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Chapter 5

Basement Membrane Zone Collagens XV and XVIII /
Proteoglycans Mediate Leukocyte Influx in Renal
Ischemia/Reperfusion

Azadeh Zaferani, Johanna W.A.M. Celie, Ritva Heljasvaara, Gerjan J. Navis,
Taina Pihlajaniemi, Jacob van den Born
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Chapter 5

ABSTRACT

Collagen type XV and XVIII are proteoglycans found in the basement membrane
zone of endothelial and epithelial cells, and known for their potent antiangiogenic
function via their C-terminal restin and endostatin domains, respectively. Mutations or
deletions of these collagens are associated with eye, muscle and microvessel phenotypes.
We now describe a novel role for these collagens, namely a supportive role in leukocyte
recruitment. We subjected mice deficient in collagen XV, collagen XVIII, and their
compound mutant, as well as the wildtype mice to bilateral renal ischemia/ reperfusion,
and evaluated renal function, tubular injury, neutrophil and macrophage influx at
different time points after ischemia/ reperfusion. Five days after ischemia/ reperfusion,
the collagen XV, collagen XVIII and the compound mutant mice showed diminished
serum urea levels compared to wildtype mice (all p<0.05). Histology showed reduced
tubular damage, and decreased inflammatory cell influx in all mutant mice, which was
more pronounced in the compound mutant. Both type XV and type XVIII collagen
bear glycosaminoglycan side chains, and an in vitro approach proved the important
role of these side chains for leukocyte migration. Thus, basement membrane zone
collagen/ proteoglycan hybrids facilitate leukocyte influx and tubular damage after renal
ischemia/ reperfusion and might be a potential intervention target for the reduction of
inflammation.
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5.1 Introduction

Extracellular matrix (ECM) forms a major part of the microenvironment of cells and af-
fects cellular behavior, differentiation, proliferation, migration and other biological func-
tions. Basement membranes (BM) are specialized ECM which form a thin sheet-like
structure around or below cells (1). In the kidney all (micro)vessels and tubules are
endowed with a subendothelial and subepithelial BM, respectively. BMs are mostly com-
posed of collagens, especially collagen IV but also collagen XVIII and in the adjacent
fibrillar matrix also collagen XV, laminins and proteoglycans (PG) (2).

Collagen XV and collagen XVIII are homotrimers and are classified as the multiplexin
group due to the presence of multiple non-collagenous interruptions. Both collagen XV
and XVIII are proteoglycans (PG). Collagen XVIII is a heparan sulfate PG (HSPG)
while collagen XV glycosaminoglycan side chain composition is variable, in the kidney
mainly HS (3). Collagen XVIII has three isoforms, expressed in a tissue-specific manner
(4). The C-terminal non-collagenous 20 kDa cleavage product of collagen XVIII is named
endostatin and displays angiostatic properties in vitro and in vivo (5). Collagen XV also
has an endostatin-like region in its non-collagenous C-terminal which is called restin (6).
Its anti-angiogenic activity seems to be weaker than endostatin (6). Mutations in collagen
XVIII in humans results in the Knobloch syndrome. This syndrome is characterized
by an ocular phenotype, which is also seen in mice lacking collagen XVIII (4). There
are no known collagen XV mutations in humans, however mice deficient for collagen
XV show skeletal myopathy, impaired cardiac function and defects in microvasculature
(7, 8). During Drosophila embryonic development, the collagen XV/XVIII orthologue
is involved in stabilizing morphogen gradients, most likely by their HS side chains (9,
10). In the kidney, both collagen XV and XVIII are found in BMs including Bowman’s
capsule, glomerular, tubular and vascular BM and mesangial matrix (11, 12). It has
been shown that collagen XVIII is upregulated shortly after renal Ischemia/ reperfusion
(I/R) and after renal transplantation and is involved in glomerulonephritis (13–15). We
have recently shown that collagen XV is important for microvessel structure and function
(8). In addition, we have shown that monocyte influx upon renal I/R is impaired in
mice lacking the BM HSPGs perlecan and collagen XVIII (16). Renal I/R injury is a
process that always occurs after renal transplantation, as well as in acute kidney injury.
Although the mechanisms of I/R injury are incompletely understood, the involvement of
the innate immune system in I/R injury is well established. Upregulation of inflammatory
chemokines, adhesion molecules, complement factors and ECM components upon I/R have
been shown (16–18). I/R is characterized by an initial phase of inflammation followed by
a regeneration/repair phase in which tubular cells start to proliferate and differentiate to
repair tubular damage (19).

The roles of vascular BM, and more specifically of the BM-associated collagens XV and
XVIII/HSPGs hybrid molecules in perivascular inflammatory cell recruitment and tissue
injury are incompletely understood. Therefore, we investigated the role of collagen XV and
XVIII in renal I/R injury. Using mice mutant for collagen XVIII (Col18a1 -/- ), collagen
XV (Col15a1 -/- ), and compound mutants (Col15a1 -/- ×Col18a1 -/- ), in a bilateral renal
I/R model, we evaluated renal function and histopathological changes at day 1, 5 and 10
after I/R.
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5.2 Experimental procedures

Animals and Renal ischemia/reperfusion- Adult male wildtype mice, Col18a1 -/- mice
(20), Col15a1 -/- mice (7), compound mutant Col15a1 -/- × Col18a1 -/- mice (21) were
all on C57BL/6 background and ranging from 10 to 18 weeks old. Bilateral renal warm
I/R was performed on each animal for 25 minutes by using microaneurysm clamps on
right and left renal pedicle through a midline abdominal incision under general anesthesia
(1.25 mg/ml midazolam [Roche Diagnostics Corp.]; 0.08 mg/ml fentanyl citrate, and 2.5
mg/ml fluanisone [Janssen Pharmaceutica]; 0.07ml/10 g mouse was used). After clamp
removal, kidneys were visually checked for restoration of blood flow. The abdomen was
closed, and all mice received a subcutaneous injection of 50 µg/kg buprenorphin (Tem-
gesic; Schering-Plough) for analgetic purposes. Sham-operated mice underwent the same
procedure without clamping and were sacrificed 1 day after surgery. Animals were sac-
rificed at day 1, day 5 or day 10 after reperfusion. Four to seven mice per group per
timepoint were sacrificed. Both kidneys were removed and preserved either snap-frozen
or formalin-fixed and paraffin-embedded. Blood samples were collected at the time of
sacrificing and serum urea was measured according to routine protocol. The animal ex-
periments were approved by the National Animal Experiment Board in Finland.

Immunostaining- Formalin-fixed kidney sections (4 µm) were stained with periodic acid
Schiff's (PAS) reagent and hematoxylin/eosin according to routine protocol to determine
the tubular damage. The mean percentage of tubules showing tubular necrosis (defined by
the loss of nuclei) was quantified in ten non-overlapping photographs (x400 magnification)
in the outer medullary zone of both right and left kidney and expressed as percentage of
affected tubuli. For quantification of neutrophils and macrophages, acetone fixed cryosec-
tions (4 µm) were blocked with 5% normal goat serum, followed by incubation of rat
anti-neutrophil (Serotec, Oxford, UK) and rat anti-macrophage (F4/80; eBioscience, CA,
USA) respectively. Goat anti-rat HRP (Jackson ImmunoResearch, Suffolk, UK) followed
by TSATM tetramethylrhodamine system (PerkinElmer LAS Inc., Boston, USA) was used
to visualize the signals. Mean percentage of positivity for neutrophils and macrophages
was measured in both right and left kidney and were determined in 10 non-overlapping
fields (×400 magnification) of the outer medullary region per kidney. Collagen XVIII
staining was done on cryosections (4 µm), fixed by acetone and blocked with 5% normal
goat serum. Sections were incubated with rabbit-anti-mouse collagen XVIII NC11 (kindly
provided by Dr. T. Sasaki, Dept. Biochemistry and Molecular Biology, Oregon Health
and Science University, Portland (OR), USA) for one hour at room temperature. After
washing with PBS (Phosphate Buffer Saline, Duiven, the Netherlands), goat anti-rabbit
FITC antibody (Southern Biotech, Alabama, USA) was incubated on the sections. For
VCAM-1 expression cryosections (4 µm) were fixed with acetone. Endogenous peroxidase
was inactivated by 0.5% phenylhydrazine (Envision kit, DAKO, Glostrup, Denmark).
Sections were blocked with 1%BSA, followed by incubation with rat anti-VCAM-1 (Mil-
lipore, CA, USA). Rabbit anti-rat IgG (DAKO, Glostrup, Denmark) and anti-rabbit IgG
poly HRP (Envision kit, DAKO, Glostrup, Denmark) antibodies were incubated on the
sections. The signal was visualized by AEC (Envision kit, DAKO, Glostrup, Denmark)
incubation for 2 minutes. Whole kidney was scanned and quantified for tubular expres-
sion of VCAM-1 at ×50 magnification. The stained area was quantified using ImageJ 1.41
(Rasband, W.S., ImageJ, U.S. National Institutes of Health, Bethesda, Maryland, USA
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which was downloaded from http://rsb.info.nih.gov/ij/download.html).
Photographs shown in figure 1 were taken at the University Medical Center Groningen,

Imaging and Microscopy Center (UMIC) with confocal microscopy (Zeiss LSM 780, Jena,
Germany).

Transwell migration assay- Human blood monocytes were isolated by density gradient
centrifugation using LymphoprepTM (Axis-Shield PoC AS, Oslo, Norway) from peripheral
blood samples of healthy volunteers, collected in EDTA. Monocytes were further purified
using Percoll (1.66 g/ml; Amersham biosciences AB). Cells were counted and their viabil-
ity was determined using 0.2% trypan blue in a bürker chamber. Polycarbonate Transwell
culture insert filters (5 µm pore size, 6.5 mm diameter; Costar) were coated overnight at
37°C with laminin (2µg/ml; isolated from human placenta, Sigma, the Netherlands) +
albumin (Sigma; 10µg/ml) or laminin + heparin-albumin (Sigma; 10µg/ml). Freshly iso-
lated monocytes (1×105 ; purity >95%) in 100µl RPMI complete were added to the top
chamber and incubated at 37◦C for 3 hours in absence (spontaneous migration) or pres-
ence (chemokine stimulated migration) of 10ng/ml MCP-1 (recombinant human MCP-1;
Peprotech EC) in the lower chamber. After vigorous pipetting, a sample of 400µl of the
migrated cells in the lower compartment was taken. 100µl PBS + 0.5% BSA was added
and 400µl of the suspension was added to 20µl beads (Flow-count fluorospheres, Beckman
coulter, Inc.) containing an exact amount of beads. Both cells and beads were counted
by FACS. The exact amount of migrated monocytes /ml was calculated according to the
formula:

Amount of migrated cells = measured cell /

(
measured beads

beads/µl

)
· 1.25 · 600 (5.1)

The original cell suspension which was put in the upper compartment was also measured
as 100%.

Statistics- Statistical analysis was performed using the Kruskal-Wallis, non-parametric
ANOVA followed by Dunn’s multiple comparison test in SPSS 16.0 software, with P <
0.05 considered to be statistically significant. For transwell migration experiments Mann
Whitney-U test was used.

5.3 Results

It is known that I/R evokes a strong inflammatory reaction, characterized by an early
neutrophil influx, followed by monocyte/macrophage recruitment. Neutrophil recruitment
was the highest at 1 day after I/R in wildtype (WT) mice. All collagen deficient groups
showed lower numbers of neutrophils compared to WT at day 1, but only the reduced in-
flux in the Col15a1 -/- ×Col18a1 -/- double mutant mice compared to WT was statistically
significant (p<0.05). Also at day 5 neutrophil influx was reduced in Col15a1 -/- (p<0.05)
and Col15a1 -/- ×Col18a1 -/- double deficient mice (p<0.01) (Fig. 5.1 A-B). As expected,
monocyte/macrophage influx peaked at day 5 after I/R injury and started to decline at
day 10. In all time points all collagen deficient mice had lower macrophage influx compared
to WT (Fig. 5.1 C-D); this difference was significant in Col15a1 -/- ×Col18a1 -/- mice at
day 1 and 5 after I/R (p<0.05 and p<0.01 respectively; Fig. 5.1 C). These data indicates
impaired influx of inflammatory cells after I/R in mice lacking BM-associated collagens
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Figure 5.1: Reduction of neutrophil and macrophage influx after I/R in the
Col15a1 -/- ×Col18a1 -/- double mutant mice. A: Number of renal cortical neutrophils per
High Power Field (HPF) at different time points after I/R. At day 1 after reperfusion double
mutant mice showed a decreased number of neutrophils compared to WT (* p<0.05). At day
5 significantly less neutrophils were observed in kidneys of Col15a1 -/- mice compared to WT (*
p<0.05) as well as in double mutant mice compared to WT (# p<0.01). B: Cryosections of WT
and Col15a1 -/- ×Col18a1 -/- kidneys at day 1 after I/R, stained for collagen XVIII (green) and
neutrophils (red), showed presence of collagen XVIII in peritubular capillaries (white arrows) in
WT mice and accumulation of neutrophils around these capillaries. No evident neutrophil influx
(in red) was observed in double mutant mice, also lacking collagen XVIII signal (in green) because
of deficiency. C: Number of renal cortical macrophages per HPF at different time points after I/R.
At day 1 Col15a1 -/- ×Col18a1 -/- double mutant mice showed significantly less macrophages com-
pared to WT (* p<0.05). At day 5 the difference between double mutant mice and WT became
even more significant (# p<0.01). D: Cryosections of WT and Col18a1 -/- ×Col15a1 -/- kidneys
at day 5 were stained for collagen XVIII (green) and macrophages (red). Peritubular capillaries
(white arrows) in WT were positive for collagen XVIII while the presence of macrophages around
these capillaries was markedly increased. No evident macrophage influx (in red) was observed
in double mutant mice, also lacking collagen XVIII signal (in green) because of deficiency. The
scale bar in B and D represents 20 µm.
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Figure 5.2: Reduction of tubular damage and tubular cell activation after I/R in the
Col15a1 -/- ×Col18a1 -/- double mutant mice. A: Percentage of tubular damage (analyzed
from PAS/hematoxylin-stained kidney sections) was determined at different time points after
I/R (see methods) in the Col15a1 -/-, Col18a1 -/- and Col15a1 -/- ×Col18a1 -/- double mutant
mice compared to the WT controls (#: day 5 p<0.01 double mutant mice compare to WT). B:
Tubular cell activation (measured as tubular VCAM-1 expression) was quantified at different time
points after I/R in the Col15a1 -/-, Col18a1 -/- and Col15a1 -/- ×Col18a1 -/- double compound
compared to WT mice. At day 5 after I/R tubular cell activation was significantly reduced in
the Col15a1 -/- ×Col18a1 -/- kidneys compared to WT(#:p<0.01).

Figure 5.3: Monocyte migration over porous membranes is increased ∼2-fold in the
presence of immobilized heparin-albumin. MCP-1 in the lower compartment increased
monocyte migration over membranes coated with laminin + albumin (left panel) as well as
over membranes coated with laminin + heparin-albumin (right panel). Moreover, comparing
MCP-1-driven monocyte migration in the absence or presence of heparin-albumin (grey bars)
demonstrate that heparin-albumin, as artificial HSPG, promotes monocyte transmigration. P
values are indicated in the graph.
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XV and/or XVIII. Quantification of tubular injury showed correlation with inflammatory
cell influx. One day after I/R all animals showed increased tubular injury. Although
none of the groups was significantly different from WT, Col15a1 -/- ×Col18a1 -/- mice had
lowest amount of tubular injury. However, on day 5 Col15a1 -/- ×Col18a1 -/- mice had
significantly lower tubular damage compared to WT mice (p<0.01). On day 10 tubular
injury was reduced in all animals to sham values due to regeneration capability of tubular
cells after I/R (Fig. 5.2 A). Tubular injury in the single Col15a1 -/- and Col18a1 -/- mutant
mice showed a tubular damage score in between the WT and double mutant mice. All
together the absence of BM-associated collagens XV and XVIII appears to protect against
tubular damage after I/R injury. Upregulation of tubular epithelial VCAM-1 after injury
in response to cytokines like TNF-α has been shown previously (22). Our results in WT
mice confirmed upregulation of VCAM-1 in activated tubular cells upon I/R. Col15a1 -/-

and Col18a1 -/- mice showed a reduction in tubular cell activation on day 5 and 10, how-
ever only double mutant mice showed significantly lower VCAM-1 expression in tubular
cells at day 5 compared to WT (p<0.01; Fig. 5.2 B). This indicates less tubular cell ac-
tivation at this time point in the collagen mutant mice. Additionally, we evaluated renal
function by measuring serum urea levels. As expected, the WT mice had a worsening in
renal function showed by a rise in serum urea (highest value at day 5) which decreased to
the baseline level at day 10 due to the regeneration of renal cells. Col15a1 -/-, Col18a1 -/-

and Col15a1 -/- ×Col18a1 -/- showed significantly lower serum urea values compared to
WT mice on day 5 (all p<0.05). These results indicate that our mutant animals have less
renal function loss at day 5 which might be related to less tissue damage and inflammation
than WT. Since both collagen XV and XVIII in the kidney are HSPGs (3, 6) we investi-
gated the involvement of HS side chains in leukocyte migration in an in vitro approach.
To this end a static transwell migration assay was performed in which freshly isolated
human monocytes were induced to migrate towards monocyte chemoattractant protein-1
(MCP-1) over porous membranes coated with laminin in combination with albumin or
laminin in combination with heparin-albumin. The filter-immobilized heparin-albumin
is a model compound that represents a BM HSPG. As expected, adding MCP-1 to the
lower compartment of control wells (laminin plus albumin) resulted in higher migration
of the monocytes (p<0.01; Fig. 5.3). Coating with heparin-albumin raised the amount of
migrated cells in spontaneous migration, however, not statistically significant. In addi-
tion, in the presence of MCP-1 the number of migrated cells on heparin-albumin coated
filters raised significantly compared to their migration in the absence of MCP-1 (p<0.01),
and also compared to their migration in the presence of MCP-1 on albumin coated filters
(p<0.05; Fig. 5.3). These in vitro data confirm that HSPGs in artificial BM substantially
contribute to transmigration of monocytes, by their heparin polysaccharide side chains.

5.4 Discussion

We have shown that the Col15a1 -/-, Col18a1 -/- and compound mutant mice have less
inflammatory cell influx at day 5, less tubular cell activation and less tubular damage on
the same day. These mice also have better renal function at day 5. These data indicate
the important role of collagen XV and XVIII in inflammation-derived renal damage after
I/R. Others have shown that tubular damage in I/R model is directly related to leukocyte
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influx (17). Based on our findings we speculate on three different mechanisms for the
involvement of BM collagen XV/XVIII in leukocyte recruitment after I/R. First, Utriainen
et al. showed tubular BM to be broadened in collagen XVIII deficient mice compared
to WT (23), suggesting that a modified physical structure of BM in our mutant mice
could be partially responsible for less leukocyte influx after I/R. Second, Celie et al.(16)
previously showed that BM PGs can bind to L-selectin and facilitate leukocyte migration.
Others showed the interaction of PGs with the leukocyte adhesion molecules MAC-1
and VLA-4 (24, 25). Our transwell migration assay also showed increased spontaneous
monocyte migration over porous membranes coated with heparin-albumin besides laminin,
suggesting a direct interaction of BM HSPGs with leukocytes. Third, PGs are known to
stabilize gradients of chemokines and cytokines (26, 27). As shown by Celie et al. binding
sites for MCP-1, a potent chemoattractant for monocytes/macrophages, were increased
after I/R and are predominantly mediated by HSPGs in BM (16). Our in vitro transwell
migration assay indicates PG involvement in chemokine-driven leukocyte migration, as
shown by the significant increase in monocyte migration over PG coated membranes in
the presence of MCP-1. Collectively, our data show collagens XV and XVIII/HSPGs
can mediate leukocyte migration over vascular BMs. This novel function of BM collagen
XV and XVIII might operate besides to the described roles of laminin 411 and the BM
low expression regions in leukocyte migration over BMs (28, 29). Based on our results
we speculate on new therapeutic interventions with (non-anticoagulant) heparinoids after
renal I/R and renal transplantation. Further experiments might prove the efficacy of this
heparinoid intervention approach.

103



Chapter 5

References

[1] J. Kruegel and N. Miosge. Basement membrane components are key players in specialized extracel-
lular matrices. Cellular and molecular life sciences : CMLS, 67(17):2879–2895, Sep 2010.

[2] P. D. Yurchenco and B. L. Patton. Developmental and pathogenic mechanisms of basement membrane
assembly. Current pharmaceutical design, 15(12):1277–1294, 2009.

[3] P. S. Amenta, N. A. Scivoletti, M. D. Newman, J. P. Sciancalepore, D. Li, and J. C. Myers.
Proteoglycan-collagen xv in human tissues is seen linking banded collagen fibers subjacent to the
basement membrane. The journal of histochemistry and cytochemistry : official journal of the
Histochemistry Society, 53(2):165–176, Feb 2005.

[4] N. Ortega and Z. Werb. New functional roles for non-collagenous domains of basement membrane
collagens. Journal of cell science, 115(Pt 22):4201–4214, Nov 15 2002.

[5] A. G. Marneros and B. R. Olsen. Physiological role of collagen xviii and endostatin. The FASEB
journal : official publication of the Federation of American Societies for Experimental Biology, 19
(7):716–728, May 2005.

[6] A. G. Marneros and B. R. Olsen. The role of collagen-derived proteolytic fragments in angiogenesis.
Matrix biology : journal of the International Society for Matrix Biology, 20(5-6):337–345, Sep 2001.

[7] L. Eklund, J. Piuhola, J. Komulainen, R. Sormunen, C. Ongvarrasopone, R. Fassler, A. Muona,
M. Ilves, H. Ruskoaho, T. E. Takala, and T. Pihlajaniemi. Lack of type xv collagen causes a skeletal
myopathy and cardiovascular defects in mice. Proceedings of the National Academy of Sciences of
the United States of America, 98(3):1194–1199, Jan 30 2001.

[8] K. Rasi, J. Piuhola, M. Czabanka, R. Sormunen, M. Ilves, H. Leskinen, J. Rysa, R. Kerkela, P. Jan-
mey, R. Heljasvaara, K. Peuhkurinen, O. Vuolteenaho, H. Ruskoaho, P. Vajkoczy, T. Pihlajaniemi,
and L. Eklund. Collagen xv is necessary for modeling of the extracellular matrix and its deficiency
predisposes to cardiomyopathy. Circulation research, 107(10):1241–1252, Nov 12 2010.

[9] R. Momota, I. Naito, Y. Ninomiya, and A. Ohtsuka. Drosophila type xv/xviii collagen, mp, is
involved in wingless distribution. Matrix biology : journal of the International Society for Matrix
Biology, 30(4):258–266, May 2011.

[10] F. Meyer and B. Moussian. Drosophila multiplexin (dmp) modulates motor axon pathfinding accu-
racy. Development, growth & differentiation, 51(5):483–498, Jun 2009.

[11] A. I. Kinnunen, R. Sormunen, H. Elamaa, L. Seppinen, R. T. Miller, Y. Ninomiya, P. A. Janmey,
and T. Pihlajaniemi. Lack of collagen xviii long isoforms affects kidney podocytes, whereas the short
form is needed in the proximal tubular basement membrane. The Journal of biological chemistry,
286(10):7755–7764, Mar 11 2011.

[12] P. M. Hagg, P. O. Hagg, S. Peltonen, H. Autio-Harmainen, and T. Pihlajaniemi. Location of type
xv collagen in human tissues and its accumulation in the interstitial matrix of the fibrotic kidney.
The American journal of pathology, 150(6):2075–2086, Jun 1997.

[13] M. H. Bellini, E. L. Coutinho, T. C. Filgueiras, T. T. Maciel, and N. Schor. Endostatin expression in
the murine model of ischaemia/reperfusion-induced acute renal failure. Nephrology (Carlton, Vic.),
12(5):459–465, Oct 2007.

[14] Y. Hamano, T. Okude, R. Shirai, I. Sato, R. Kimura, M. Ogawa, Y. Ueda, O. Yokosuka, R. Kalluri,
and S. Ueda. Lack of collagen xviii/endostatin exacerbates immune-mediated glomerulonephritis.
Journal of the American Society of Nephrology : JASN, 21(9):1445–1455, Sep 2010.

[15] H. Rienstra, K. Katta, J. W. Celie, H. van Goor, G. Navis, J. van den Born, and J. L. Hillebrands.
Differential expression of proteoglycans in tissue remodeling and lymphangiogenesis after experimen-
tal renal transplantation in rats. PloS one, 5(2):e9095, Feb 5 2010.

104



Collagens XV/XVIII mediate leukocyte influx

[16] J. W. Celie, N. W. Rutjes, E. D. Keuning, R. Soininen, R. Heljasvaara, T. Pihlajaniemi, A. M.
Drager, S. Zweegman, F. L. Kessler, R. H. Beelen, S. Florquin, J. Aten, and J. van den Born.
Subendothelial heparan sulfate proteoglycans become major l-selectin and monocyte chemoattractant
protein-1 ligands upon renal ischemia/reperfusion. The American journal of pathology, 170(6):1865–
1878, Jun 2007.

[17] H. R. Jang, G. J. Ko, B. A. Wasowska, and H. Rabb. The interaction between ischemia-reperfusion
and immune responses in the kidney. Journal of Molecular Medicine (Berlin, Germany), 87(9):
859–864, Sep 2009.

[18] G. Petrini, E. J. Ochoa, E. Serra, A. M. Torres, and M. M. Elias. Fibronectin expression in proximal
tubules from ischemic rat kidneys without reperfusion. Molecular and cellular biochemistry, 241
(1-2):21–27, Dec 2002.

[19] X. Wen, R. Murugan, Z. Peng, and J. A. Kellum. Pathophysiology of acute kidney injury: a new
perspective. Contributions to nephrology, 165:39–45, 2010.

[20] N. Fukai, L. Eklund, A. G. Marneros, S. P. Oh, D. R. Keene, L. Tamarkin, M. Niemela, M. Ilves,
E. Li, T. Pihlajaniemi, and B. R. Olsen. Lack of collagen xviii/endostatin results in eye abnormalities.
The EMBO journal, 21(7):1535–1544, Apr 2 2002.

[21] R. Ylikarppa, L. Eklund, R. Sormunen, A. Muona, N. Fukai, B. R. Olsen, and T. Pihlajaniemi.
Double knockout mice reveal a lack of major functional compensation between collagens xv and
xviii. Matrix biology : journal of the International Society for Matrix Biology, 22(5):443–448, Sep
2003.

[22] A. W. Ho, C. K. Wong, and C. W. Lam. Tumor necrosis factor-alpha up-regulates the expression
of ccl2 and adhesion molecules of human proximal tubular epithelial cells through mapk signaling
pathways. Immunobiology, 213(7):533–544, 2008.

[23] A. Utriainen, R. Sormunen, M. Kettunen, L. S. Carvalhaes, E. Sajanti, L. Eklund, R. Kauppinen,
G. T. Kitten, and T. Pihlajaniemi. Structurally altered basement membranes and hydrocephalus
in a type xviii collagen deficient mouse line. Human molecular genetics, 13(18):2089–2099, Sep 15
2004.

[24] K. Zen and C. A. Parkos. Leukocyte-epithelial interactions. Current opinion in cell biology, 15(5):
557–564, Oct 2003.

[25] M. Schlesinger, D. Simonis, P. Schmitz, J. Fritzsche, and G. Bendas. Binding between heparin and
the integrin vla-4. Thrombosis and haemostasis, 102(5):816–822, Nov 2009.

[26] A. C. Erickson and J. R. Couchman. Still more complexity in mammalian basement membranes.
The journal of histochemistry and cytochemistry : official journal of the Histochemistry Society, 48
(10):1291–1306, Oct 2000.

[27] R. O. Hynes. The extracellular matrix: not just pretty fibrils. Science (New York, N.Y.), 326(5957):
1216–1219, Nov 27 2009.

[28] M. B. Voisin, D. Probstl, and S. Nourshargh. Venular basement membranes ubiquitously express
matrix protein low-expression regions: characterization in multiple tissues and remodeling during
inflammation. The American journal of pathology, 176(1):482–495, Jan 2010.

[29] E. Korpos, C. Wu, J. Song, R. Hallmann, and L. Sorokin. Role of the extracellular matrix in
lymphocyte migration. Cell and tissue research, 339(1):47–57, Jan 2010.

105



Chapter 5

106


