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Leukocyte infiltration into inflamed tissues is consid-
ered to involve sequential steps of rolling over the en-
dothelium, adhesion, and transmigration. In this
model, the leukocyte adhesion molecule L-selectin and
its ligands expressed on inflamed endothelial cells are
involved in leukocyte rolling. We show that upon ex-
perimental and human renal ischemia/reperfusion, as-
sociated with severe endothelial damage, microvascular
basement membrane (BM) heparan sulfate proteogly-
cans (HSPGs) are modified to bind L-selectin and mono-
cyte chemoattractant protein-1. In an in vitro rolling
and adhesion assay, L-selectin-binding HSPGs in
artificial BM induced monocytic cell adhesion under
reduced flow. We examined the in vivo relevance of
BM HSPGs in renal ischemia/reperfusion using
mice mutated for BM HSPGs perlecan (Hspg2�3/�3),
collagen type XVIII (Col18a1�/�), or both (cross-
bred Hspg2�3/�3�Col18a1�/�) and found that early
monocyte/macrophage influx was impaired in
Hspg2�3/�3�Col18a1�/� mice. Finally, we confirmed
our observations in human renal allograft biopsies,
showing that loss of endothelial expression of the
extracellular endosulfatase HSulf-1 may be a likely
mechanism underlying the induction of L-selectin-
and monocyte chemoattractant protein-1-binding
HSPGs associated with peritubular capillaries in human

renal allograft rejection. Our results provide evidence
for the concept that not only endothelial but
also (microvascular) BM HSPGs can influence inflam-
matory responses. (Am J Pathol 2007, 170:1865–1878; DOI:
10.2353/ajpath.2007.070061)

Upon tissue damage, leukocytes are recruited to the site
of inflammation to exert their functions. This process is
generally considered to involve an initial phase of tether-
ing of leukocytes to activated endothelium, mediated by
leukocyte-expressed L-selectin and endothelium-ex-
pressed E- and P-selectin and their ligands, followed by
activation and firm adhesion, mediated by chemokines
and integrins, respectively.1,2 Finally, leukocytes transmi-
grate through the endothelium and vascular basement
membrane (BM) to the site of inflammation.

Although this multistep model of leukocyte extravasation
is well established, there are some clinically important situ-
ations in which additional factors may come into play. For
example, it is well known that the endothelium of the heart
and kidney is severely damaged as a result of prolonged
ischemia and subsequent reperfusion (I/R),3–8 which is par-
ticularly important in transplantation settings. Upon renal
I/R, endothelial cell swelling, loss of endothelial cell-cell
attachment, and even complete loss of endothelial lining
has been reported in peritubular capillaries as early as 24
hours after reperfusion.4,5 In this environment, leukocytes
encounter a damaged endothelial layer with exposed vas-
cular BM, over which they will transmigrate.
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Vascular BM is composed of various matrix components
including laminins, collagens, and proteoglycans.9,10 Pro-
teoglycans are glycoconjugates consisting of extended lin-
ear carbohydrate side chains (glycosaminoglycans; GAGs)
linked to a protein core.11 A specific subset of proteogly-
cans, heparan sulfate proteoglycans (HSPGs), is especially
well known for its ability to bind a number of proteins impor-
tant for the inflammatory response, including the leukocyte-
expressed adhesion molecule L-selectin, and various che-
mokines.12 Binding of these proteins to HSPGs is
dependent on the presence of specific binding domains on
the HS GAG chain.13,14 We and others have previously
shown that for L-selectin binding to HSPGs a number of
determinants, including 6-O-sulfation of the GAG chain, are
crucial.15,16 Because the presence or absence of these
domains on HS GAG chains determines whether HSPGs
will bind molecules like L-selectin and chemokines, active
regulation of these domains, eg, during biosynthesis and/or
by later modification, could clearly affect the inflammatory
response. Interestingly, extracellular endosulfatases that
specifically cleave 6-O-linked sulfate residues of HSPGs
have been identified in humans (HSulf-1 and HSulf-2),17

and although a change in expression pattern of these en-
zymes has not been reported in inflammatory settings to
date, differential expression of HSulf-1 has been described
in carcinomas.18,19

In the normal kidney, HSPGs are abundantly present in
glomeruli, tubular BM (TBM), microvascular BM, vasa recta
bundles, papilla, and on epithelial cells. However, only a
subset of HSPGs, present in medullary TBMs, vasa recta
bundles, and papilla, are able to bind L-selectin under
normal conditions.15 In this study, we examine the expres-
sion and relevance of HSPGs that bind L-selectin and che-
mokine upon renal I/R, a model used to study the early
inflammatory processes involved in kidney transplantation.
Because we are interested in HSPG alterations that can
have functional consequences for the inflammatory re-
sponse, we chose to directly detect binding of L-selectin
and monocyte chemoattractant protein-1 (MCP-1) to
HSPGs in tissue sections,20 rather than using antibodies
directed against structurally well defined, but not necessar-
ily functional, HS epitopes. We show that upon renal I/R,
microvascular BM HSPGs in the renal interstitium are mod-
ified to bind L-selectin and MCP-1. Using an in vitro model
for leukocyte rolling and adhesion, we provide evidence for
a functional role of L-selectin-binding HSPGs in monocytic
cell adhesion, and we show that in vivo monocyte influx is
impaired in kidneys of mice that lack functional BM HSPGs
perlecan and collagen type XVIII. Finally, we extrapolate our
findings to human renal transplant biopsies and show that
down-regulation of endothelial-expressed HSulf-1 could be
a mechanism for the observed HSPG alterations.

Materials and Methods

Animals and Renal I/R

Adult male Wistar rats (300 to 350 g) were obtained from
Harlan CPB (Zeist, The Netherlands). Adult male wild-
type mice, Hspg2�3/�3 mutant mice,21 Col18a1�/�

mice,22 and crossbred Hspg2�3/�3�Col18a1�/� mutant
mice21 were all on C57BL/6 background and ranging
from 10 to 18 weeks old. Unilateral renal warm I/R was
performed by clamping left renal pedicle (mice) or renal
artery (rats) of isoflurane-anesthetized animals for 45 min-
utes while keeping the abdominal cavity moist with saline,
after which the clamp was released, reperfusion of the
kidney was visually checked, and wounds were closed.
During and after the operation, animals were kept warm
until they regained consciousness, after which they had
free access to food and water. Animals were sacrificed at
t � 24 hours or t � 48 hours after reperfusion; both
contralateral and I/R kidneys were removed and either
snap-frozen or formalin-fixed and paraffin-embedded ac-
cording to routine histology protocol. Animal housing and
experiments were approved by local animal experimen-
tation ethics committees.

Proteins, Enzymes, and Antibodies

L-selectin-IgM chimeric protein, consisting of the extra-
cellular domain of human L-selectin linked to an IgM
Fc-tail, was produced as described.20,23 Heparitinase I
from Flavobacterium heparinum (EC4.2.2.8) was from
Seikagaku Corp., Tokyo, Japan. Anti-rat CD31, anti-rat
CD68 (ED1), and anti-mouse F4/80 were from Serotec,
Oxford, UK. Anti-rat perlecan (10B2) was kindly provided
by Dr. Couchman, Division of Biomedical Sciences, Im-
perial College, London, UK. Anti-rat agrin (GR14) and
anti-human MCP-1 (5D3-F7) were previously de-
scribed.24,25 Recombinant human MCP-1 was from Pep-
rotech, London, UK. Anti-collagen XVIII NC11 was kindly
provided by Dr. T. Sasaki, Max-Planck-Institut für Bioche-
mie, Martinsried, Germany. DREG-56, MECA-79, and
HECA-452 were from BD PharMingen (Erembodegem,
Belgium); and anti-human CD31, CD34, and von Wille-
brand factor were from DAKO (Heverlee, Belgium). Alexa
Fluor-labeled anti-human IgM, anti-mouse IgG, anti-rab-
bit IgG, anti-sheep IgG, anti-rat IgG, and streptavidin
were from Molecular Probes (Invitrogen, Breda, The
Netherlands) and biotinylated anti-rat IgG � IgM from
Jackson ImmunoResearch (Cambridgeshire, UK).

Immunofluorescence

In situ L-selectin binding was performed as described on
either formalin-fixed cryostat tissue sections or formalin-
fixed, paraffin-embedded tissue sections.20 MCP-1 bind-
ing was performed accordingly on formalin-fixed, paraf-
fin-embedded sections, incubating MCP-1 (2.5 �g/ml)
overnight at 4°C. Specific digestion of HS GAG chains
was performed by preincubation of tissue sections with
0.05 U/ml heparitinase I in acetate buffer (50 mmol/L
C2H3O2Na, 5 mmol/L CaCl2�2H2O, and 5 mmol/L
MgCl2�6H2O; pH 7.0) for 1 hour at 37°C in a humidified
chamber or with HNO2 at pH 1.5 for 10 minutes at room
temperature.26 Double staining was performed using en-
dothelial markers including rhodamine-labeled Ulex euro-
paeus agglutinin I (Vector, Burlingame, CA). Sections
were examined by two independent investigators using a
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Nikon Eclipse E800 fluorescence microscope (Tokyo, Ja-
pan) or Leica AOBS SP2 confocal laser-scanning micro-
scope system (Wetzlar, Germany). For specific detection
of monocytes/macrophages, acetone-fixed (10 minutes
room temperature) tissue sections were rehydrated in
phosphate-buffered saline (PBS), blocked with PBS con-
taining 5% normal goat serum (10 minutes at room tem-
perature), and incubated with anti-monocyte/macro-
phage F4/80 (1 hour at room temperature) and
subsequently with anti-rat Alexa Fluor 488-labeled sec-
ondary antibody. Quantification of monocyte/macro-
phage influx was based on five digital photographs
(�200 magnification) of renal medulla per kidney, using
four mice per group per time point. The percentage of
positive area relative to total area was determined using
AnalySis software (Soft Imaging System GmbH, Münster,
Germany). Fold induction of influx in I/R kidneys was
calculated compared with contralateral kidneys of the
same animals.

Histology

Formalin-fixed kidney sections (4 �m) were stained with
periodic acid-Schiff’s reagent and hematoxylin according
to routine protocol. Leukocyte counts and the percentage
of tubules showing tubular necrosis (defined by the loss
of nuclei) were determined in 10 nonoverlapping fields
(�400 magnification) of the outer medulla region per
kidney/biopsy.

Flow Experiments

Rolling and adhesion of monocytic U937 cells over
coated coverslips were determined under continuous
flow conditions in a perfusion chamber with well-defined
rheological characteristics as described.27 Thermanox
coverslips (Nunc, Rochester, NY) were coated overnight
at 37°C with laminin (human placenta; 2 �g/ml) and BSA
(10 �g/ml) or laminin (2 �g/ml) and heparin-albumin (10
�g/ml), all from Sigma-Aldrich, Zwijndrecht, The Nether-
lands. U937 cells were cultured in RPMI 1640 medium
plus 10% fetal bovine serum and used at 2 � 106 cells/ml
for flow experiments. After rinsing coated coverslips
within the perfusion chamber, a fixed volume of cells was
allowed to interact (rolling/adhesion) at indicated shear
stress, and coverslips were again rinsed to remove non-
bound or loosely attached cells (adhesion). Rolling was
evaluated by analyzing 20-second recordings of six
fields (�200 magnification) per coverslip. Adhesion was
determined by analyzing at least 50 fields (�200 magni-
fication) per coverslip. Data represented are based on six
experiments. In two experiments, L-selectin binding sites
on heparin-albumin were blocked by preincubating
coated coverslips with excess L-selectin-IgM chimeric
protein for 3 hours at room temperature.

Human Renal Biopsies

Formalin-fixed, paraffin-embedded archival renal trans-
plant biopsies were used. Acute renal allograft rejection

was defined based on histology by an experienced pa-
thologist, according to Banff 97 classification.28 Normal
tissue from kidneys removed because of renal adenocar-
cinoma served as controls. All samples were used with
local ethics committee approval.

In Situ Hybridization

hSulf1 or hSulf2 cDNA fragments (gi29789063, 2986 to
3601; and gi38327656, 2151 to 2801, respectively) were
amplified by polymerase chain reaction using sense and
anti-sense primers containing SP6 and T7 RNA polymer-
ase binding sequences, respectively, and were cloned in
pCR2.1-TOPO (Invitrogen). Digoxigenin-labeled anti-
sense or control sense riboprobes were synthesized by in
vitro transcription of the purified inserts using T7 or SP6
RNA polymerases and digoxigenin-conjugated UTP
(Roche Diagnostics, Almere, The Netherlands). In situ
hybridization was performed on 6-�m sections of forma-
lin-fixed, paraffin-embedded tissue. Digoxigenin was de-
tected using alkaline phosphatase-conjugated anti-
digoxigenin antibodies and NBT/BCIP (Roche
Diagnostics) yielding a blue precipitate. To provide a
counterstain not interfering with cellularly localized in situ
hybridization signals, immunohistochemistry was per-
formed using anti-collagen type IV (Euro-Diagnostica,
Arnhem, The Netherlands), poly-horseradish peroxidase
anti-rabbit IgG (Powervision; Immunovision Technolo-
gies, Brisbane, CA), and 3,3�-diaminobenzidine plus hy-
drogen peroxide, yielding a brown precipitate.

Statistics

The number of mice and data generated for each exper-
iment are provided in the figure legends. Statistical anal-
ysis was performed using the Mann-Whitney test or
Kruskal-Wallis test as indicated, with P � 0.05 consid-
ered to be statistically significant.

Results

Interstitial Microvascular BM HSPGs Bind
L-Selectin upon Renal I/R

We performed unilateral renal warm I/R in rats, after
which the nonischemic contralateral and the I/R kid-
neys were analyzed for the presence of L-selectin-
binding HSPGs. Clear binding of L-selectin to TBMs in
the medulla was observed in the contralateral kidneys
at 24 hours after reperfusion (Figure 1A). In addition,
L-selectin binding was detected in the large vasa recta
bundles and renal papilla (not shown). Thereby, L-
selectin binding in contralateral kidneys was identical
to binding in kidneys of nonoperated control rats.15 No
L-selectin binding to interstitial capillaries, identified
using double-staining for CD31, was observed in con-
tralateral kidney (Figure 1B). In contrast, L-selectin
binding to interstitial capillaries was detected in I/R
kidneys at 24 hours after reperfusion, in addition to
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binding to TBMs (Figure 1, C and D). These L-selectin-
binding capillaries were most abundantly found in the
outer medulla of the I/R kidneys. Interestingly, high-
power magnification suggests that L-selectin binding
occurs directly underneath, rather than at the luminal
side of the endothelial cells (Figure 1D, inset). Binding
to both TBMs and capillaries was completely abro-
gated by pretreatment with heparitinase I, an enzyme

that specifically degrades HS GAG chains (Figure 1, E
and F), as well as by pretreatment with HNO2 at pH 1.5,
which chemically cleaves HS GAG chains (not shown).
These data show that L-selectin-binding HSPGs are
specifically induced in renal capillaries upon I/R. No
L-selectin binding in glomeruli of either contralateral or
I/R kidneys was observed at the examined time points
(not shown).

Figure 1. Interstitial microvascular BM HSPGs are induced to bind L-selectin upon renal I/R. L-selectin ligands (A–F, green) were detected using the L-selectin-IgM
chimeric protein (see Materials and Methods) on tissue sections of either contralateral rat kidney (A, B) or kidney 24 hours after I/R (C–F) by confocal
laser-scanning microscopy. In B, D, and F, double staining is shown to identify endothelium using anti-CD31 antibody (red). Arrows indicate the presence of
L-selectin ligands associated with interstitial capillaries, and high-power magnification indicates that these ligands are localized in the microvascular BM (D, inset).
L-selectin ligands were shown to be HSPGs using heparitinase I pretreatment of sequential I/R tissue sections (E, F). Result shown is representative of four animals.
Scale bars � 50 �m. Original magnification, �1000 (D, inset).
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Because it seemed that the HSPG-dependent microvas-
cular L-selectin binding upon renal I/R occurred in a sub-
endothelial pattern, we performed double staining to detect
both L-selectin binding and the presence of the three dom-
inant BM HSPGs, agrin, perlecan, and collagen type XVIII,
in I/R kidneys. Both in contralateral and I/R kidneys, agrin,
perlecan, and collagen type XVIII were present to a similar
extent and in a similar pattern, showing no evident up-
regulation of either of the three in the microvascular BM
upon I/R (Figure 2A). The I/R-induced microvascular L-
selectin binding co-localized to various degrees with agrin,
perlecan, and collagen type XVIII (Figure 2B). Taken to-
gether, these data show that microvascular BM HSPGs are
induced to bind L-selectin upon renal I/R.

Induction of L-Selectin-Binding HSPGs
Coincides with Monocyte/Macrophage Influx
and Induces Monocytic Cell Adhesion under
Reduced Flow Conditions

Because L-selectin is a leukocyte adhesion receptor in-
volved in extravasation, we wondered whether the induced
L-selectin-binding HSPGs could be associated with leuko-
cyte influx observed upon renal I/R. Although neutrophil
extravasation occurs within a few hours after I/R, monocytes
are expected to start extravasating around the time point of
24 hours after I/R, and we therefore focused on these cells.
As expected, although a minimal number of monocytes/
macrophages (identified using the ED1 marker) were de-
tected in contralateral kidneys (Figure 3, A and B), a prom-
inent influx of these cells was observed in the outer medulla
of I/R kidneys at 24 hours after reperfusion (Figure 3, C and
D). Interestingly, the L-selectin-binding capillaries identified
in single stain (Figure 3C, arrows) were present in close
proximity to the monocyte/macrophage influx found in this
region (Figure 3D). High-power magnification showed ED1-
positive cells directly surrounding the L-selectin-binding
capillaries (Figure 3, C and D; inset).

To examine a possible role of L-selectin-binding HSPGs
in microvascular BM in monocyte/macrophage recruitment,
we studied rolling and adhesion of monocytic U937 cells
(expressing L-selectin; not shown) over an artificial BM con-
sisting of laminin (Lam; a major component of all vascular
BMs29), in combination with either albumin (Alb) as a con-
trol, or heparin-albumin (HepAlb). The latter consists of mul-
tiple chains of heparin (a highly sulfated HS GAG chain
known to bind L-selectin15,16) covalently linked to an albu-
min backbone, used here as a model for L-selectin-binding
HSPG. First, we examined rolling and adhesion under a
continuous shear stress of 1.0 dyne/cm2, considered to be
within the physiological flow range in the microvascula-
ture.27,30 Under these conditions, no rolling of the cells was
observed (not shown), and only a minimal amount of cells
adhered to Lam � Alb or Lam � HepAlb (Figure 3E).
However, following I/R blood flow in renal capillaries is sig-
nificantly reduced for a prolonged period of time, being
approximately one-quarter of normal levels at 24 hours after
reperfusion.31 We therefore performed the same experi-
ment under a reduced continuous shear stress of 0.25

dyne/cm2. Under these conditions adhesion of U937 cells
to Lam � HepAlb was significantly increased compared
with Lam � Alb (Figure 3E). Preincubation of Lam � Hep-
Alb-coated coverslips with an excess of the L-selectin-IgM
chimeric protein reduced adhesion to control levels, show-
ing that adhesion is dependent on L-selectin-binding sites
(Figure 3E). No significant differences in cell rolling were
observed between the different coatings or different shear
stress conditions used in these experiments (not shown).
Together, these data indicate that L-selectin-binding
HSPGs induced in microvascular BM may contribute to
monocyte recruitment on I/R by enhancing monocyte
adhesion.

Early Monocyte/Macrophage Influx Is Impaired
in Hspg2�3/�3�Col18a1�/� Mice

We next determined the role of BM HSPGs in leukocyte
influx upon renal I/R in vivo using mice that lack functional
BM HSPGs. Agrin- and perlecan-deficient mice have been
generated; however, these mice die at birth because of
different developmental defects and could therefore not be
used.32,33 Instead, we decided to use perlecan mutant
mice (Hspg2�3/�3), which lack three of four potential HS
attachment sites on the perlecan protein,21 as well as col-
lagen type XVIII knockout mice (Col18a1�/�),22 and cross-
bred Hspg2�3/�3�Col18a1�/� double mutants.21 In these
mice, unilateral renal warm I/R was performed, and the
kidneys were analyzed at 24 and 48 hours after reperfusion.
As shown in Figure 4A, renal I/R injury resulted in a similar
degree of damage based on histology in the different
groups, showing severe tubular necrosis and influx of leu-
kocytes. Indeed, quantification of renal I/R induced damage
as the percentage of tubular necrosis was similar in wild-
type versus mutant mice (Figure 4B). Total interstitial leuko-
cyte counts showed a marked increase in leukocyte influx in
I/R compared with contralateral kidneys, and no differences
were observed between the different groups (Figure 5A).
However, staining for the monocyte/macrophage-specific
marker F4/80 revealed a significantly reduced influx of
these cells in the Hspg2�3/�3�Col18a1�/� double mutants
compared with wild-type animals at 24 hours after I/R (Fig-
ure 5B). Monocyte/macrophage influx was not statistically
different in either Hspg2�3/�3 or Col18a1�/� single mutant
mice compared with wild type at 24 hours after I/R. At 48
hours after I/R, no statistical difference was observed in
monocyte/macrophage influx in the kidneys of the various
mutant/knockout mice compared with wild type (Figure 5B).
These data indicate that early monocyte/macrophage influx
on renal I/R is impaired in mice mutated for two of three BM
HSPGs (Hspg2�3/�3�Col18a1�/� double mutants); how-
ever, this impairment is only observed at 24 hours after I/R.

Next, we studied L-selectin binding upon renal I/R in
the kidneys of Hspg2�3/�3, Col18a1�/�, and crossbred
double mutants compared with wild-type mice. Strikingly,
no differences were found in L-selectin binding to micro-
vascular BM in the mutant mice compared with wild type
(not shown). Apart from L-selectin, HSPGs are also able
to bind and present chemokines. To investigate whether
the impaired early monocyte/macrophage influx, we ob-
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Figure 2. The BM HSPGs agrin, perlecan, and collagen type XVIII are equally present in contralateral and I/R kidneys and co-localize with induced microvascular
L-selectin ligands. A: Agrin, perlecan, and collagen type XVIII were detected using specific antibodies in both contralateral and I/R (t � 24 hours) kidney tissue
sections to show similar distribution under both conditions. B: High-power magnification showing co-localization of agrin, perlecan, and collagen type XVIII (top)
with L-selectin ligands (bottom) in microvascular structures at 24 hours after renal I/R. Overlays of the same structures are provided showing, respectively, agrin,
perlecan, or collagen type XVIII in red, and L-selectin binding in green. Scale bars: 50 �m (A); 10 �m (B).
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served in the crossbred Hspg2�3/�3�Col18a1�/� mice
could result from an altered chemokine binding, we ex-
amined MCP-1 binding in the kidneys of wild type com-
pared with Hspg2�3/�3�Col18a1�/� mice. MCP-1 is a
dominant chemokine involved in monocyte/macrophage
recruitment on renal I/R, and binding properties of MCP-1

to proteoglycans are well defined.34–36 In wild-type con-
tralateral kidneys, MCP-1 binds to TBMs, and binding is
completely abrogated by heparitinase I pretreatment,
showing that the MCP-1-binding structures are HSPGs
(Figure 6, A and B). However, at 24 hours after I/R, MCP-1
binding was also observed in interstitial matrix, including

Figure 3. Monocyte influx coincides with microvascular L-selectin-binding
HSPGs and monocytic cells specifically adhere to L-selectin-binding HSPGs in
artificial BM under flow. A–D: L-selectin ligands (green) were detected using
the L-selectin-IgM chimeric protein in contralateral rat kidney (A, B) or I/R
kidney (C, D; t � 24 hours). Arrows indicate the presence of L-selectin
ligands associated with the renal microvasculature. In B and D, influx of
ED1-positive monocytes (red, overlay) is shown to occur in close proximity to
induced L-selectin ligands in the I/R kidney. High-power magnification is
provided in C and D. Result shown is representative of four animals. E: U937
monocytic cells were allowed to adhere under physiological (1.0 dyne/cm2)
or reduced shear stress (0.25 dyne/cm2) to artificial BM composed of either
laminin and albumin (Lam � Alb) or laminin and heparin-albumin (Lam �
HepAlb) (n � 6). L-selectin binding sites in the artificial BM were blocked by
preincubation with an excess of L-selectin-IgM chimeric protein (n � 2). Bars
represent mean � SEM. *P � 0.0095, **P � 0.017 using the Mann-Whitney test.
Original magnifications, �1000 (insets).
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the microvascular BM (Figure 6C). A significant part of
this MCP-1 binding was sensitive to heparitinase I and
therefore mediated by HSPGs, although some residual
interstitial MCP-1 binding remained (Figure 6D). In the I/R
kidneys of Hspg2�3/�3�Col18a1�/� mice MCP-1 binding
was found to be similar to that in wild-type mice (Figure 6,
E and F). Together, these data indicate that although
L-selectin and MCP-1 binding to microvascular BM
HSPGs is induced on renal I/R, this binding is not (exclu-
sively) mediated by either perlecan-HS and/or collagen
type XVIII. However, early monocyte/macrophage influx
was impaired in the kidneys of mice mutated for both of
these BM HSPGs.

Microvascular BM HSPGs Bind L-Selectin and
MCP-1 in Human Renal Transplant Biopsies

To examine whether our results in rodents can be extrap-
olated to the clinically relevant situation, we studied L-
selectin and MCP-1 binding, as well as interstitial leuko-
cyte influx in human control kidneys, renal allograft
biopsies taken shortly after transplantation (representing
I/R; post-transplant), and acute allograft rejection biop-
sies (Table 1). In human control kidney, binding of L-
selectin to TBM was observed, as well as some minor
binding associated with peritubular capillaries (Figure
7A). However, in post-transplant biopsies prominently
induced L-selectin binding to peritubular capillary micro-
vascular BM was observed, in addition to apparently
increased binding to TBMs and interstitial matrix (Figure
7B). Binding to microvascular BM and TBM was sensitive
to heparitinase I pretreatment (Figure 7, D and E), show-
ing that these ligands are HSPGs. The remaining L-se-
lectin binding in interstitial matrix was sensitive to
chondroitinase ABC pretreatment, which specifically de-
grades chondroitin/dermatan sulfate proteoglycans, indi-
cating that L-selectin also binds chondroitin/dermatan
sulfate proteoglycans present in these tissue sections
(not shown). No L-selectin binding was observed in the
glomeruli of either control or post-transplant biopsies (not

Figure 4. Renal histology and the percentage of tubular necrosis upon renal
I/R is similar in mice lacking functional BM HSPGs compared with wild type.
A: Periodic acid-Schiff/hematoxylin-stained regions of the outer medulla of
contralateral and I/R (t � 24 hours) kidney of wild-type mice, Hspg2�3/�3

mutants, Col18a1�/�, and crossbred Hspg2�3/�3�Col18a1�/� mutant mice.
B: Percentage of tubular necrosis was determined (see Materials and Meth-
ods) in I/R kidneys (t � 24 hours and t � 48 hours) of wild-type mice,
Hspg2�3/�3 mutants, Col18a1�/�, and crossbred Hspg2�3/�3�Col18a1�/�

mutant mice. Bars represent mean � SEM of four mice per group. Scale
bars � 50 �m.

Figure 5. Early monocyte/macrophage influx is specifically impaired upon
renal I/R in mice lacking functional BM HSPGs. A: Total interstitial leukocyte
count was determined in contralateral kidneys and I/R kidneys of wild-type
mice, Hspg2�3/�3 mutants, Col18a1�/�, and crossbred Hspg2�3/

�3�Col18a1�/� mutant mice at 24 and 48 hours after I/R. Values represent
mean � SEM of 10 fields per kidney using four mice per group. B: Influx of
monocytes/macrophages (mono/mf) was determined using the specific
marker F4/80 in kidneys of wild-type mice, Hspg2�3/�3 mutants, Col18a1�/�,
and crossbred Hspg2�3/�3�Col18a1�/� mutant mice at 24 and 48 hours after
I/R and is expressed as fold induction compared with the values in contralat-
eral kidneys. Values represent mean � SEM obtained from five fields per
kidney using four mice per group. *P � 0.005 using the Kruskal-Wallis test.
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shown). MCP-1 binding in post-transplant biopsies was
very similar to L-selectin binding (Figure 7H), although no
significant MCP-1 binding was observed in human con-
trol kidney (Figure 7G). Heparitinase I pretreatment com-
pletely abolished microvascular BM MCP-1 binding in
post-transplant biopsies, indicating that this binding is
exclusively mediated by HSPGs (not shown).

In a number of biopsies from patients diagnosed with
acute allograft rejection (all defined as type II acute vas-
cular rejection according to Banff 97 classification), L-

selectin binding associated with peritubular capillaries
was detected, which was sensitive to heparitinase I pre-
treatment (Figure 7, C and F; Table 1). MCP-1 binding in
these biopsies was clearly more extensive than L-selectin
binding (Figure 7I) but was also completely sensitive to
heparitinase I pretreatment (not shown). In addition, to
control for the possibility that endogenous MCP-1 was
detected instead of binding of MCP-1, we performed
stainings on tissue sections that had not been preincu-
bated with recombinant MCP-1. Endogenous MCP-1 was

Figure 6. Interstitial MCP-1 binding is increased upon renal I/R and is unaltered in Hspg2�3/�3�Col18a1�/� mutant mice compared with wild type. MCP-1
binding was determined (see Materials and Methods) in tissue sections of contralateral kidneys (A, B) and in I/R kidneys (t � 24 hours) (C, D) of wild-type mice.
Heparitinase I pretreatment of sequential tissue sections was performed to identify HSPG-dependent binding (B, D). Similar MCP-1 binding was observed in I/R
kidneys (t � 24 hours) of Hspg2�3/�3�Col18a1�/� crossbred mutant mice (E, F) and after heparitinase I pretreatment (F). Result shown is representative of four
mice per group. Scale bars � 50 �m.
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not detected in the interstitium of either control (case 3) or
acute vascular rejection (case 12), although some stain-
ing was observed in the cytoplasm of tubular epithelial
cells in the acute vascular rejection biopsy (not shown).
Taken together, these data show an enhanced MCP-1
binding to HSPGs associated with peritubular capillaries
and TBM in post-transplant biopsies and a subset of
acute allograft rejection biopsies. Although peritubular
capillaries could generally be identified based on mor-
phology, in the biopsies showing L-selectin and MCP-1
binding, endothelial staining using Ulex europaeus agglu-
tinin I was diminished (Figure 7, C and I), as was staining
for CD31, CD34, and von Willebrand factor (not shown).
This suggests that peritubular capillaries showing L-se-
lectin and MCP-1 binding HSPGs in their BM were af-
fected by some degree of endothelial damage, which is
supported by the fact that these biopsies were classified
as type II acute vascular rejection.

Interstitial leukocyte influx is clearly a prominent fea-
ture of acute allograft rejection (Table 1). However, no
direct correlation was found between the interstitial
leukocyte count and the presence or absence of mi-
crovascular BM L-selectin and MCP-1-binding HSPGs
(Table 1). We thus conclude that our observations
regarding induction of L-selectin and MCP-1 binding to
microvascular BM HSPGs in experimental renal I/R can
be extrapolated to the clinically relevant setting of kid-
ney transplantation, although no clear relation was
found between the presence of L-selectin- and MCP-
1-binding HSPGs on one hand and interstitial leukocyte
influx on the other hand.

Loss of HSulf-1 Expression in Peritubular
Capillaries in Acute Allograft Rejection Biopsies

Recently, the extracellular endosulfatases HSulf-1 and
HSulf-2 have been described to specifically cleave 6-O-
sulfate residues of HS GAG chains, known to be critical
for L-selectin binding.16,17 To investigate whether the
variation in binding of L-selectin and MCP-1 to HSPGs
associated with peritubular capillaries we observed in the
different acute allograft rejection biopsies could be cor-
related to changes in HSulf-1 and/or HSulf-2 expression,
we performed in situ hybridization assays for these mol-
ecules in the acute renal allograft rejection biopsies as
well as in control kidneys. In control kidneys, HSulf-1 was
expressed by renal peritubular endothelial cells, whereas
expression of HSulf-2 was not detected (Figure 8, A and
C). In the glomerulus, expression of both HSulf-1 and
HSulf-2 was detected, whereas sense controls did not
show any staining, demonstrating specificity of the
probes (not shown). Interestingly, in acute allograft rejec-
tion biopsies showing microvascular L-selectin and MCP-
1-binding HSPGs, expression of HSulf-1 in peritubular
endothelial cells could not be detected (Figure 8B; Table
1). In biopsies in which no microvascular L-selectin- and
MCP-1-binding HSPGs could be detected, HSulf-1 ex-
pression was detected in peritubular capillaries, with ex-
ception of two biopsies in which peritubular capillaries
could not be identified because of disruption of tissue
morphology as a result of the inflammatory response
(Table 1). No expression of HSulf-2 was detected in
interstitial microvascular endothelial cells upon acute al-
lograft rejection (Figure 8D). These data suggest that loss

Table 1. Quantification of L-Selectin and MCP-1 Binding Associated with Peritubular Capillaries, HSulf-1 and HSulf-2 Expression,
and Interstitial Leukocyte Counts in Human Renal Biopsies

Case
no.

Diagnosis
(Banff score)

L-selectin
binding HSPGs*

MCP-1
binding HSPGs*

HSulf-1 expression
(number;intensity)†

HSulf-2 expression
(number;intensity)†

Interstitial
leukocyte
count/field

1 Control 0 nd‡ 1;1 0 20
2 Control 0 0 2;1 0 22
3 Control 0 1 3;3 0 30
4 Control 0 0 1;1 0 23
5 Post-transplant 4 4 nd nd 30
6 Post-transplant 2 3 nd nd 26
7 Post-transplant 3 4 nd nd 39
8 Acute rejection (IA) 0 0 1;2 nd 122
9 Acute rejection (IA) 0 0 1;2 0;0 91

10 Acute rejection (IB) 0 0 0;0§ 0;0§ 247
11 Acute rejection (IB) 0 0 0;0§ 0;0§ 398
12 Acute rejection (IIA) 3 3 0;0 0;0 120
13 Acute rejection (IIA) 2 2 0;0 0;0 82
14 Acute rejection (IIA) 1 1 0;0 0;0 180
15 Acute rejection (IIB) 0 0 1;1 0;0 78
16 Acute rejection (IIB) 3 4 0;0 nd 140
17 Acute rejection (III) 0 0 nd nd 103

*L-selectin-IgM and MCP-1 binding to HSPGs associated with peritubular capillaries was scored as follows: 0, �10%; 1, 10 to 25%; 2, 25 to 50%;
3, 50 to 75%; 4, 	75% of peritubular capillaries involved.

†HSulf-1 and HSulf-2 expression were detected by in situ hybridization and scored both as numbers of peritubular capillaries involved (0, no
expression detected; 1, �25%; 2, 25 to 50%; 3, 50 to 75%; 4, 	75% of peritubular capillaries involved) and estimated intensity of staining on a scale
ranging from 0 (no staining) to 4 (very intense).

‡nd, not determined.
§Peritubular capillaries could not be identified because of disruption of tissue morphology.
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of HSulf-1 expression may be involved in the induction of
L-selectin binding to microvascular BM HSPGs.

Discussion

In this study, we provide evidence that HSPG alterations
can influence the I/R-induced inflammatory response
upon kidney transplantation, by the induction of L-selec-
tin binding as well as chemokine (MCP-1) binding to
these molecules. Based on these properties, we refer to
this type of HSPGs as proinflammatory HSPGs. Interest-
ingly, these HSPGs are not expressed on the endothelial
cell surface, but in underlying microvascular BMs. In fact,
we did not observe L-selectin ligands expressed on the
luminal side of endothelial cells in any of the human
biopsies tested or in the animal models. This contradicts
a previous study using antibodies to detect endothelial
L-selectin binding glycoproteins in post-transplant and
acute rejection biopsies.37 Although we used the L-se-
lectin-IgM chimeric protein instead, this probe is able to
detect L-selectin-binding glycoproteins.20,23,38 To control
for our findings, we stained biopsies included in our study
using MECA-79 and HECA-452, antibodies directed

against glycoprotein L-selectin ligands that are de-
scribed to be up-regulated upon kidney transplanta-
tion.37 Both antibodies, as well as the L-selectin-IgM chi-
meric protein, intensely stain high endothelium in human
tonsil as a positive control (not shown). However, we did
not observe endothelial staining in either post-transplant
or acute rejection biopsies using either MECA-79 or
HECA-452 antibody, although HECA-452 did stain tubu-
lar epithelial cells in all biopsies and control kidney (Sup-
plementary Figure 1, see http://ajp.amjpathol.org).

A previous study by Ali and colleagues39 reported an
increased expression of HS in peritubular capillary blood
vessel walls upon acute renal transplant rejection. Al-
though we detect a modification rather than increased
expression of microvascular BM HSPGs, especially at the
early time points investigated here (rat kidneys 24 hours
after I/R and human posttransplant biopsies), both these
studies emphasize that extracellular matrix HSPGs are
subject to regulation in the transplantation setting. We
hypothesized that this alteration can affect leukocyte ex-
travasation because of an altered binding of the leuko-
cyte adhesion molecule L-selectin as well as chemo-
kines. Indeed, we showed that monocytic cell adhesion is

Figure 7. L-selectin and MCP-1 binding HSPGs are induced in post-transplant and acute allograft rejection biopsies. L-selectin binding (A–C, green) was
determined in tissue sections of human control kidney (A, case 4), post-transplant (B, case 7), and acute allograft rejection biopsies (C, case 16). Sequential
sections were pretreated with heparitinase I to identify HSPG-dependent binding (D–F). In parallel, MCP-1 binding (G–I, green) was detected in human control
kidney (G, case 4), post-transplant (H, case 7), and acute allograft rejection biopsies (I, case 16). In all cases, double staining using Ulex europaeus agglutinin
I for endothelium was performed (A–I, red). Arrows indicate the binding of L-selectin or MCP-1 associated with peritubular capillaries. Scale bars � 50 �m.
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increased in the presence of L-selectin-binding HSPG in
artificial BM. In addition, early monocyte/macrophage in-
flux is impaired in mice lacking both perlecan-HS and
collagen type XVIII BM HSPGs. Despite this functional
effect, strikingly, no differences in L-selectin or MCP-1
binding were observed in the kidneys of these mice upon
I/R. This may be explained by the fact that a third BM
HSPG, agrin, is still present in these mice, and we are
detecting binding of L-selectin and MCP-1 to agrin HS
GAG-chains. The possibility that L-selectin and MCP-1
binding is exclusively mediated by agrin is contra-
dicted by the observation that early monocyte/macro-
phage influx was significantly impaired upon renal I/R
in Hspg2�3/�3�Col18a1�/� double-mutant mice because
these mice lack functional perlecan HS and collagen type
XVIII, but agrin is not targeted. Indeed, we previously
showed that in the kidneys of these double-mutant mice
the distribution of HS chains in BMs was similar to that in
wild-type mice,15 which can only be explained by the
presence of agrin. In our opinion, the possibility that
agrin, perlecan, and collagen type XVIII HS GAG chains
are modified to bind L-selectin and chemokine is more
likely, as the cellular machinery to make and modify HS
GAG chains is likely to be shared between the three. If

so, this would result in some level of redundancy in the
system. Indeed, this would explain why we still observe
L-selectin and MCP-1 binding to microvascular BM
upon I/R in the Hspg2�3/�3�Col18a1�/� double-mutant
mice (binding to agrin HS GAG-chains), whereas early
monocyte/macrophage influx was impaired because of
the reduction of available binding sites for L-selectin and
chemokines. The apparent additive effect of mutation in
perlecan-HS and collagen type XVIII supports this option,
and it may explain why we did not find a significant
difference between the groups at a later time point (ex-
travasation is impaired but not impossible because of the
presence of agrin). Future experiments using conditional
agrin-deficient mice, possibly crossbred with mice lack-
ing perlecan-HS and/or collagen type XVIII, may provide
ultimate proof regarding this concept. Another possibility
may be that upon renal I/R, HS GAG chains are added
onto regions of the perlecan molecule that are not tar-
geted in the Hspg2�3/�3 mutant mice, or that L-selectin
binding is mediated by cell-surface HSPGs (syndecans
or glypicans) shed abluminally by the microvascular en-
dothelial cells. This latter possibility is contradicted by
preliminary data from our group showing that synde-
can-1, -4, or glypican-1 could not be detected on, or

Figure 8. Endothelial HSulf-1 expression is down-regulated in acute allograft rejection biopsies. Expression of HSulf-1 (A, B) and HSulf-2 (C, D) was detected using in
situ hybridization (blue staining) in human control kidney (A, C; case 3) and acute allograft rejection biopsies (B, D; case 12). Sections were counterstained for collagen
type IV to identify renal BM structures (brown). Arrows indicate endothelial HSulf-1 expression in the microvasculature. Scale bars � 50 �m.
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associated with, peritubular capillaries in either human
control kidney, upon renal inflammation, or proteinuric
kidney diseases (unpublished observation). It should
also be noted that although we focus on the importance
of L-selectin and chemokine binding to BM HSPGs, we
cannot formally exclude the possibility that our findings in
the different mutant mice are a result of altered physical
properties of their BMs. We and others have not found
clear BM alterations (apart from the targeted mutation) at
the light microscopy level in the different mice used in this
study15,21,40; however, it has been described that
Col18a1�/� mice have structurally altered epithelial BMs
at the level of electron microscopy.41 Whether these ul-
trastructural alterations also occur in the (micro)vascular
BM in the kidney remains unclear at this point.

Biosynthesis of HSPGs is a complex process involving
many different enzymes that act in concert to produce HS
domain patterning.11,13 Careful analysis of alterations in
biosynthetic enzyme expression and/or activity is neces-
sary to study whether the induction of proinflammatory BM
HSPGs is regulated at the level of biosynthesis. The cells
actually producing microvascular BM HSPGs could be the
endothelial cells themselves (shown to express collagen
type XVIII42), although pericytes are also known to produce
substantial amounts of HSPGs, including agrin and colla-
gen type XVIII (Dr. J. van Horssen, Department of Molecular
Cell Biology and Immunology, Vrije Universiteit University
Medical Center; personal communication). Because renal
BM HSPGs are reported to have a turn-over rate (t1⁄2) of 
3
to 4 hours, alterations in GAG composition can take effect
within the time span studied here.43 However, in addition to
possible alterations in biosynthetic enzyme activity, GAG-
modifying enzymes acting extracellularly could also be in-
volved in the induction of proinflammatory HSPGs. We show
that loss of HSulf-1 expression is observed in peritubular
capillaries of acute allograft rejection biopsies in which mi-
crovascular proinflammatory BM HSPGs are present.
HSulf-1 is an extracellular enzyme that specifically acts on
6-O-sulfate residues known to be critical for L-selectin bind-
ing to HSPG/heparin.16,17,44,45 A possible role for HSulf-1 in
the induction of proinflammatory BM HSPGs could be the
following. Under normal conditions, HSulf-1 is expressed by
peritubular endothelial cells, resulting in continuous 6-O-
desulfation of locally produced HS GAG chains, which pre-
vents the HSPGs from binding to L-selectin. Indeed, prelim-
inary in vitro data indicate that L-selectin binding to heparin-
albumin is dose dependently inhibited by preincubation of
the latter with medium conditioned by peritubular capillary
endothelial cells (which contains sulfatase activity), whereas
this effect is not observed using control medium (unpub-
lished observation). In a subset of acute allograft rejection
biopsies, loss of peritubular HSulf-1 expression was ob-
served. In this case, locally produced HSPG GAG chains
(eg, by pericytes) could retain 6-O-sulfation, enabling inter-
action with L-selectin and possibly chemokines, presuming
that no other specific endosulfatases are present. This
mechanism could actually bypass the need for endothelial
cells to capture leukocytes from the bloodstream, which is
compatible with the fact that endothelial damage is a prom-
inent feature of I/R damage and type II allograft rejection.

To which extent our data can be extrapolated to other
types of renal inflammation, including primary kidney dis-
ease and chronic allograft nephropathy, remains to be
determined. However, evidence for the importance of HS
GAG chains in other types of inflammation is provided by
an interesting study by Wang and colleagues,46 showing
that endothelial HS deficiency impairs L-selectin- and
chemokine-mediated neutrophil migration in thioglycol-
late-induced peritonitis, contact dermatitis, and local li-
popolysaccharide-induced inflammation. On the other
hand, the proinflammatory alterations of vascular BM
HSPGs, as described in our study, may actually also
have beneficial effects. For example, the protective role
of endothelial progenitor cells is being increasingly rec-
ognized in renal disease and transplantation.5,47 There is
some evidence that endothelial progenitor cells home in
an L-selectin-dependent manner,48 and we have previ-
ously shown that CD34� progenitor cells can adhere to
HSPG/heparin at reduced shear stress.27 Modification of
vascular BM HSPGs may therefore act both to enhance
inflammation, as demonstrated in this study, and restore
endothelial damage by providing attachment sites for
homing of endothelial progenitor cells. Future studies
may establish whether this is indeed the case.
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