heart, lung, and liver, among others.
Kidney expression of TLRs is functionally important, as paren-
chymal cell deficiency of TLR2 or TLR4 dramatically limits
kidney injury following IR, and diminishes the associated intra-
renal inflammation (8, 9). Whether IR injury in humans, par-
ticularly in the context of kidney transplantation, is also im-
pacted by ischemia-induced release of DAMPs and subsequent
TLR signaling is not known. Herein we provide the previously
undetected evidence that donor kidney-produced TLR4 and
HMGB1 contribute to the development of IR injury following
human kidney transplantation. The results have important im-
plications, as they delineate TLR4 and its ligands as potential
targets for novel therapies aimed at preventing DGF.

Results
TLR4 and HMGB1 Are Expressed in Donor Kidneys. Although TLR4
expression in proximal and distal tubular epithelial cells of
transplanted kidneys in the context of acute and chronic tubular
injury was documented by others (10), the impact of brain death
and ischemia on TLR4 expression in human kidneys has not been
described. To address this, we examined TLR4 in preanastomo-
sis kidney biopsies obtained from living (n � 15) and deceased
donors (n � 9). Cold ischemia time was 38 � 3.6 min in the living
donors and 20 h � 1.3 h in the deceased donors. Immunohis-
tochemical analysis of tissue sections revealed TLR4 protein in
proximal and distal tubular cells (Fig. 1A), with significantly
higher expression in deceased donor kidneys (208 � 7.0 vs. 243 �
13.0, P � 0.016) and a strong positive correlation between
protein staining and mRNA expression levels (P � 0.0014).
Quantitative gene expression (qRT-PCR) analysis revealed 2.3-
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fold more TLR4 mRNA in the deceased (n � 28) versus the
living donors (n � 18) (P � 0.001) (Fig. 1B).

Because endogenously produced HMGB1 binds to and stim-
ulates TLR4, and because HMGB1 blockade limits liver IR
injury in animals (11), HMGB1 may function as an endogenous
DAMP in the pathogenesis of kidney IR injury. We thus
examined kidney tissue from deceased and living donors for
HMGB1 expression (n � 5 each). In the deceased-donor kidneys
we noted strong staining for HMGB1 in the proximal and distal
tubules, as well as in the smooth muscle cells, but not in the
endothelial or glomerular cells (Fig. 2). HMGB1 was localized
in the nuclei as well as in the cytoplasm. In contrast, we did not
detect HMGB1 staining in any of these segments in any of
living-donor kidneys (see Fig. 2).

We also analyzed biglycan and HSP70 mRNA expression
levels in pre- and postanastomosis biopsies of living donors (n �
18) and deceased donors (n � 28). Both genes were significantly

up-regulated after reperfusion, whereas HSP70 was significantly
lower in preanastomosis deceased-donor kidneys when com-
pared with living donors (P � 0.02). There was no detectable
relationship between the donor-kidney source (deceased vs.
living) and either the preanastomosis HSP70 gene expression or
the postanastomosis levels of HSP70 and biglycan (Fig. S1).

TLR4/HMGB1 Interactions Mediate Up-Regulation of Kidney Inflam-
matory Genes. TLR4 engagement initiates a signaling cascade
leading to activation of the transcription factor NF�B, which
regulates the induction of multiple inflammatory genes. To
directly test whether HMGB1 can mediate renal inflammation,
we measured gene-expression patterns in TLR4-expressing,
HK-2 human renal epithelial cells after addition of recombinant,
LPS-free HMGB1 (Fig. 3A). The HMGB1 induced marked
up-regulation of IL-6, IL-1�, and MCP-1, to a similar extent as
stimulation with the positive control LPS, which activates HK-2
cells only via TLR4 (12). To specifically test whether the
HMGB1-induced cytokine up-regulation was mediated through
TLR4, we repeated the experiments using HK-2 cells after
siRNA-mediated TLR4 down-regulation. Fig. 3B confirms that
transfection with the TLR4-specific siRNA, but not the control,
markedly down-regulated TLR4 expression. Remarkably, cyto-
kine up-regulation was significantly diminished in the TLR4
siRNA-transfected HK-2 cells stimulated with HMGB1, com-
pared with HMGB1-treated HK-2 cells transfected with control
nonspecific siRNA (see Fig. 3B). We also tested the effect of an
anti-human TLR4 antibody, known to inhibit LPS signaling via
TLR4, on rHMGB1-induced cytokine up-regulation. Anti-
TLR4 mAb (20 �g/ml) attenuated the stimulatory effect of
rHMGB1 (5 �g/ml) (Fig. 3C).

Together with previously published observations in mice (13)
and with our documentation that kidneys from diseased donors
express TLR4 and HMGB1, these data support the conclusion
that endogenously released HMGB1 can stimulate TLR4-

Fig. 1. TLR4 expression in implantation biopsies. (A) Preanastomosis biopsy
sections (�200) from living- (n � 15) and deceased-donor kidneys (n � 9) were
analyzed by immunohistochemistry for TLR4. TLR4 was expressed in proximal
and distal tubuli, with higher expression in deceased-donor kidneys compared
with living donors (P � 0.016). The amount of TLR4 protein quantified corre-
lated with their respective mRNA expression levels (P � 0.0014). (B) TLR4
mRNA expression levels in preanastomosis biopsies was significantly higher in
samples from deceased donors (n � 28) compared to samples from living
donors (n � 18). Box and whisker blots show the medians, and the percentile
values (10, 25, 75, 90) for normalized mRNA.

Fig. 2. HMGB1 expression in implantation biopsies. HMGB1 was localized in
distal and proximal tubules from deceased-donor kidneys (DD) obtained prior
anastomosis. However, no HMGB1 staining was observed in living-donor
kidneys (LD). Glomeruli (*indicates border) were negative for HMGB1 for both
types of donors (n � 5 each group; �200).

Fig. 3. HMGB1-induced TLR4-mediated inflammation. (A) qRT-PCR analysis
of cytokine genes of proximal tubular cell line (HK-2). Cells were cultured
without (Unstim) or with the TLR4-specific ligand LPS (1 �g/ml) or with
rHMGB1 (5 �g/ml) (n � 3–7 per group; *P � 0.05 compared with unstimulated
controls). (B) Western blot shows TLR4 expression of HK-2 cells transfected
with control siRNA (lane 1: 62.5 nM; lane 2: 125 nM), or TLR4 siRNA (lane 3: 62.5
nM; lane 4: 125 nM). GAPDH and tubulin (not shown) staining was used as a
loading control. HK-2 cells were transfected transiently with control siRNA or
siRNA (125 nM each) against TLR4 and then stimulated with rHMGB1 as
described in (A) (n � 3 each; *P � 0.05). (C) HK-2 cells were cultured for 30 min
with monoclonal anti-TLR4 antibody or isotype (IgG) control (20 �g/ml each)
and then stimulated with rHMGB1 (5 �g/ml) as described in (A) (n � 4 each;
*P � 0.05).
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expressing human kidney cells (including renal tubular epithelial
cells), and thereby function as an intrinsic mechanism for
initiating renal inflammation in response to IR injury.

Loss-of-Function TLR4 Mutations Are Associated with Improved Im-
mediate Kidney Graft Function. Studies of the TLR4 gene in
humans have uncovered 2 loss of function SNPs, Asp299Gly and
Thr399Ile, which diminish receptor binding of LPS (14) but do
not affect TLR4 gene or protein expression (15). We reasoned
that if TLR4 signaling impacts IR injury following transplanta-
tion, outcome should be improved in kidneys expressing at least
one of these SNPs. To test this hypothesis, we determined donor
TLR4 genotypes in a cohort of 267 patients with kidney trans-
plants and correlated the presence or absence of at least 1
mutated SNP at 1 locus with graft function (both TLR4 SNPs are
closely cosegregated and were analyzed together, and will be
referred to hereafter as ‘‘mutated’’). Allelic frequencies (299
G-allele: 10.4%, 399 T-allele: 8.6%) were in Hardy-Weinberg
equilibrium corresponding to published data (16). The distribu-
tion of the donor ethnicity between WT vs. mutated-TLR4
donor kidneys was not different (Caucasian, 83% vs. 77%;
African-American, 7% vs. 13%; Hispanics, 8% vs. 10%; others,
2% vs. 0%), excluding an effect of donor ethnicity on the
measured outcomes. In addition, donor and recipient age and
sex, cold-ischemia time, the percentage of deceased donor
kidneys, and the percentage of kidneys defined as standard
criteria donors were not different between the WT and TLR-
mutated groups (Table 1).

Because the dialysis-based definition of DGF is a subjective,
a clinician-dependent decision, and because even slow recovery
of renal function after transplant has been associated with poor
late outcomes, we chose to analyze our results with respect to a
more stringently defined outcome, immediate graft function
(IGF) (17). The overall incidence of IGF, as defined by drop in
serum creatinine of �25% (18), was 42% (18% for deceased and
84% for living donors). In a univariate analysis for all patients,
IGF was significantly more frequent in recipients of a kidney
with a mutated TLR4 [66.7% vs. 38.8%; P � 0.005, odds ratio
(OR) 3.15, 95% confidence interval (CI): 1.41–7.04]. This asso-
ciation remained significant in a multivariable analysis of risk
factors known to impact IGF, including donor age, cold-ischemia
time, and deceased- versus living-donor type (P � 0.007, OR
4.67, 95% CI 1.61–13.53). Notably, if only living donors were
analyzed, there was no effect on donor TLR4 genotype on IGF
rate (P � 0.12). In contrast, Table 2 shows that within the
high-risk subpopulation of recipients who received deceased-
donor kidneys, IGF was significantly more likely if the donor
expressed a mutated, loss of function, TLR4 allele (41.2% vs.
15.7%; P � 0.017, OR 3.61, 95% CI: 1.26–10.39). This associ-

ation remained significant after multivariable analysis (P �
0.018; hazard ratio 3.89, 95% CI 1.26–12.05).

To exclude the possibility that differences in immediate graft
outcome were related to disparities in baseline histology be-
tween groups (19), we performed a histologic analysis on a
subset of 51 preanastomosis deceased-donor kidney biopsies.
The degree of fibrosis was not different in TLR4-mutated versus
WT kidneys, making a significant variation in organ quality as a
cause of the difference in IGF between these groups unlikely
(data not shown).

In contrast to published data with a smaller cohort (20), we did
not uncover a significant correlation between donor TLR4
genotype and the incidence of acute rejection, which was 14.7%
in our population. Given the low incidence of acute rejection, our
study did not have the power to detect a difference in this
outcome.

Mutated TLR4 Was Linked to a Pattern of Altered Intragraft Gene
Expression. All samples were implantation biopsies and in all
available samples we performed qRT-PCR for candidate proin-
flammatory genes (MCP-1 and TNF�), a marker of T-cell
infiltration (CD3�), and one anti-inflammatory/protective gene
(HO-1) that previous literature implicates are differentially
expressed based on the degree of IR injury in animal models
(21–23) and humans (24).

When we analyzed the results according the presence or
absence of a mutated donor-TLR4 allele (Fig. 4A), we noted
significantly less TNF� and MCP-1 and a trend toward lower
CD3� expression in kidneys with the TLR4 mutation. Moreover,
we detected significantly more HO-1 gene expression in TLR4-
mutated kidneys. This gene expression pattern was similar when
analyzed based on clinical outcome (Fig. 4B). We found signif-
icantly higher expression of MCP-1, and CD3�, and a trend for
TNF� in DGF-kidneys compared to IGF-kidneys, consistent
with published work documenting that IR injury is accompanied
by proinflammatory gene expression in the kidney (see Fig. 4B).

As a control to test whether differences in immediate graft
outcome were related to more (ischemic) tubular injury before,
and independent of, the reperfusion, we measured IL-18 gene
expression, which was noted by others to be markedly up-
regulated in postischemic kidneys (25). Fig. 4B shows that IL-18
expression was correlated with DGF, but no difference in IL-18
gene expression was noted between TLR4-mutated and WT
groups (see Fig. 4A). These results support our interpretation
that TLR4-mediated signals influence IR injury after transplant
and make it unlikely that a significant difference in tubular injury
before reperfusion caused the difference in IGF between groups.

Discussion
Our results provide strong evidence that the pathogenesis of IR
injury following kidney transplantation in humans involves sig-

Table 1. Demographic data for donors and recipients according
to the TLR4 mutation

TLR4 wild type
receiver

(n � 237)

TLR4 mutant
receiver*
(n � 30) P

Recipient gender, male (%) 60.8 50.0 0.38
Donor gender, male (%) 46.6 50.0 0.85
Recipient age (y) 45.3 � 13 44.0 � 14 0.53
Donor age (y) 38.2 � 15 37.7 � 18 0.60
Deceased donors (%) 64.6 56.7 0.42
Standard criteria donors†,‡ (%) 86.5 73.7 0.14
Cold-ischemia time (min)‡ 1,177 � 466 1,139 � 387 0.63

*Mutated TLR4 Asp299Gly and TLR4 Thr399Ile combined.
†Standard criteria donors vs. extended criteria/donation after cardiac death.
‡Deceased donors only.

Table 2. Univariate and multivariate analysis for the deceased
donors for the occurrence of immediate graft function

Univariate Multivariate

P OR (95% CI) P OR (95% CI)

TLR4 mutant* 0.017 3.61 (1.26–10.39) 0.018 3.89 (1.26–12.05)
Donor age (y) 0.019 0.97 (0.95–0.99) 0.015 0.96 (0.93–0.99)
Donor type† 0.99 0.99 (0.35–2.86) 0.22 2.72 (0.55–13.45)
Cold-ischemia

time‡ (min)
0.15 0.99 (0.99–1.0) 0.23 0.99 (0.99–1.0)

Center 0.49 1.32 (0.60–2.94) 0.78 1.14 (0.46–2.88)

*Mutated TLR4 Asp299Gly and TLR4 Thr399Ile combined.
†Standard criteria donors vs. extended criteria/donation after cardiac death.
‡Deceased donors only.
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naling through TLR4 expressed in donor kidney cells. First, we
showed that TLR4 is expressed in normal kidneys obtained from
living donors and is significantly up-regulated by ischemic injury
(see Fig. 1). Next, we show that ischemic injury is associated with
up-regulated tubular cell expression of HMGB1, a putative
endogenous ligand for TLR4 (see Fig. 2) and that HMGB1
stimulation of human tubular cells leads to TLR4-dependent
proinflammatory responses (see Fig. 3). We then showed that
loss of function TLR4 mutations are linked to less intragraft
proinflammatory gene expression and to a higher rate of IGF
(see Fig. 4 and Table 2).

Our findings are in accordance with animal data, demonstrat-
ing an important role of renal parenchymal TLR4 expression in
mediating IR injury by promoting leukocyte accumulation, the
production of proinflammatory molecules, and in mediating
kidney damage (9). Although it is clear that TLR4 is critical, no
specific TLR4 ligands were identified. In addition to IR injury,
several models of sterile tissue injury identified a central role for
TLR4 in mediating the early inflammatory response (13, 26–28).
The importance of local TLR4 gene expression in human kidney
transplantation was recently suggested (10, 29).

While TLR4 expression and regulation in the human kidney
is not well understood, the current study supports animal data in
vitro (9) and vivo (30), which showed TLR4 up-regulation under
ischemic conditions. However, it is not known whether tubular
TLR4 expression continues to increase after IR injury in the
hours or days after human kidney transplantation.

The functional relevance of TLR4 in IR injury is demonstrated
through association between IGF and the 2 cosegregating mis-
sense TLR4 mutants, Asp299Gly and Thr399Ile. After correc-
tion for risk factors, the occurrence of IGF was significantly
higher in patients carrying a donor kidney with a mutated TLR4.
Both SNPs studied are known to affect the LPS response of
epithelial bronchial cells, as well as cells transfected with mu-
tated TLR4, and are found in up to 10% of Caucasians and 15%
of African Americans (14, 31).

The exact mechanism of the protective effect of TLR4 mu-
tation in our study is unclear, but based on our data, it is not

likely that differences in immediate graft outcomes were related
to differences in baseline histology (19) or pretransplant tubular
injury (25). We showed, however, that TLR4 mutants lead to less
inflammation, further underscoring the relationship between
TLR4 signaling and IR injury. Expression of HO-1, TNF�,
MCP-1 and, although it did not reach statistical significance,
CD3, were linked to the TLR4 mutation. Of note, the up-
regulation of HO-1 was found to mediate the beneficial effect of
TLR4 deficiency in a mouse model of IR liver injury (21), and
TNF� (22) and MCP-1 (23) have been shown to contribute to
ischemic kidney injury. In addition, high intraoperative CD3
expression in the renal allograft was associated with early acute
rejection and lower long-term renal function in kidney transplant
recipients (24), and animal data suggest an important role of T
cells in the early steps of IR injury (32).

We extended the previous studies on the role of TLR4 in IR
injury by studying potential ligands. HMGB1 is a chromatin-
binding protein that regulates transcription and chromosome
architecture. Its release from the cell nucleus into the extracel-
lular environment can occur passively as cells undergo necrotic
death, and actively in response to stressors when it functions as
a proinflammatory danger signal (33). In our study, strong
tubular immunostaining for HMGB1 was detected on the kidney
sections obtained from deceased-donor kidneys. No positive
staining was observed in the kidney specimens from living
donors. Our documentation that ischemia up-regulates HMGB1
(see Fig. 2), which up-regulate proinflammatory genes via TLR4
signaling in kidney tissue (see Fig. 3) is unique, but is consistent
with reports that implantation kidney biopsies contain apoptotic
as well as necrotic cells (34). This data also extends previous
findings that implicate HMGB1 as signaling through TLR2 and
TLR4 (35–37) to the transplantation setting. Although our study
is not able to conclusively link HMGB1 as a danger signal and
ligand of TLR4 in vivo, two lines of evidence support this
conclusion. First, HMGB1 was only present in deceased donor
organs and not in living donors. Second, the loss of TLR4
function had only an impact on deceased- but not living-donor
kidney transplants.

Fig. 4. Messenger RNA levels in kidney tissue in relation to TLR4 mutation and kidney function. (A) Gene expression in relation to the TLR4-donor genotype
(WT n � 38; TLR4 mutated n � 10). (B) Expression levels of tubular injury marker IL-18, TNF�, MCP-1, T-cell marker (CD3�), and HO-1 were analyzed in kidneys
with IGF (n � 22) or DGF (n � 26). Box and whisker blots show the medians, and the percentile values (10, 25, 75, 90) for normalized mRNA.
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The studied TLR4 variants are situated within the extracel-
lular domain and diminish receptor binding (14, 15), and these
mutations were documented by others to diminish the binding of
HMGB1 to TLR4 (37). Furthermore, hypoxia-induced HMGB1
release by hepatocytes is promoted by TLR4-dependent reactive
oxygen species (ROS) production, and optimal production of
ROS and HMGB1 release require intact TLR4 signaling (13),
implicating a positive-feedback loop. These previous findings
provide a putative explanation to account for the protective
effect of the TLR4 mutations on IR injury. Suboptimal HMGB1/
TLR4 binding limits signal transduction and diminishes the
positive-feedback loop, preventing release of proinflammatory
gene products and ROS that contribute to the injury.

It is important to note that while our data suggest that IR
injury relates to TLR4 signals transduced through tubular cells
(see Fig. 3), endothelial cells, tissue macrophages, and dendritic
cells express TLR4 and could, via a similar mechanism, contrib-
ute to the inflammatory response that occurs following ischemic
injury (1). Consistent with a possible role of leukocytes in this
process is data that chimeric mice lacking TLR4 only on bone
marrow-derived cells were partially protected from IR injury (9).
Our study did not evaluate the role of recipient TLR4 mutation
on IR injury. The involvement of recipient TLR signals in clinical
kidney transplantation is supported by reports indicating im-
proved kidney graft survival, lower risk of posttransplant ath-
erosclerotic events, and acute cellular rejection of allografts in
patients with TLR4 SNPs (38, 39). Notably, these studies did not
assess the impact of these variants on the risk of DGF, and
therefore the impact of recipient TLR4 mutation on IR injury is
unknown.

Although our study indicates that TLR4 mediates human
kidney IR injury, other TLRs may additionally contribute.
Others have shown that targeted deletion of TLR2 or down-
regulation of TLR2 with antisense oligonucleotides protect mice
from IR injury (8, 40). Additional studies will be required to
assess the role TLR2 and or other TLRs as mediators of IR
injury in humans. Of note, the low frequency of functional TLR2
mutation would require a large sample size to conduct these
studies (41).

Our unique observations support the hypothesis that HMGB1
is one relevant ligand for TLR4-mediated ischemic kidney
injury, but other putative ligands may play contributory roles.
Work from several groups have shown that other DAMPs,
including heparan sulfate, fibrinogen, hyaluronan, fibronectin,
and Tamm-Horsfall protein can function as endogenous activa-
tors of TLR4 signaling and are likely released peritransplanta-
tion (42–45). Consistent with the concept that HMGB1 is not a
unique ligand, we found that 2 other putative TLR4 ligands,
HSP70 and biglycan, were also significantly up-regulated after
reperfusion (see Fig. S1) (7).

The recent expansion of criteria for acceptable deceased-
donor kidneys, nonheart-beating and expanded-criteria donors
will likely increase the DGF rate and its clinical impact. Thus,
identifying organs at risk or molecules involved in its pathogen-
esis could improve kidney-transplant outcome. In the clinical
context, blockade of TLR4 signaling is more likely to be suc-
cessful than targeting individual ligands or downstream effec-
tors, which often serve redundant functions. Targeting TLR
signaling could have several potential implications beyond pro-
tecting against IR injury, as there is extensive evidence that the
innate system interacts with the adaptive immune system and
that reducing the IR-induced inflammation could increase the
success of tolerogeneic protocols. Together with previous animal
studies demonstrating the beneficial effects of TLR4 inhibition
on IR injury, acute rejection, tolerance, and nephrotoxic tissue
injury (reviewed in ref. 7), our study sets the stage for future
work aimed at inhibiting TLR activation in a clinical setting to
prevent IR injury after transplantation. In fact, TLR4 antago-

nists are in clinical development, and targeting this receptor may
have value in both for preventing or treating postischemic acute
kidney injury and for long-term maintenance of graft function
and survival.

Methods
Study Population. A total of 267 (156 from the Medical Center of Maine and
111 from Mount Sinai Medical Center in New York) renal transplant recipients
were included in this study. Donor and recipients demographic and follow-up
data were extracted from the hospital records. During the study period,
immunosuppressive protocols were based on tacrolimus or cyclosporine, my-
cophenolate, and with or without steroids. Sixty percent of patients received
depleting induction therapy and all patients received intraoperative 500 mg
of solumedrol. The Internal Review Board of the Mount Sinai School of
Medicine, New York, NY, and the Maine Medical Center, Portland, ME ap-
proved the study and written informed consent was obtained at the time of
enrolment.

Collection of Kidney Biopsies and Histopathology. In a subset of 51 patients,
wedge biopsies were obtained at the end of the cold storage (also called
preanastomisis biopsies) and 30-to 40 min after reperfusion. Tissue for mo-
lecular analysis was placed in RNAlater (Quiagen) stabilization solution and
stored at –20 °C. A tissue specimen was placed in 10% formalin solution for the
quantification of fibrosis. Three-micrometer sections were used for periodic
acid-Schiff (2 sections) and Masson trichrome staining (2 sections). The Aperio
virtual slide scanner (ScanScope CS) was used to digitize the image of the
whole sections at 40�. The area of the entire cortical sample (excluding
capsule), stained red in PAS (all basement membranes), was subtracted
from the area stained blue in trichrome (fibrillar and basement membrane
collagens).

Immunostaining for HMGB1 and TLR4. Preanastomisis biopsies were stained for
HMGB1, clone 1D5 (3 �g/ml) (Abnova,) and TLR4 (1:100; ZYMED Laboratories)
according to the manufacturer’s protocol. In brief, after deparaffinizing and
antigen retrieval (10 mM citrate buffer, ph 6.0), samples were stained with the
antibodies aforementioned overnight at 4 °C and visualized using the EnVi-
sion Detection Kit (HMGB1, DAKO) or the Vectastain Kit with DAB-staining
(TLR4, Vectashield Laboratories). Slides where the primary antibody was
omitted were used as negative controls. All samples were counterstained with
hematoxylin. TLR4 protein level was quantified using MetaMorph software
(Molecular Devices).

Quantitative RT-PCR. Total RNA was extracted using phenol/guanidine isothio-
cyanate containing TriZol solution (Life Technologies BRL). RNA concentration
was calculated using a Nanodrop ND1000 spectrophotometer (NanoDrop
Technologies). For cDNA synthesis, total RNA was primed with oligo(dT) and
PCR was either performed on a LightCycler (Roche Applied Science) or the ABI
Prism 7900HT Sequence Detection System (Applied Biosystems), using the
FastStart QuantiTect SYBR Green PCR kit (Quiagen) as described previously.
For TLR4 (HS00152939�m1), 18S (Hs99999901�s1), gene expression assays by
Applied Biosystems were used according to the manufacture’s protocol. Ex-
pression levels were calculated using the 2���Ct method after normalization to
the housekeeping genes 18S (total tissue) or AQP1 (tubular fraction). The
positive correlation of these 2 housekeeping genes was highly significant (P �
0.0001). The primer sequences are available on request.

In Vitro TLR4 and rHMGB1 Stimulation. The human proximal tubular cell line
(HK-2, ATCC CRL-2190) was grown under regular conditions (95% air, 5% CO2)
with keratinocyte serum-free medium supplemented with bovine pituitary
extract and epidermal growth factor, and seeded out into 6-well plates. Cells
were used in a state of submaximal confluence (80%). HK-2 cells were stim-
ulated at 37 °C for 24 h in 1 ml of fresh serum-free medium in the presence or
absence of purified LPS (1 �g/ml; E. coli 0111:B4, InvivoGene) or rHMGB1 (5
�g/ml, Sigma). The ultra-pure LPS used only activates the TLR4 pathway (12).
Except for LPS-treated samples, polymyxin B (10 �g/ml, Fluka Chemie GmbH)
was added to prevent the possible effect of contaminating endotoxin. Re-
agents are endotoxin-tested and rHMGB1 contained �0.01 EU/�g.

RNA Interference and Blocking Antibody. HK-2 cells were plated at a density of
2 � 105 cells per well in 6-well dishes and transfected with 62.5 nM or 125 nM
small interfering RNA (siRNA) oligonucleotides (Dharmacon) using X-treme
gene siRNA transfection reagent (Roche) according to the manufacturer’s
protocol. Twenty-four hours after transfection, cells were stimulated for 24 h
with rHMGB1 (5 �g/ml). Negative control siRNA (Dharmacon), which has no
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significant homology to any known gene sequences from mouse, rat, or
human being, was used as a control. Functional grade purified mouse-anti-
human TLR4 (clone HTA125) antibody (20 �g/ml) or IgG isotype contol (eBio-
science) were added 30 min before 24-h exposure to rHMGB1 (5 �g/ml).

Western Blot Analysis. Cells were lysed in CHAPS buffer (20 mM Tris, pH 7.5, 500
mM NaCl, 0.5% CHAPS) containing protease and phosphatase inhibitors. Lysates
(30 �g per lane) were subjected to 12% SDS/PAGE before transfer to polyvinyli-
dene difluoride membranes. Rabbit polyclonal anti-TLR4 (Zymed Laboratories),
mouse monoclonal anti-GAPDH (Santa Cruz Biotechnologies) and rabbit anti-
beta tubulin (Sigma Aldrich) were used for antigen detection. HRP-conjugated
secondary antibodies (Promega Corp.) were used at 1:10,000. The immunoreac-
tion was visualized with ECL Pico (Amersham Pharmacia Biotech).

Clinical Outcome Parameters. Acute rejection was proven by biopsy and graded
according to the Banff classification. Only rejections within the first month were
considered in this study. Patients with acute humoral rejection within the first
week, vascular complications, or early urinary tract obstruction were excluded.
IGF was defined as drop of serum creatinine within the first 24 h after transplan-
tation of �25%, and non-IGF was defined as need for dialysis within the first 7
days or a drop of �25% of serum creatinine within the first 24 h after transplan-
tation(2).Tovalidatethisdefinition, receiveroperatingcharacteristiccurveswere
plotted for the occurrence of a TLR4-mutation in dependence to the drop of
creatinine within the first 24 h, and the corresponding sensitivity and specificity
rates for each drop value was computed. These values, as well as the mean of
sensitivity and specificity, were plotted against the drop in creatinine. The inter-
section area of these 3 values displays the highest sensitivity-specificity ratio and
therefore exhibits the best choice. Analyzing the whole population, the cut-off
point of 28% drop in creatinine discriminated best between the occurrences of
IGF and non-IGF. In patients receiving an organ from a deceased donor, the
discrimination potential was stable between 17% and 28%. Therefore, the

chosen definition of 25% discriminated between non-IGF and IGF has the highest
specificity and sensitivity (living and deceased donors, 67% and 58%; deceased
donors only, 41% and 80%).

Genotyping. Donor DNA was extracted from a part of the preperfusion biop-
sies, from parts of additional material after fitting the kidney, or from donor
blood using the salting-out method. The 2 TLR4 polymorphisms were analyzed
either by using the ABI Prism 7900HT Sequence Detection System (Applied
Biosystems) using assays on demand (Asp299Gly, rs4986790, C��11722238�20;
Thr399Ile, rs4986791, C��11722237�20) or by PCR with sequence-specific prim-
ers followed by restriction length fragment polymorphism analysis (16).

Statistical Analysis. Results are expressed as mean � SEM, unless stated
otherwise. Non-parametric tests were used for comparisons of continuous
variables, and two-sided �2 or Fisher’s Exact were performed for categorical
variables. Tests were performed as two-sided. Potentially confounding covari-
ates [recipient and donor age and gender, donor type (standard criteria donor
vs. extended criteria donor/donation after cardiac death) cold-ischemia time,
and center] were adjusted by using logistic regression analysis (uni- and
multivariate). Differences in gene expression were calculated using the non-
parametric Mann-Whitney U tests. P � 0.05 was considered as statistically
significant. Statistical analysis was performed with the SPSS Version 16.0
software package (SPSS Inc.).
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