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Alport syndrome is a common hereditary basement
membrane disorder caused by mutations in the colla-
gen IV �3, �4, or �5 genes that results in progressive
glomerular and interstitial renal disease. Interstitial
monocytes that accumulate in the renal cortex from
Alport mice are immunopositive for integrin �1�1,
while only a small fraction of circulating monocytes
are immunopositive for this integrin. We surmised
that such a disparity might be due to the selective
recruitment of �1�1-positive monocytes. In this
study, we report the identification of collagen XIII as
a ligand that facilitates this selective recruitment of
�1�1 integrin-positive monocytes. Collagen XIII is ab-
sent in the vascular endothelium from normal renal
cortex and abundant in Alport renal cortex. Neutral-
izing antibodies against the binding site in collagen
XIII for �1�1 integrin selectively block VLA1-positive
monocyte migration in transwell assays. Injection of
these antibodies into Alport mice slows monocyte
recruitment and protects against renal fibrosis. Thus,
the induction of collagen XIII in endothelial cells of
Alport kidneys mediates the selective recruitment of
�1�1 integrin-positive monocytes and may poten-
tially serve as a therapeutic target for inflammatory
diseases in which lymphocyte/monocyte recruitment
involves the interaction with �1�1 integrin. (Am J
Pathol 2010, 177:2527–2540; DOI: 10.2353/ajpath.2010.100017)

Alport syndrome is a relatively common (1 in 5000)
hereditary basement membrane disorder caused by

mutations in the collagen IV �3, �4, or �5 genes.1–3

The disease manifests with progressive renal disease
associated with hearing loss and retinal flecks. There
are several models for Alport’s Syndrome including a
collagen IV �3 knockout mouse.4,5 In the 129 Sv Alport
mouse model, animals develop glomerular and inter-
stitial fibrosis followed by end stage renal failure be-
tween 8 and 9 weeks of age. Increased extracellular
matrix deposition, mesangial matrix expansion, im-
paired glomerular filtration, scarring and tubular atro-
phy observed in this model correlate with Alport’s syn-
drome pathogenesis reported in humans. In this model
two biochemical pathways are known to contribute to
disease progression. The first pathway requires trans-
forming growth factor-�, while the second is �1-inte-
grin dependent.6

Monocytes express transforming growth factor-�
which facilitates myofibroblast accumulation and matrix
deposition in Alport mice. Monocytes also express matrix
metalloproteinases and associated proteins capable of
degrading tubular basement membranes and promoting
tubular epithelial cell death.7 These findings suggest that
monocytes are of principal importance in promoting scar-
ring and tubular atrophy in chronic renal fibrosis. This
connection has been corroborated in other models of
renal fibrosis.8,9 Thus the cellular mechanisms that facil-
itate transmigration and proliferation of interstitial mono-
cytes are important factors in promoting the progression
of interstitial disease.

Supported by R01 DK55000 to DC and tobacco settlement funds from the
State of Nebraska, Health Sciences Council of the Academy of Finland
(115237), the Sigrid Juselius Foundation and the Finnish Cancer Foun-
dation (T.P.).

Accepted for publication July 21, 2010.

None of the authors declared any relevant financial relationships.

Current address of J.D.: Virginia Commonwealth University, Rich-
mond, VA.

Address reprint requests to Dominic Cosgrove, Ph.D., Boys Town Na-
tional Research Hospital, 555 North 30th St., Omaha, NE 68131. E-mail:
Cosgrove@boystown.org.

The American Journal of Pathology, Vol. 177, No. 5, November 2010

Copyright © American Society for Investigative Pathology

DOI: 10.2353/ajpath.2010.100017

2527



In an earlier report, we showed that nearly all of the
monocytes in Alport kidneys express �1�1 integrin.10 We
also have shown that integrin �1-null Alport mice live
nearly twice as long as Alport mice, an observation that
correlates well with a marked reduction in interstitial
monocyte accumulation.6,10 Alpha1beta1 integrin (also
known as VLA-1, or very late antigen 1) mediates col-
lagen dependent cell proliferation and adhesion.11,12

However, a role for �1�1 integrin in transmigration of
inflammatory cells across the microvascular barrier
into the interstitial spaces has not been directly
demonstrated.

Monocyte and lymphocyte transmigration into the in-
terstitial space is a principal event underlying both acute
and chronic inflammatory response mechanisms.13

Many aspects of the cellular events underlying the
initiation and progression of monocyte efflux have
been elaborated in recent years, as these pathways
are central to pathobiology of many inflammatory dis-
eases. The initiation of the inflammatory response in-
volves cellular expression of chemokines and inflam-
matory cytokines, which have profound effects on
adjacent cells. The vascular and capillary endothelial
cells respond by up-regulating expression of selectins
and intercellular adhesion molecules.14,15 The selec-
tins loosely adhere to lymphocytes and monocytes
resulting in a “slow rolling” effect that can be visualized
directly using intravital microscopy.16 Intercellular ad-
hesion molecules and related inducible endothelial cell
surface ligands provide the substrate for firm adhesion
through interactions with the integrin family of het-
erodimeric receptors on the surface of the mono-
cytes.13 Firm adhesion results in monocyte activation,
inducing the expression of proteins needed to degrade
the capillary basal lamina, allowing invasion into the
interstitial space.17,18 The activated monocyte pro-
duces additional chemokines and cytokines, which fur-
ther accelerate monocyte recruitment and the progres-
sion of the inflammatory response.

Research aimed at defining the specific cellular mech-
anisms underlying monocyte and lymphocyte recruitment
has been prolific. The discovery of integrins, a vastly
important family of cell surface receptors that mediate
adhesion, cell migration and signal transduction, resulted
from studies aiming to identify the adhesion receptors on
peripheral blood monocytes and lymphocytes, as well as
their cognate ligands on activated vascular endotheli-
um.19 Monoclonal antibodies that block the interaction of
these cells with endothelial cell surface receptors have
emerged as potentially effective therapeutic approaches
for treating chronic inflammatory diseases such as mul-
tiple scleroses and psoriasis. A large number of such
agents are currently in various stages of preclinical and
clinical trials.20,21

The �1-integrin heterodimerizes only with �1-inte-
grin. The heterodimer is found in the plasma mem-
brane of a variety of cell types, and is widely viewed as
a collagen binding integrin, although binding to other
matrix molecules has been demonstrated.22,23 We

used a monocyte-specific cell trafficking assay to de-
termine whether selective transmigration of �1�1 inte-
grin-positive monocytes contributes to the accumulation
of these cells in the Alport mouse kidneys. Our results
suggest that �1�1 integrin-positive monocytes are in-
deed selectively recruited to the interstitium and the
rate of transendothelial migration increases over time.
We used Phage display and biopanning strategies to
identify the �1�1 integrin ligand involved in selective
recruitment as collagen XIII (a membrane bound col-
lagen). Collagen XIII mRNA and protein are induced in
the vascular endothelium of Alport mice. Monoclonal
antibodies raised against the binding site on collagen
XIII for �1�1 integrin block monocyte adhesion to col-
lagen XIII on embryonic fibroblasts, and when admin-
istered systemically to Alport mice, markedly decrease
monocyte efflux into the tubulointerstitial space. Matrix
accumulation and tubulointerstitial damage are also
markedly reduced. Collectively, these data suggest
that collagen XIII is an inducible endothelial cell ligand
for �1�1 integrin on peripheral blood monocytes, and
mediates monocyte adhesion and transmigration.
Blocking collagen XIII may provide a novel therapeutic
target for chronic inflammatory diseases where �1�1
integrin-positive interstitial monocytes (or T-cells) play
a role.

Materials and Methods

Mice

All mice were in the 129 Sv genetic background. Alport
mice, integrin �1-null mice and double knock-out
(DKO) mice have all been described previously.4,7,11

All mice were used under a protocol approved by the
Institutional Animal Care and Use Committee in accor-
dance with the Guide for Care and Use of Laboratory
Animals, and every effort was made to minimize pain
and discomfort.

Cell Culture

Murine bone marrow was isolated by flushing the mar-
row cavities of the femur with Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 2% fetal
calf serum (FCS), and 1% pen/strep. Marrow cell clus-
ters were passed through 1-ml syringe several times to
dissociate cells. Cell suspension was washed 2� in
Hanks’ balanced salt solution (HBSS) (Gibco BRL).
Pelleted cells were resuspended in ammonium chlo-
ride solution (20 mmol/L Tris, and 100 mmol/L NH4Cl,
pH 7.2) and incubated for 5 minutes to remove red
blood cells. Murine primary bone marrow derived
monocytes were washed in DMEM with 2% FCS, then a
final wash with HBSS. Cells were cultured in DMEM
supplemented (Gibco, BRL) with 2% FCS.

Endothelial cells were isolated from murine kidneys
using a previously described method24 with some mod-

2528 Dennis et al
AJP November 2010, Vol. 177, No. 5



ifications. Four 10-week-old DKO mice were anesthetized
and perfused with ice-cold PBS. Kidneys were harvested
and immediately minced on ice in HBSS, then digested in
20 ml of 1 mg/ml collagenase A (Roche Diagnostics
Corp., Indianapolis, IN) prepared in HBSS solution at
37°C for 45 minutes with gentle agitation. Digested ma-
terial was filtered through a 70-�m nylon mesh and
collected.

Cells were collected by centrifugation and washed 2�
in PBS. One ml of cell suspension was combined with 1 �
107 anti-CD31 coated metallic beads and mixed on a
nutator for 30 minutes at 4°C. Rosetted cells were
washed 4� in PBS with 0.1% bovine serum albumin
using a metallic chamber. The metallic beads were
liberated from the isolated endothelial cells with 0.5%
trypsin (Gibco). Murine primary renal endothelial cells
were cultured in DMEM-F12 supplemented with 50
�g/ml endothelial mitogen (Biomedical Technologies
Inc., Stoughton, MA), 1% penicillin/streptomycin
(Gibco, BRL), 20 mmol/L L-glutamine, 1U/ml heparin,
and 20% FCS. The cells were immunopositive for
CD-31 and formed microtubules in Matrigel after 72
hours in culture.

Mouse embryonic fibroblasts were isolated from day
14 post copulation embryos. Skin was removed with for-
ceps and treated with 0.25% trypsin/EDTA for 5 minutes
at 37°C.

Antibodies

Monoclonal antibodies were raised against the peptide
sequence GEKGAEGSPGL. The peptide was conju-
gated to KLH and mouse monoclonal antibodies raised
at the University of Nebraska monoclonal core facility.
Polyclonal antibodies were raised against the custom
synthesized peptide sequence (GELGAPGPGTV-
ALAEQ) from the NC1 domain of collagen XIII and
produced by Invitrogen, Inc. (Carlsbad CA). Antibodies
were qualified by enzyme-linked immunosorbent assay and
immunostaining of collagen XIII Chinese hamster ovary
(CHO) cells versus wild type cells (see below). All
Alexa-fluorochrome conjugated secondary antibodies
were purchased from Molecular Probes (Seattle, WA).
Peroxidase conjugated secondary antibodies were
purchased from Sigma (St. Louis, MO).

Monocyte/macrophage specific marker �-CD11b was
purchased from Cedar Lane Laboratories (Hornby, On-
tario). Endothelial marker �-CD31 was purchased from
Abcam (Cambridge, UK) and anti-�1�1 integrin antibod-
ies were generously provided by Biogen Corp (Cam-
bridge, MA), and described earlier.25 Anti-CD68 antibod-
ies were from AbD Serotec (Raleigh, NC).

Anti-Collagen XIII Antibody Qualification

The qualification of the AB2 antibody specificity was
demonstrated using CHO cells either Mock-transfected,

or transfected to a construct encoding the human colla-
gen XIII linked to the mCherry fluorescent marker protein.
Cloning of collagen XIII-mCherry chimera is based on two
constructs, pRSET-B-mCherry26 and hCOLXIII/pcDNA3.1
(Hashimoto T. unpublished data). Human collagen XIII
cDNA was amplified by PCR from a human brain cDNA
library using primers: HindIII-COLXIII fwd: 5�-GGAT-
AGAAGCTTTTGGCAGCGGCTGTCGC-3�. XhoI-COLXIII
rev: 5�-AATACTCGAGGTACAAACACACACACAGGC-3�,
and then inserted following standard procedures into the
HindIII and XhoI sites of pcDNA3.1(�)/hygromycin ex-
pression vector (Invitrogen). hCOLXIII/pcDNA3.1 was di-
gested by HindIII and XhoI to form a HindIII-COLXIII-XhoI
(2kb) and a HindIII-vector-XhoI (5.6 kb). HindIII-COLXIII-
XhoI (2kb) was further digested by MfeI to form a HindIII-
COLXIII(1.8kb)-MfeI and a MfeI-COLXIII(0.2kb)-XhoI.
Collagen XIII with a linker to mCherry was amplified from
MfeI-COLXIII(0.2kb)-XhoI using primers: XIII-MfeI fwd: 5�-
GTATTCCAGGACCAATTGGAGTTC-3�. XIII-mCherry rev:
5�-TCCTCGCCCTTGCTCACCATCTTGTTCCAGCAGCC-
TTGGACT-3�. mCherry with a linker to collagen XIII was
amplified from pRSET-B-mCherry using primers: XIII-
mCherry fwd: 5�-AGTCCAAGGCTGCTGGAACAAGATG-
GTGAGCAAGGGCGAGGA-3�. mCherry-XhoI rev: 5�-TCTA-
GACTCGAGTTACTTGTACAGCTCGTCCAT-3�.

The two PCR products from steps 2 and 3 were used
as templates for overlapping PCR with primers XIII-
MfeI fwd and mCherry-XhoI rev. The product is MfeI-
COLXIII (0.2kb)-mCherry-XhoI. The fragment from step
4 together with HindIII-COLXIII (1.8kb)-MfeI was then
ligated into HindIII-vector-XhoI (5.6 kb) using T4 ligase
(Fermentas) to form a transfection plasmid COLXIII-
mChery/pcDNA3.1. CHO-K1 cells (ATCC) was trans-
fected using FuGene HD (Roche) reagents. The stable
transfected clones were selected by 200 �g/ml
hygromycin.

Immunohistochemistry for CHO Cells

Cells grown on cytology slides (VWR, Batavia, IL) were
rinsed with PBS, fixed with �20°C acetone for 5 minutes
and dried for 2 hours at 25°C. Slides were rehydrated
with PBS for 5 minutes, permeabilized with 0.3% Triton
X-100 (Sigma) in PBS for 10 minutes, followed by three
successive PBS washes and then incubated with Im-
age-iT FX signal enhancer (Invitrogen, Grand Island, NY)
for 30 minutes, humidified at 25°C. The slides were rinsed
with PBS and blocked with 2% FCS, 0.2% fish gelatin
(Sigma) in PBS for 2 hours. The slides were incubated in
blocking solution with 0.3 �g/ml mouse anti-collagen XIII
antibody overnight, humidified at 4°C. After three PBS
washes, slides were incubated in blocking solution
with a 1:1500 dilution of Alexa Fluor 488 goat � mouse
IgM (Invitrogen) for 2 hours, humidified at 25°C. After
three PBS washes, slides were cover-slipped with
Vectashield mounting medium with 4,6-diamidino-2-
phenylindole (Vector, Burlingame, CA) and confocal
images captured under a Zeiss AxioPlan 2IF MOT
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microscope interfaced with a LSM510 META confocal
imaging system. Final images were assembled using
Adobe Photoshop and Illustrator software (Adobe Sys-
tems, San Jose, CA).

Collagen XIII IP Western: 50 �g of total cellular or
glomerular lysate and 5 �g of AB-2 monoclonal Ab were
incubated overnight at 4°C. 20 �l of Protein L Sepharose
(Pierce, Rockford, Ill) was added to each sample and
rocked for 2 hours at 4°C. Samples were spun at 13,200
rpm at 4°C, supernatant removed and pellet washed with
1 ml of 1 mol/L NaCl in PBS. Pellets were spun and
washed an additional five times in 1 ml of PBS. 25 �l of
SDS reducing buffer was added to pellets, boiled 3 min-
utes and centrifuged. 20 �l of each samples was loaded
on a 7.5% SDS-polyacrylamide electrophoresis gel and
fractionated for 45 minutes at 200 volts. Transfer to poly-
vinylidene difluoride membrane (Bio Rad, Hercules, CA)
was completed in 1 hour at 100 volts in 25 mmol/L Tris,
192 mmol/L glycine buffer. The membrane was blocked
in 1% bovine serum albumin (BSA), PBS plus 0.1%
Tween for 2 hours at room temperature. An anti-rabbit
polyclonal Ab against Collagen XIII was used to probe
the membrane at 1:20,000 in blocking buffer overnight at
4°C and subsequently washed three times with PBS plus
0.1% Tween for 15 minutes. The membrane was incubated
with anti-rabbit IgG (Sigma) 1:50,000 in blocking buffer and
washed as before. The membrane was developed using
enhanced chemiluminescence solution (Pierce) and ex-
posed to film. Controls included no lysate plus AB-2/beads
and lysate plus IgM/beads.

In Vivo Monocyte Transendothelial Migration
Assay

Fluorescent dextrans were prepared according to the
methods described by Luby-Phelps27 with some modifi-
cations. Briefly, 1 mg of Alexa 568 (Molecular Probes,
Inc. Eugene, OR) was combined with 39 mg of dextran
(mol. wt �144,000) in the presence of pyridine, dimethyl
sulfoxide, and tin dilaurate (Sigma-Aldrich Co.). Labeled
dextran (ADC568) was precipitated with 95% ethanol,
dialyzed in glass-distilled water and lyophilized. The
dried product was then stored in 500 �g aliquots at
{minus]20°C in a desiccator, protected from light.

The collagen �3 (IV) knockout (Alport) mice were de-
scribed previously.4 Development and characterization
of integrin �1-null and collagen �3 (IV)-null DKO mice
was also described previously.6 Male wild type 129SV
and 129SV/J mice along with Alport and DKO mice were
tail vein injected with 50 �g of Alexa 568 labeled dextran
reconstituted in 100 �l HBSS (pH 7.2). Animals were
given a single injection at weekly intervals ranging from 4
to 12 weeks (WT), 5 to 8 weeks (Alport), and 8 to 12
weeks (DKO). The high molecular weight dextrans do not
cross the vascular endothelium, but are phagocytized by
circulating monocytes which become labeled. Under
conditions of inflammation, the labeled cells will cross the
endothelium into the interstitial spaces at the inflamma-

tory site. Three days post injection animals were anes-
thetized with Avertin (0.55 mg/g body weight; i.p.) and
perfused with ice cold PBS. Kidneys were removed, im-
mersed in 30% ice-cold sucrose for 3 hours, embedded
in Tissue Tek optimal cutting temperature mounting me-
dium (Sakura Finetek USA, Inc., Torrance, CA) and
stored at �80°C.

Fresh frozen kidney sections (4 �m) were fixed in 2%
paraformaldehyde. CD11b positive cells were labeled in
three sections at least 100 �m apart then coverslipped
with mounting medium (0.1g N-propyl-Galate, 5 ml PBS,
5 ml glycerol). Approximately ten pictures were taken of
each section using an Olympus BH2-RFCA microscope.
Images were recorded (number of red/green cells per
200� field) using a Spot RT digital camera and analyzed
with Image Pro Plus software (Media Cybernetics, Inc.
Silver Spring, MD).

Generation of Randomly Primed Murine Kidney
Endothelial Cell cDNA Library

Endothelial cells were isolated from 7-week-old Alport
kidneys as described above. Poly A� RNA was iso-
lated and cDNA was generated with HIND III random
primers and methylated dNTPs provided in the Orient
Express T7 Select Phage expression system (Nova-
gen, Inc., Madison WI). EcoRI/HIND III linkers were
ligated to the cDNA, followed by digestion with HINDIII
and EcoRI restriction enzymes. The digested product
was filtered through a size fractionation column (Nova-
gen, Inc., Madison WI). cDNA larger than 300bp was
collected then ligated to T7 select vector arms for
preparation of the phage library using T7 select phage
packaging extract (Novagen, Inc., Madison WI). The
number of recombinants was determined by plaque
assay using bacterial strain BLT5403 (Novagen, Inc.,
Madison WI).

Biopanning for �1�1 Integrin Binding Expressed
Protein Sequence

Immulon 2HB 96 well plates (Fisher Scientific) were
coated with human �1�1 integrin purified from placenta
(�1�1 integrin, Chemicon Intl., Temecula, CA) at 5 �g/ml
in coating buffer (0.035 mol/L NaHCO3, 0.015 mol/L
Na2CO3) overnight at 4°C. After coating with �1�1 inte-
grin, the wells were washed 3� with 1� Tris-buffered
saline, blocked with 5% nonfat milk Tris-buffered saline
buffer then washed 5� with distilled water. Phage preps
(titer �5.9 � 108/ml) were added to �1�1 integrin coated
wells in 200 �l biopanning buffer (10 mmol/L Tris-HCl, pH
8.0, 0.15 mol/L NaCl, 0.1% Tween-20, 1 mmol/L MgCl2, 1
mmol/L CaCl2) and kept at room temperature for 45 min-
utes. Wells were washed 5� with biopanning buffer and
bound phage were eluted with elution buffer (20 mmol/L
Tris, neutral pH, 1.0% SDS) for 20 minutes. BLT5403
bacterial cells were then added to the coated wells to

2530 Dennis et al
AJP November 2010, Vol. 177, No. 5



recover high affinity phage that may not have been col-
lected in the eluate. 90% of the eluted phage were com-
bined with 50 ml bacterial cell culture at OD600 � 0.5 and
amplified for 3 hours at 37°C with shaking. The remaining
10% was used to determine the number of phage recov-
ered from each round of biopanning. Amplified phage
from each round of biopanning was titered by plaque
assay. The biopanning procedure was repeated 3� with
1 � 108 phage/�1�1 integrin-coated well for a total of four
rounds of biopanning.

PCR and Sequencing of �1�1 Integrin-Selected
Plaques

Amplified phage collected after the fourth round of bio-
panning were diluted and individual plaques collected for
sequence analysis. One ml phage extraction buffer (20
mmol/L Tris-HCl, pH 8.0, 100 mmol/L NaCl, 6 mmol/L
MgSO4) was added to each plug and stored at 4°C.
Plaques were dispersed in 100 �l of 10 mmol/L EDTA, pH
8.0, vortexed, and kept at 65°C for 10 minutes. Samples
were cooled to room temp and centrifuged at 14000 � g
for 3 minutes. The recovered DNA was amplified with
T7-select up (5�-GGAGCTGTCGTATTCCAGTC-3�) and
down -(5�-AACCCCTCAAGACCCGTTTA-3�) primers us-
ing the following cycling parameters: heat the reaction to
94°C with DNA polymerase for 2 minutes, then 35 cycles
(94°C for 50 seconds; 50°C for 1 minute; 72°C for 1
minute) followed by a final extension at 72°C for 6 min-
utes. Amplified cDNA inserts were then sequenced. Se-
quences were screened for short nearly exact matches
within the NCBI database.

Northern Blot Analysis

Northern blots analysis was performed as described
previously.9 Ten micrograms of total glomerular RNA
was fractionated on 1% agarose formaldehyde gels
and transferred to nylon membranes. Probes were ei-
ther a gel purified PCR fragment of the collagen XIII
transcript amplified using primers that recognize the
NC4 domain of type XIII Collagen, or the DECAprime
template for mouse �-actin (Ambion, Inc., Austin TX).
Probes were labeled with 32P-dCTP using either ran-
dom primers or the DECA method provided by the
manufacturer. Hybridizations were carried out over-
night at 50°C using ULTRAhyb hybridization buffer
(Ambion), and the membranes washed according to
the manufacturer’s instructions. Membranes were ex-
posed to X-ray film overnight.

Quantitative Reverse Transcription-PCR

Endothelial cells were isolated from total kidney using
metallic beads conjugated to anti-CD31 antibodies. Total
RNA was isolated using Trizol reagent (Invitrogen) with

glycogen (Invitrogen) as a carrier per manufacturer pro-
tocol; 1.5 �g of total RNA was used as template for a
reverse transcriptase reaction. The reverse transcription
reaction was performed using Super Script III (Invitrogen)
as suggested by manufacturer. iQ SYBR Green Supermix
(Bio Rad), primers that recognize the NC4 domain of type
XIII Collagen and primers specific to murine glyceralde-
hyde-3-phosphate dehydrogenase were used in the
quantitative PCR reactions. The reactions were carried
out in triplicate using a 1:10 dilution of the cDNA gener-
ated. Standard curves for use in the quantification of
relative RNA expression were generated for both type XIII
collagen and the glyceraldehyde-3-phosphate dehydro-
genase endogenous control.

Adhesion Assay

Bone marrow was collected from the femurs of 7-week-
old wild-type 129 Sv mice and integrin �1-null mice as
described above. Cells were suspended in DMEM/
Ham’s F-12 containing 25 �mol/L cell tracker dye,
incubated at 37°C for 45 minutes and centrifuged. The
cells were washed two times with PBS, were resus-
pended in DMEM/F12 medium. The stained cells were
plated at 7000 cells/ well onto primary embryonic fibro-
blast monolayers in 48-well dishes and incubated at
37°C for 3 hours. After removing the media, the at-
tached cells were washed in PBS and the optical den-
sity was measured at 567 nm using microplate reader
(EL 800, Bio-Tek Instruments, Inc., Winoski, VA). The
optical density was compared with respect to wild type and
the results were expressed as arbitrary units. Three inde-
pendent experiments were performed in triplicate, and the
results statistically analyzed.

Transwell Migration Assay

Bone Marrow Isolation

Bone marrow was isolated from four 5- to 8-week-
old, wild-type mice. Femur cavities were flushed with
basal DMEM/Ham’s F-12 media. Upon dissociation of
clusters, cells were pelleted and washed twice with
D-PBS, resuspended in ammonium chloride solution to
remove RBC’s, washed two more times with D-PBS and
resuspended in seven milliliters of D-PBS containing
5% FCS.

VLA-1 Panning

Five �g/ml anti-�1�1 Integrin antibody (Biogen) was
adhered to polystyrene bacteriological petri dishes as
described. Antibody was incubated overnight at 4o, fol-
lowed by 2 hours at room temperature, aspirated,
washed four times with D-PBS and one time with D-PBS,
1% FCS. 3.5 milliliters of bone marrow suspension was
then applied to each of two antibody-coated dishes and
incubated for 1 hour at 4o, swirled and placed at 4o for
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one additional hour. The suspension was removed, the
dishes were gently washed four times with D-PBS, 1%
FCS, followed by two additional washes with gentle swirl-
ing. Bound cells were collected by flushing three times
with D-PBS, 1% FCS, combined and spun at 1200 rpm for
10 minutes. The pellet was resuspended in 10 ml of
DMEM/F-12, 0.1% fraction V BSA (Roche) and rocked at
4o for 15 minutes. This was repeated twice more to liber-
ate residual bound VLA1 antibody captured during the
panning process. The cells were resuspended in 6 ml of
DMEM/F-12, 0.1% BSA.

Transwell Setup

A 3-�m polyethylene terephthalate membrane 6-well
cell culture insert (BD Biosciences, San Jose, CA) was
coated with 4 �g/cm2 human fibronectin (BD Bio-
sciences) as recommended by manufacturer. Irradiated
murine embryonic fibroblasts were plated for confluency
in DMEM/F-12, 5% FCS and allowed to attach overnight.
The fibroblast monolayer was carefully rinsed two times
with Ca2�, Mg2� free D-PBS and incubated with 0.5
milliliters of DMEM/F-12, 0.1% BSA containing 10 �g/ml
of collagen XIII neutralizing antibody (AB-2), or IgM con-
trol antibody; 0.5 ml DMEM/F-12, 0.1% BSA containing 4
to 5 � 105 VLA1-panned bone marrow cells were loaded
onto the fibroblast-containing inserts. The inserts were
carefully placed into a 6-well plate containing 1.5 ml
DMEM/F-12, 5% FCS and incubated overnight (14 hours)
at 37o, 5% CO2. After overnight incubation, cells were
collected from the upper (insert) and the lower (6-well
plate).

Flow Analysis

Collected pellets were resuspended and blocked in
DMEM/F-12, 1% FCS. Cells were reacted with anti-�1�1
integrin antibody conjugated with DyLight Dye 649
(Pierce) and R-phycoerythrin-conjugated rat anti-mouse
CD11b monoclonal antibody (BD Biosciences) for 30
minutes at room temperature. Cells were washed three
times with DMEM/F-12, 1% FCS, and fixed in 1% formalin.
Flow cytometry data were acquired and analyzed using a
fluorescence-activated cell sorting Aria and Cell Quest
Pro Software (BD Biosciences).

In Vivo studies for effect of AB2 injections in ameliora-
tion of Alport interstitial fibrosis: Alport mice (five animals
per group) were injected via the tail vein two times weekly
with 25 micrograms of either the collagen XIII-specific
AB2 monoclonal antibody or a nonreactive isotype
matched control antibody (IgM from Zymed laborites,
now Invitrogen) from 4 to 7 weeks of age. Proteinuria was
measured as described previously (Meehan et al, 2009).
Tissue was harvested and embedded in paraffin and
stained with H&E. Fibrosis scoring was done by estimating
the total area of fibrosis (hypercellularity with loss of
tubular architecture) per total area of renal cortex with

5 to 15% being scored 1, 15 to 25% being scored a 2,
25 to 35% being scored a 3, and �35% being scored
a 4. The % glomerular sclerosis was scored by simply
counting the total number of glomeruli per slide and
expressing the number of sclerotic glomeruli as a %
fraction of the total. Three slides (cut at 100 �mol/L
intervals within a given kidney sample) were examined
from five individual mice per group.

Statistical Analysis

Data are expressed as mean 	 SD. Differences between
means were tested for significance using Student’s t-test.
Where mentioned, Bonferonni correction was applied.
Differences were considered significant at the level of
P 
 0.01.

Results

�1�1 Integrin Expression Influences the Rate at
Which Monocytes Accumulate in the Interstitial
Space of Alport Mice

We have previously noted that interstitial monocytes in
Alport kidneys are mostly immunopositive for �1�1 inte-
grin.10 These data, however, do not directly implicate a
role for �1�1 integrin on peripheral blood monocytes
transmigration into the renal interstitium. To address this,
we developed an in vivo monocyte transmigration as-
say. Dextrans were labeled with Alexa 568 fluoro-
chrome and injected in to the tail vein of either Alport or
integrin �1-null Alport (DKO) mice at varying ages
representing different stages in the progression of fi-
brosis in the two mouse models. The high molecular
weight dextrans do not cross the vascular endothelium,
but are phagocytized by circulating monocytes which
become labeled. Under conditions of inflammation, the
labeled cells will cross the endothelium into the inter-
stitial spaces at the inflammatory site. Three days fol-
lowing the injection of Alexa-conjugated dextrans, the kid-
neys were harvested. Cryosections were prepared and
either analyzed directly by immunofluorescence, or coun-
terstained with a second antibody and then analyzed. Fig-
ure 1 shows representative fields of newly effluxed mono-
cytes for wild-type mice (Figure 1A), 6-week-old Alport mice
(Figure 1C), or 8-week-old Alport mice (Figure 1 E). The
Alexa-labeled cells are identified as monocytes by counter-
staining with either anti-CD68 (Figure 1D) or anti-CD11b
(Figure 1, B and F) antibodies.

Figure 2 shows the kinetics of monocyte accumulation
in the two mouse models as a function of disease pro-
gression. The number of Alexa-labeled (newly effluxed)
monocytes 3 days following tail vein injection was plotted.
Each bar represents fields at �200 magnification from at
least 10 independent fields of cryosections from each of
three individual animals. When the data are plotted lin-
early, the slope of the resulting line reflects the differential
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rate of monocyte efflux for the two mouse models. The
slope of the line for Alport mice is significantly higher than
the slope for DKO mice, indicating that the rate of mono-
cyte efflux is decreased, even after the delayed onset, in
DKO mice relative to Alport mice.

Collagen XIII Is Induced in Vascular Endothelial
Cells of Alport Kidneys, and Binds to �1�1
Integrin

In an attempt to identify the endothelial cell ligand for
�1�1 integrin, we used a biopanning approach. First, a
cDNA expression library was constructed using RNA
from vascular endothelial cells freshly isolated from
Alport kidneys. The cDNA is expressed by the phage
used to package the library, and the expressed pep-
tides presented at the surface of the phage capsids.

Plates were coated with purified human placental �1�1
integrin (Chemicon, Temecula, CA), and the interacting
peptides expressed by the phage library were cap-
tured and purified by repeated rounds of biopanning
and amplification of bound phage. A single peptide
was identified in overlapping peptide sequences using
this method, which corresponded to a portion of the
collagenous domain of collagen XIII, a membrane
bound collagen. The shared sequence included amino
acids GAEGSPGL, which presumably represents the
minimum sequence of collagen XIII capable of specif-
ically binding to �1�1 integrin. This is the human,
rather than the mouse (GAAGSPGL) sequence. The
frequency of positive clones was much lower than ex-
pected, suggesting that the positive clone was the
result of the random priming method rather that a prod-
uct of the RNA starting material.

Integrin �1�1 is a collagen binding integrin, and col-
lagen XIII has been shown to bind to �1�1 integrin in
earlier studies28 providing confidence that our findings
were functionally relevant.

If collagen XIII is the ligand for �1�1 integrin, it
should be induced on the vascular endothelium of
Alport mice. To determine whether this is the case, we
isolated endothelial cells from 7-week-old wild type
and Alport mouse kidneys using anti-CD31 antibodies
conjugated to metallic beads. RNA was extracted from
the freshly isolated cells, each sample representing
pools from four mice. The RNA analyzed for collagen
XIII transcripts by Northern blot. The results in Figure 3
illustrate that collagen XIII mRNA is abundant in endo-
thelial cells from Alport and nearly undetectable in
endothelial cells from wild type mice. The membranes
were stripped and re-probed for �-actin (a housekeep-
ing gene) transcripts as a loading control. This exper-

Figure 1. Monocytes are effluxing into the renal cortical interstitium of
Alport mice. Wild-type mice (A and B), 6-week-old Alport mice (C and D),
or 8-week-old Alport mice (E and F) were injected with Alexa-conjugated
dextrans three days before the kidneys were harvested. Newly effluxed
monocytes are labeled red (A, C, and E). Serial sections were counterstained
with either anti-CD68 antibodies (D) or anti-CD11b antibodies (F) to identify
dextran-labeled interstitial cells as monocytes. Fields are representative of
three independent experiments.

Figure 2. The rate of monocyte efflux is markedly reduced in integrin
�1-null Alport (DKO) mice relative to Alport mice. Animals were injected
with Alexa-conjugated dextrans and harvested three days later at the
indicated ages. The number of red (Alexa 568-positive)/green (CD11b-
positive) dual-positive cells were quantified blinded with image pro plus
software. Ten fields per section were quantified for three sections in
triplicate experiments. Numbers represent the mean and standard devia-
tions. The slopes of the best-fit curves are provided, showing a much
greater slope for Alport mice compared to integrin �1-null Alport mice,
consistent with a much slower rate of �1�1 integrin-positive monocyte
efflux in the latter.
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iment was repeated several times using real time re-
verse transpcription-PCR (the number of mice required
for Northern blots was prohibitive) with similar results
(70-fold induction, on average).

�1�1 Integrin-Positive Monocytes Bind to
Collagen XIII

The shared peptide sequence of phage purified by
biopanning the endothelial cell phage display library
(GAEGSPGL) was included in the synthesis of a larger
peptide (see Materials and Methods), which was conju-
gated to KLH and used as immunogen for the generation
of monoclonal antibodies. Since this peptide comprises a
putative binding site on collagen XIII for �1�1 integrin, it
was expected that these monoclonals would block bind-
ing of �1�1 integrin-positive monocytes to collagen XIII.
The peptide identified in phage display is from a collag-
enous domain (the COL2 domain, Figure 4A) of the mol-
ecule. Antibodies against collagenous domains are no-
toriously difficult to make, and often require the
preparation of triple-helical collagen. Since our peptide,
when presented by the phage, bound to �1�1 integrin in
monomeric form, we presumed the monomeric peptide
might comprise a workable immunogen for the produc-
tion of neutralizing monoclonal antibodies. The antibod-
ies were affinity purified before use. Several hybridomas
were selected based on enzyme-linked immunosorbent
assay data, and a single derivation (Ab2) was chosen for
further studies. The specificity of the antibody was deter-
mined using CHO cells transfected with a construct en-
coding a chimeric molecule comprised of human colla-
gen XIII and the mCherry fluorescent protein. Mock
transfected cells were used as a control. As shown in
Figure 4B, the Ab2 collagen XIII-specific monoclonal an-
tibody clearly recognizes the transfected cells and co-
localizes with mCherry (as expected since it’s a chimeric
molecule). Mock transfected cells were negative for Ab2

staining. The polyclonal antibody preparation (Figure 4,
panel A) gave similar results (data not shown). To
further verify the antibody specificity, immunoprecipi-
tations were carried out using Ab2 (or IgM control) on
extracts prepared from isolated glomeruli (which do
not express collagen XIII), Alport kidney endothelial
cells, or primary murine fibroblasts cultures, and the
immunoprecipitates probed with the rabbit polyclonal
antibodies prepared against the NC1 domain (shown
in panel I). The results in Figure 4C show a specific
band of the appropriate molecular weight is detected
in both endothelial cell extracts (lane 2) and fibroblast
extracts (lane 3), but notably absent from glomerular
extracts (lane 1). The control (lane 4) is fibroblast
extracts immunoprecipitated with a nonreactive IgM,
which is also negative.

Since the peptide used to create Ab2 was identified
using phage display to probe �1�1 integrin coated
plates, we would expect this antibody to block binding of
collagen XIII to �1�1 integrin. A cell adhesion assay was
devised using murine embryonic fibroblast monolayers
as collagen XIII presenting cells. Fibroblasts were cho-
sen, since they had previously been shown to constitu-
tively express collagen XIII,29,30 avoiding the complica-
tion of having to induce collagen XIII on vascular
endothelial cells. In addition, endothelial cells express a
number of cell adhesion molecules that could confound
interpretation of the results. Monocytes were obtained
from the bone marrow of 129 Sv mice or �1 integrin
knockout mice (also on the 129 Sv background) and
used directly in cell adhesion experiments. Cells were
labeled with cell tracker dye (Molecular Probes, Eugene,
OR), and layered onto confluent embryonic fibroblast
monolayers in the presence or absence of the indicated
antibodies (Figure 4D). After several washes, the total
bound fluorescence was quantified. To examine the
percent adhesion for wild type bone marrow, bound
cells were stained with methylene blue and counted.
Around five percentage of cells were adherent, which
correlated well with data generated by fluorescence-
activated cell sorting (data not shown). We used anti-
collagen XIII antibody mAb2, a neutralizing antibody
for �1�1 integrin (�1 Ab) as a positive control, and an
isotype matched (IgM) nonreactive antibody (control
Ab) as a negative control. Bone marrow cells from
integrin �1 null cells were used as an additional control
to demonstrate the degree of adhesion of monocytes
lacking �1�1integrin. The results in Figure 4D repre-
sent four independent experiments performed in tripli-
cate. The monoclonal antibody against collagen XIII
blocked cell adhesion by approximately 80%. Other
mAbs against our peptide immunogen gave similar
results (data not shown). The neutralizing monoclonal
antibody known to block �1�1 integrin binding to col-
lagen ligands25,31 also reduced binding of monocytes
to the embryonic fibroblasts by approximately 80%.
Integrin �1-null cells bound similarly to wild type cells
blocked with either Ab2 or �1�1 integrin neutralizing
antibodies. Combined, these data strongly suggest

Figure 3. Collagen XIII mRNA is induced in renal vascular endothelial cells
from Alport mice relative to wild-type littermates. Renal vascular endothelial
cells were isolated from the kidneys of 7-week-old wild-type and Alport mice
using antibody-coated metallic beads (see Materials and Methods), and the
RNA was extracted and analyzed by Northern blot for expression of collagen
XIII. The blot was stripped and reprobed with a �-actin cDNA to control for
loading. The blot shown is representative of four independent experiments.
Molecular weight markers are in kilobases.
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that the �1�1integrin-positive monocytes are binding
to type XIII collagen on the embryonic fibroblasts, and
that the monoclonals engineered against the putative
binding site for �1�1 integrin on collagen XIII block the
interaction.

Blocking Antibodies against Collagen XIII
Selectively Bind the Renal Vascular Endothelium
in Alport Mice and Inhibit Recruitment of
Monocytes to the Tubulointerstitium

To assess whether the collagen XIII monoclonal antibod-
ies would bind to the endothelium in Alport kidneys under
the stress of normal blood flow, antibodies were conju-
gated to Alexa 568 fluorochrome (Molecular Probes), and
injected into the tail veins of DKO mice. The �1 integrin-
null background was used to eliminate competition for
binding with endogenous �1�1 integrin. Figure 5, A–F
shows that the antibodies bound to the vascular endo-
thelium of DKO mice, but not to that of age and strain
matched controls. Injection of fluorescence-tagged iso-
type-matched control antibodies showed no binding
(data not shown). Interestingly, only a fraction of the
vascular endothelium bound the antibody, suggesting
that collagen XIII is induced in response to changes in
the immediate microenvironment. Dual immunofluores-
cence analysis was performed to determine whether in-
terstitial monocytes were more abundant in areas where
capillary endothelium is positive for collagen XIII, as
would be expected if monocyte binding to collagen XIII is
a prerequisite for transmigration. Figure 5, G–I shows that
monocytes (in green) are clearly abundant in areas
where capillaries express collagen XIII (in red).

These data suggest that the blocking antibodies might
block transmigration of integrin �1�1-positive peripheral
blood monocytes into the tubulointerstitial space of Alport
mice. To test this, Alport mice were injected with 25 �g of
either the anti-collagen XIII monoclonal antibodies or
nonreactive IgM control antibodies twice weekly from 4 to
7 weeks of age. At 6 weeks and 4 days, the animals were
injected intravenously with Alexa-conjugated dextrans to
allow direct monitoring of monocyte efflux into the tubu-
lointerstitial spaces. Figure 6 illustrates typical fields of
transmigrated monocytes over the 3-day monitoring pe-
riod in Alport mice (Figure 6A) and Alport mice treated
with the monoclonal antibodies (Figure 6C). Comparing

Figure 4. Production and qualification of a mouse monoclonal antibody for
the �1�1 integrin-binding site on collagen XIII. A: Cartoon of the structural
components of trans-membrane collagen XIII, showing the location of the
peptide immunogen used to raise monoclonal antibodies (based on se-
quence derived from phage display data), and polyclonal antibodies. B: CHO
cells were either mock transfected (A) or transfected with a construct encod-
ing a collagen XIII/mCherry chimeric protein (B, C, D). The cells were
immunostained with Ab2 anti-collagen XIII mAb (A and C). mCherry (B)
co-localizes with collagen XIII (D), demonstrating antibody specificity. C:
Extracts from glomeruli (lane 1), Alport kidney endothelial cells (lane 2),
and embryonic fibroblasts (lanes 3 and 4) were immunoprecipitated with
Ab2 anti-collagen XIII antibodies (lanes 1–3) or IgM antibodies (lane 4).
The immunoprecipitates were run on western blots and probed with rabbit
polyclonal anti-collagen XIII antibodies. The arrowhead denotes a single
band at the appropriate molecular weight for collagen XIII monomer. D:
Monolayers of embryonic fibroblasts were used in cell adhesion experi-
ments. Bone marrow-derived monocytes were applied to the monolayers in
the presence or absence of either �1�1 integrin-neutralizing antibodies (�1
Ab), or monoclonal antibodies reactive to the peptide identified by biopan-
ning as the binding site on collagen XIII for �1�1 integrin (MAB2). Bone
marrow-derived monocytes from integrin �1 knockout mice were used as
a control. The control antibody was an isotype matched (IgM) nonreactive
monoclonal. Four independent experiments were performed in triplicate
and analyzed statistically. There was significant differences in binding
(*P � 0.05).
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Figure 6A (untreated) with Figure 6C (treated) clearly
illustrates a marked reduction in the monocyte efflux
when Alport mice are given the collagen XIII blocking
antibody. This translates to a marked decrease in the
total accumulation of interstitial monocytes, as indicated
by anti-CD11b immunostaining (Figure 6, compare pan-
els B and D). This overall reduction in interstitial mono-
cyte accumulation is associated with a similar reduction
in myofibroblasts (anti-smooth muscle actin immuno-
staining; Figure 7 A, C, and E), as well as fibronectin
accumulation (Figure 7, B, D, and F), illustrating that
administration of collagen XIII blocking antibodies results
in attenuated progression of interstitial fibrosis in the Al-
port mouse model. To gain a more quantitative appreci-

ation of this, five Alport mice per group were either
treated with Ab2 or IgM (control) from 4 to 7 weeks of age
as above, and three kidney sections per mouse (100
�mol/L apart)were scored for interstitial fibrosis as de-
scribed in the Materials and Methods, and the % of
sclerotic glomeruli were counted. The results in Figure
7 (bottom panels) shows that while fibrosis was mark-
edly attenuated in the Ab2 treated mice relative to mice
given IgM, the number of sclerotic glomeruli was rela-
tively unchanged. Consistent with this, proteinuria was
not affected by Ab2 treatment (data not shown).

Blocking Antibodies Impede Collagen
XIII-Dependent Transmigration of VLA1-Positive
Bone Marrow-Derived Monocytes in Transwell
Assays

The complexity of the in vivo system can result in misin-
terpretation of results such as the ones presented in
Figures 6 and 7. If reduced VLA1-positive monocyte re-
cruitment was indeed directly caused by blocking of
collagen XIII binding on vascular endothelium, it should
be possible to verify this using an in vitro transwell mono-
cyte migration assay. We devised such an assay by
coating membranes first with fibronectin, and then plating
a confluent layer of irradiated (to arrest cell division)
embryonic fibroblasts onto the fibronectin. We again
used bone marrow-derived cells, which were first sub-
jected to biopanning using anti-VLA1 antibodies to enrich
for VLA1-positive monocytes. One round of biopanning
increased the concentration of VLA1-positive monocytes
from 6 to 8% to 40 to 50% of the total cell population.
Fibroblast monolayers were preincubated with neutraliz-
ing antibodies against collagen XIII or with an equal
amount of isotype matched nonreactive control antibod-

Figure 5. Monoclonal antibodies against the binding site on collagen XIII for
�1�1 integrin bind to a fraction of the vascular endothelium in 12-week-old
integrin �1-null Alport (DKO) kidneys, but not wild-type littermates. Ab2
anti-collagen XIII-neutralizing monoclonal antibody was labeled with Alexa
568 and injected into the tail veins of wild-type (A–C) or DKO (D–I) mice.
Two hours later, the kidneys were harvested, and cryosections were coun-
terstained with either FITC-conjugated anti-CD31 (PECAM) antibodies (B and
E) or anti-CD11b antibodies (H). Alexa 568 immunostaining was not ob-
served in wild-type kidney cryosections (A), but was abundant in DKO
kidney cryosections (D and G). The vascular endothelium is immunopositive
for CD31 in both wild-type (B) and DKO (E) mice. F: Some, but not all, of the
vascular endothelium in the DKO kidneys show binding of anti-collagen XIII
antibodies. Arrows in F denote cross sections of blood vessels where the
lumen is clearly visible. Importantly, all of the Alexa 568 (Ab2) immunostain-
ing localizes to the vascular endothelium. G–I: Monocytes (H, CD11b labeled
green) migrate into areas where collagen XIII-positive capillaries (G, red) are
abundant (dual staining in I; and G denotes a glomerulus, which are always
negative for collagen XIII). Fields are representative of those observed for
three independent mice.

Figure 6. Treatment of Alport mice with Ab2 markedly attenuates the efflux
of monocytes into the interstitium of Alport kidneys. Alport mice were given
bi-weekly intravenous injections of 25 �g Ab2 beginning at four weeks of
age. Control mice were given the same regimen using isotype matched
nonreactive antibodies (IgM). Three days before sacrifice, mice were injected
with Alexa 568-conjugated dextrans. At seven weeks of age, kidneys were
harvested and cryosections either visualized directly for newly effluxed
monocytes (A and C) or immunostained for total monocyte accumulation
using anti-CD11b antibodies (B and D). A and B show untreated Alport mice.
C and D show Alport mice given the Ab2 injections. The fields shown are
representative of 10 independent animals.
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ies. The monocytes were then layered onto the top of
the fibroblast monolayer and allowed to migrate for 14
hours using fetal calf serum in the lower chamber as
the chemoattractant. Migrated cells from the bottom
chamber and nonmigrated cells from the top chamber
were analyzed by dual fluorescence fluorescence-ac-
tivated cell sorting analysis using phycoerythrin-conju-
gated anti CD11b antibodies (monocyte marker) and
DyLight dye 649 (Pierce) labeled anti-VLA1 antibodies.

The results in Figure 8 show that the collagen XIII
blocking antibody Ab2 does indeed significantly reduce
the transmigration of VLA-1-positive monocytes from the
upper chamber to the lower chamber in the transwell
migration assay. The results for three independent
transwell assays are summarized in Table 1. While the
total numbers of VLA1-positive monocytes in the mi-
grated population varies from one experiment to an-
other, the percent reduction observed in the Ab2-

treated wells compared to the isotype matched non-
reactive control wells was highly consistent (40.3% 	
1.7%). This selective migration was also observed in
the upper chamber, where there were consistently
more VLA1-positive cells in the Ab2 treated samples
relative to IgM controls.

Discussion

Earlier work from this and other laboratories have clearly
implicated a role for �1�1 integrin in chronic inflammatory
diseases. The work was initiated in studies using the
Alport mouse model,6 and expanded to include models
for chronic inflammatory bowel disease,31 rheumatoid
arthritis,32 psoriasis,33 crescentic nephritis,34 and anti-
Thy1 nephritis.35 It has been proposed that the mecha-
nism underlying the observed reduction in inflammatory
response when using a blockade of �1�1 integrin is due

Figure 7. Treatment of Alport mice with Ab2 reduces myofibroblasts and
fibrosis in the interstitium of Alport kidneys. Cryosections either control mice
(A and B), IgM-treated Alport mice (C and D), or Alport mice treated with
Ab2 (E and F) or nonreactive isotype matched control antibody (IgM; C and
D) were immunostained with antibodies against either smooth muscle actin
(SMA, A, C, and E) or fibronectin (FN, B, D, and F). Both myofibroblast
accumulation (SMA immunostaining) and fibrosis (as determined by fi-
bronectin immunostaining) are markedly attenuated in renal cortex of Ab2-
treated mice relative to the IgM-treated mice. Arrow in E denotes small focus
of accumulating myofibroblasts in kidney cryosection from the treated ani-
mals. The fields shown are representative of 10 independent animals. Bar
graphs at bottom represent semiquantitative assessment of the influence of
Ab2 treatment in Alport mice from 4 to 7 seeks of age on glomerular sclerosis
(left panel) and interstitial fibrosis (right panel). Bars represent statistically
analyzed stat comprising three fields for five mice in each group (IgM versus
Ab2).

Figure 8. Neutralization of collagen XIII blocks transmigration of VLA1-
positive monocytes in transwell assays. Bone marrow derived leukocytes
were subjected to biopanning on plates coated with anti-VLA1 antibodies.
The panned cells were mixed with either anti-collagen XIII neutralizing
antibodies (Ab2) or isotype matched control antibodies (IgM) and then
added to the top layer of transwells coated with a monolayer of irradiated
embryonic fibroblasts, and allowed to migrate for 14 hours. Cells were
collected from the top (nonmigrated) and the bottom (migrated) compart-
ments of the chamber and analyzed by dual-fluorescence-activated cell
sorting for both CD11b (abscissa) and VLA1 (ordinate). The dual immuno-
fluorescent VLA1-positive monocyte population in Q2 shows a clear reduc-
tion in this population in the Ab2-treated cells compared with cells treated
with the isotype control mAb. Ab2 reduced VLA1 migration by 40.3% 	 1.7%
over three independent transwell experiments (see Table 1).

Table 1. Collagen XIII-Blocking Antibodies (Ab2) Reduce
Migration of VLA1-Positive Monocytes in Transwell
Assays

Migrated Nonmigrated

Expt IgM Ab2* IgM Ab2

1 46.4 	 3.2 28.9 	 1.7 7.7 	 0.8 9.0 	 0.7
2 38.6 	 2.2 21.7 	 1.1 6.7 	 0.2 13.4 	 1.7
3 27.5 	 2.1 16.7 	 0.9 11 	 0.8 18.1 	 0.2

VLA1-positive monocytes (Q2 in scatter plots) are expressed as the
percentage of total monocytes (Q2 plus Q4) in both migrated (lower
chamber) and non-migrated (upper chamber) cell populations.

*Ab2 reduced VLA1 migration by 40.3% 	 1.7% over three
independent transwell experiments.
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to blocking the selective recruitment of �1�1 integrin-
positive peripheral blood leukocytes into the interstitial
spaces of inflammatory tissues. Neutralizing antibodies
against �1�1 integrin are being actively explored for their
therapeutic potential in this regard.36 The cellular mech-
anism underlying this putative selective recruitment, how-
ever, has remained unknown. In this study, we show that
collagen XIII is induced on the vascular endothelium of
Alport kidneys. Using phage display, we identified the
binding site on collagen XIII for �1�1 integrin. Blocking
antibodies against this site block adhesion of �1�1 inte-
grin-positive monocytes to collagen XIII in vitro, attenuate
monocyte recruitment to the interstitial spaces of Alport
kidneys in vivo, and inhibit transmigration of VLA1-posi-
tive monocytes in transwell assays. Based on these find-
ings, we conclude that the cellular mechanism of �1�1
integrin-selective recruitment of leukocytes and mono-
cytes to inflammatory tissues is mediated through adhe-
sion of VLA1-positive circulating peripheral immune cells
to collagen XIII, which is induced on the vascular endo-
thelium at the site of inflammation.

Induction of ligands for specific integrins on vascular
endothelium under the influences of an inflammatory re-
sponse are well documented. Vascular cell adhesion
molecule-1 and intercellular adhesion molecule-1 are in-
duced on the vascular endothelium at inflammatory sites,
and direct selective recruitment of leukocytes expressing
�4�1 and �L�2 integrins, respectively,14 for example.
These interactions represent the principal mechanism for
recruitment of leukocytes/monocytes to inflammatory
sites, and thus inhibitors of these interactions have been
pursued as therapeutics for chronic inflammatory diseas-
es.20,21 This work provides a new example of vascular
endothelial induction of a ligand that selectively binds a
subset of peripheral blood leukocytes/monocytes. The
data supports that binding directs selective recruitment
of these cells to the interstitial sites of inflammation, how-
ever, the cellular mechanisms underlying collagen XIII
induction on the vascular endothelium, and the activa-
tion of leukocytes/monocytes on binding to collagen
XIII remain to be elucidated. An alternate explanation
of the data presented is that the interstitial monocytes
become activated and then up-regulate �1�1 integrin,
which may serve to retain these cells in the interstitial
space.

Collagen XIII is a member of a group of transmem-
brane collagens. Expression of collagen XIII is fairly wide-
spread.29 It is known to interact with �1�1 integrin recep-
tors via the I domain of the �1 integrin subunit,28 and to
induce receptor signaling, however the significance of
this interaction has remained elusive.22 Deletion of colla-
gen XIII is embryonic lethal.30 In addition to �1 integrin
binding, the 150 nm rod-like ectodomain has been re-
ported to preferentially bind heparin, fibronectin, Nido-
gen-2 and Perlecan.28,37 Collagen XIII has been hypoth-
esized to play a key role in cell–cell as well as cell–matrix
interactions involved in angiogenesis and neuronal de-
velopment.30 The functional significance of collagen XIII
expression on the vascular endothelium beyond its po-
tential role in angiogenesis was never explored. Our data
show that one function of this inducible transmembrane

collagen is to direct the efflux of specific subsets of
monocytes/leukocytes into interstitial spaces in chronic
inflammatory disease responses.

Several lines of investigation have suggested that neu-
tralization of �1�1 integrin may be useful in the treatment
of chronic inflammatory diseases. These studies were
performed using both neutralizing antibodies against
�1�1 integrin as well as integrin �1-null mice, and have
included models for kidney disease, lung disease, colitis,
and arthritis.6,31–35,38–40 These studies provided the ra-
tional to develop humanized �1�1 integrin-neutralizing
antibodies as a therapeutic agent for treating chronic
inflammation and fibrosis. The cellular mechanism(s) un-
derlying the therapeutic benefit appear to be multifac-
eted and have not been adequately addressed, although
both cell proliferation and selective adhesion/transmigra-
tion have been suggested to play a role.31,41,42 Our stud-
ies identify collagen XIII as the induced ligand for �1�1
integrin-positive monocyte/leukocytes on the vascular
endothelium. Based on selective recruitment of �1�1
monocytes in the fibrosing Alport kidney, and the prepon-
derance of �1�1 monocytes in migrated cells shown in
transwell migration assays, it appears the �1�1 integrin/
collagen XIII interaction mediates monocyte activation
and extravagation into the interstitial spaces. This is a key
event driving fibrosis, since monocytes are known to
drive tubular epithelial cell apoptosis and promote the
genesis of myofibroblasts, two hallmarks of progressive
fibrosis.7,43 The fact that neutralizing antibodies block the
interaction suggests that these antibodies alone, or in
combination with integrin �1 neutralizing antibodies, may
provide a potent therapeutic strategy for diseases where
collagen XIII is induced on the vascular endothelium and
selective influx of �1�1 integrin-positive leukocytes is
observed.

It is important to note that while neutralizing antibodies
against collagen XIII had a significant effect on fibrosis; it
did not significantly reduce glomerular sclerosis and did
not extend lifespan in Alport mice. This is very similar to
what was reported for Alport mice on a Rag-1 knockout
background, which also blocked recruitment of leuko-
cytes to the interstitium and also reduced fibrosis.44 Our
observation underscores earlier work that suggests a
specific role for �1�1 integrin in glomerular pathogenesis
in Alport syndrome, which is distinct from its function in
tubulointerstitial pathogenesis.6,45
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