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The interactions between tubulointerstitial infiltrating
cells and the extracellular matrix play an important role
in regulating renal fibrosis. Discoidin domain receptor
1 (DDR1) is a nonintegrin tyrosine kinase receptor for
collagen implicated in cell adhesion, proliferation, and
extracellular matrix remodeling. We have previously
demonstrated that transgenic mice lacking DDR1 are
protected from hypertension-associated renal fibrosis.
The purpose of this study was to determine the role of
DDR1 in renal inflammation and fibrosis related to
primitive tubulointerstitial injury. After 12 days of uni-
lateral ureteral obstruction (UUO), kidney histopatho-
logic and real-time quantitative PCR analyses were per-
formed in DDR1™/~ and wild-type mice. DDR1
expression was strongly increased in the obstructed
kidney. Wild-type mice developed important perivascu-
lar and interstitial inflammation and fibrosis. In com-
parison, DDR1™/~ mice displayed reduced accumula-
tion of fibrillar collagen and transforming growth factor
B expression. F4/80" cell count and proinflaimmatory
cytokines were remarkably blunted in DDR1~/~ ob-
structed kidneys. Leukocyte rolling and adhesion eval-
uated by intravital microscopy were not different be-
tween DDR1™/~ and wild-type mice. Importantly,
macrophages isolated from DDR1™/~ mice presented
similar M1/M2 polarization but displayed impaired mi-
gration in response to monocyte chemoattractant pro-
tein-1. Together, these data suggest that DDR1 plays an
important role in the pathogenesis of renal disease via
enhanced inflammation. Inhibition of DDR1 expres-
sion or activity may represent a novel therapeutic target
against the progression of renal diseases. (4m J Pathol
2011, 179:83-91; DOI: 10.1016/j.ajpath.2011.03.023)

Renal fibrosis is the consequence of the accumulation of
extracellular matrix (ECM) components, including colla-
gen, in the kidney. In chronic kidney diseases, irrespec-
tive of the initiating cause, fibrotic lesions autoaggravate,
leading to a progressive decrease in renal function. De-
spite growing interest, the pathophysiologic pathways
responsible for the progression of renal fibrosis remain
elusive. A better understanding of specific mechanisms
that promote inflammation and ECM synthesis is of criti-
cal importance in this setting because such pathways are
susceptible to being at the cornerstone of the initiation
and the progression of fibrogenesis.

Discoidin domain receptor 1 (DDR1) is a tyrosine ki-
nase transmembrane receptor for collagen constitutively
expressed in several cell types and organs, including the
gastrointestinal tract, lung, and kidney." In the mamma-
lian kidney, DDR1 is predominantly expressed by vascu-
lar smooth muscle cells, mesangial cells, and epithelial
cells in normal conditions.®® On activation by binding to
collagen | to VI and VIII, DDR1 regulates cell differentia-
tion, adhesion, proliferation, and ECM remodeling.*~° A
number of studies have shown that DDR1 is implicated in
carcinogenesis, inflammation, atherosclerosis, and fibro-
genesis.”'? Consistent with an important pathogenetic
role in vascular diseases,®'>'® we have demonstrated
that DDR1-deficient mice were protected against renal
vascular lesions induced by a long-term infusion of ang-
iotensin Il, a model in which hemodynamic alterations
and vascular remodeling play a major role.'" Whether
DDR1 may contribute to the initiating mechanisms and
the progression of renal fibrosis irrespective of the initial
cause remains unclear. Specifically, the implication of
DDR1 remains to be established in lesions triggered by
tubular injury. In addition, although exaggerated inflam-
mation is identified as a major contributor to renal injury in
a broad variety of diseases, the role of DDR1 has not yet
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been studied in a model that critically depends on renal
inflammation. On this basis, the objective of the present
study was to analyze the role of DDR1 in a tubulointersti-
tial model of inflammatory kidney disease induced by
unilateral ureteral obstruction (UUO).

Materials and Methods

Transgenic Mice

Male transgenic mice aged 4 to 6 months and weighing
25 to 30 g were used in these experiments. The genera-
tion and genotyping of mice were described previ-
ously.”®'® The original background of the DDR1-null
mice was a mix of 129/Sv with CD1. These mice have
been backcrossed seven times to 129/Sv. No difference
of the genetic background was found between DDR1~/~
and wild-type (WT) controls after microsatellite analysis of
DNA samples from 26 mice (13 DDR1~/~ and 13 WT).
The breeding couples that were used in our protocol
were heterozygotes, and experiments were performed
using DDR1-null mice and WT littermates. The mice were
placed on regular diets and allowed free access to water.
Overall, 55 mice were used for the present study. All
animal procedures were in accordance with the Euro-
pean Union Guidelines for the Care and Use of Labora-
tory Animals.

Unilateral Ureteral Obstruction

After induction of general anesthesia (intraperitoneal in-
jection of 50 mg/kg of pentobarbital), 12 DDR1-null mice
and WT counterparts were subjected to a left flank inci-
sion. UUO was performed by complete ligation of the left
ureter at the ureteropelvic junction, using double silk su-
tures. Nonobstructed sham kidneys were used as con-
trols. Animals were sacrificed at day 12.

Thioglycolate Peritonitis

Thioglycolate peritonitis was induced in 11 WT and 9
DDR1-null mice with the intraperitoneal injection of 1 mL
of sterile 4% thioglycolate solution (Sigma-Aldrich, St.
Louis, MO). The mice were euthanized by decerebration
48 hours after injection, and the peritoneal cavities were
washed with 5 mL of RPMI 1640 medium containing 20
mmol/L HEPES buffer and 0.1% bovine serum albumin.
Cell counts were determined on Kova hemocytometer
(Hycor Biomedical, Garden Grove, CA). Cells (1 X 10°)
were attached to glass slides with a Cytospin4 instrument
(Thermo Fisher Scientific, Waltham, MA). Differential leu-
kocyte counts were determined after May-Grunwald-Gi-
emsa staining (VWR Scientific Products, Radnor, PA).
The peritoneal lavage was incubated 2 hours at 37°C in
5% CO,. Adhering macrophages (2.5 X 10°) were
placed in the upper chambers of Transwell 8-um pore
size chemotaxis supports (Corning Inc, Corning, NY).
Variable concentrations of mouse recombinant monocyte
chemoattractant protein-1 (MCP-1) (R&D Systems, Min-
neapolis, MN) were added in the lower chambers. After 3

hours, macrophages were counted with a Kova hemocy-
tometer and the migration index was calculated as the
percentage of macrophages having migrated to the
lower chamber.

Renal Histologic Analysis

Cortical sections of obstructed and contralateral kidneys
were immersed 24 hours in 4% formalin and thereafter
embedded in paraffin after conventional processing (al-
cohol dehydration). Sections (3-um thick) were stained
with Masson trichromic solution. The slides were inde-
pendently examined on a masked basis for the level of
perivascular and interstitial mononuclear cell infiltration,
using a 0- to 4-point injury scale as described previ-
ously.’”'® Lesion indexes from individual sections were
averaged to calculate a global index for each kidney.

Sirius Red Morphometric Analysis

Interstitial fibrosis was assessed on 8-um-thick, Sirius red—
stained paraffin sections at x40 magnification, under polar-
ized light. Interstitial fibrosis was quantified using computer-
based morphometric analysis software (Axionplan; Axiophot2,
Zeiss, Germany). A specific stain pattern was selected and
the percentage of the positive area in the examined tubu-
lointerstitium was measured. Twelve cortical fields, exclud-
ing interlobular arteries, were selected randomly from each
kidney. Scoring was performed in a masked manner on
coded slides. Data are expressed as the mean value of the
percentage of the positive area examined.

Real-Time Quantitative PCR

For the renal RNA extraction, both the obstructed and
contralateral kidneys were harvested. RNA was extracted
from renal cortex using TRIzol solution (Life Technologies
BRL, Gaithersburg, MD). RNA was extracted from iso-
lated peritoneal macrophages using RLT buffer lysis and
purification with a Qiagen microkit. RNA quality was
checked by measuring the ratio of optical densities at
260 and 280 nm, and residual genomic DNA was
removed by DNase | treatment for 30 minutes at 37°C
(Fermentas Thermo Electron, Villebon sur Yvette,
France). We used reverse transcription with a Revert Aid
H minus First Strand DNA Synthesis kit (Fermentas) to
convert 1 ug of RNA into cDNA. cDNA was amplified by
PCR with a LightCycler 480 (Roche Diagnostics, Meylan,
France) using SYBR Green (Fast Start DNA Master SYB-
RGreen |; Roche Applied Science, Roche Diagnostics);
specific primers for DDR1, MCP-1/CCL2, chemokine recep-
tor 2 (CCR2), interferon-y (IFN-v), transforming growth fac-
tor B (TGF-B), collagen 3 «, chain (Col3A1), interleukin 23
(IL-23), tumor necrosis factor a (TNF-a), macrophage man-
nose receptor 1 (MRC1), inducible nitric oxide synthase
(INOS), arginase 1 (Argl1), and glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) (for renal cortex); or the
mean value of B glucuronidase and hypoxanthine-guanine
phosphoribosyltransferase (for peritoneal macrophages) as
housekeeping genes under the following conditions: 95°C
for 5 minutes, and 45 cycles at 95°C for 15 seconds and



Table 1. Primers Used for Real-Time qPCR

mRNA Strand Sequence

DDR1 Sense 5'-CTCCACCCCATTCTGCAC-3'
Antisense 5'-CAGAAGGAGGCGGTAGGC-3’
GAPDH Sense 5'-AGCTTGTCATCAACGGGAAG-3’
Antisense 5'-TTTGATGTTAGTGGGGTCTCG-3’
IFN-vy Sense 5'-ATCTGGAGGAACTGGCAAAA-3’
Antisense 5'-TTCAAGACTTCAAAGAGTCTGAGG-3'
MCP1/  Sense 5'-GTTGGCTCAGCCAGATGCA-3’
CCL2 Antisense 5'-AGCCTACTCATTGGGATCATCTTG-3'
TGF-B1 Sense 5'-TGGAGCAACATGTGGAACTC-3’
Antisense 5'-GTCAGCAGCCGGTTACCA-3’
IL-23 Sense 5'-TCCCTACTAGGACTCAGCCAAC-3’
Antisense 5'-TGGGCATCTGTTGGGTCT-3’
TNF-a  Sense 5'-TCTTCTCATTCCTGCTTGTGG-3’
Antisense 5'-ATGAGAGGGAGGCCATTTG-3’
CCR2  Sense 5'-ACCTGTAAATGCCATGCAAGT-3’
Antisense 5'-TGTCTTCCATTTCCTTTGATTTG-3’
Gus B Sense 5'-CTCTGGTGGCCTTACCTGAT-3’
Antisense 5'-CTCAGTTGTTGTCACCTTCACC-3’
HPRT Sense 5'-GGAGCGGTAGCACCTCCT-3'
Antisense 5'-CTGGTTCATCATCGCTAATCAC-3’
ColI3A1  Sense 5'-TCCCCTGGAATCTGTGAATC-3’
Antisense 5'-TGAGTCGAATTGGGGAGAAT-3’
iNOS Sense 5'-GGGCTGTCACGGAGATCA-3’
Antisense 5’'-CCATGATGGTCACATTCTGC-3'
MRC1  Sense 5'-CCACAGCATTGAGGAGTTTG-3’
Antisense 5’'-ACAGCTCATCATTTGGCTCA-3'
Arg1 Sense 5'-CCTGAAGGAACTGAAAGGAAAG-3’
Antisense 5’'-TTGGCAGATATGCAGGGAGT-3'

60°C for 15 seconds, then 72°C for 15 seconds. Specific
primers were designed by Universal Probe Library sys-
tem (Roche Applied Science) (primers are detailed in
Table 1). To normalize the quantitative PCR (gPCR)
results, we used Roche LightCycler 2.0 software
(Roche Diagnostics). We expressed results as 2~ ACp,
where Cp is the cycle threshold number. We analyzed
dissociation curves after each run for each amplicon to
assess the specificity of the quantification when using
SYBR Green.

IHC for DDR1, Megalin, CD3, F4-80, Mac1, and
Dendritic Cells

Cryostat sections (4-um thick) of renal cortex were fixed
with acetone for 7 minutes. After blockade of endogenous
peroxidase, they were stained with an anti-DDR1 (4 ng/mL;
C-20, Santa Cruz Biotechnology, Santa Cruz, CA), anti-
CD3e (Santa Cruz), anti-F4-80 (AbCys, Paris, France), and
antimegalin (Santa Cruz), and the Envision kit (Dako,
Carpinteria, CA) was applied for 30 minutes at room tem-
perature. Staining was revealed by applying the DAB kit
(Dako), hematoxylin QS (Vector, Burlingame, CA), and Per-
manent Mounting Media (Aqueous) (Innovex, Richmond,
VA). Additional experiments with DDR1-specific blocking
peptide were performed (Santa Cruz). For semiquantitative
analysis of DDR1 expression in vessels, glomeruli, intersti-
tium, and tubular epithelium, slides were independently ex-
amined on a masked basis, using a 0- to 4-point relative
intensity scale. Indexes from individual sections were aver-
aged to calculate a global index for each kidney. The dou-
ble-stain experiments were performed using frozen sec-
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tions fixed to acetone for 7 minutes and then washed with
PBS using anti-DDR1, anti-Mac1 (BD Pharmingen, Le Pont
de Claix, France), anti-dendritic cell (MCA948; AbD Sero-
tec, Raleigh, NC), anti-rabbit IgG tetramethyl rhodamine
isothiocyanate (DDR1) (Jackson Immunoresearch, West
Grove, PA), anti-rabbit fluorescein isothiocyanate (DDR1),
anti-rat tetramethyl rhodamine isothiocyanate (Macfi,
MCA948), and rat anti-mouse F4/80 fluorescein isothiocya-
nate (AbD Serotec). Immunofluorescence micrographs
were obtained using an Olympus BX 51 camera DP70
(Olympus, Rungis, France).

Intravital Microscopy

After induction of general anesthesia (intraperitoneal in-
jection of 50 mg/kg of pentobarbital) and intraperitoneal
injection of 1 ug/kg of mouse recombinant MCP-1 (R&D),
10 DDR1-null mice and WT counterparts were maintained
at 37°C on a heated microscope stage, using a rectal
electrothermometer (CMA, Solna, Sweden). A PE10 cath-
eter (Phymep, Paris, France) was placed in the right femoral
vein for venous access and continuous 50-uL/min infusion
of 2.5% bovine serum albumin in 0.9% saline. After midline
abdominal incision, the mesentery adjoining the terminal
ileum was carefully placed on a glass pedestal (Klaus Ef-
fenberger Medizinisch Technicher Geratebau, Germany)
and superfused with 0.9% saline. Intravenous injection of
250 pg of rhodamine 6G (R4127; Sigma-Aldrich) was per-
formed to label circulating leukocytes. Imaging was per-
formed using a fixed-stage, upright microscope with a wa-
ter immersion x40 objective (Axio, Examiner Z1; Zeiss).
Single unbranched mesenteric veins ranging from 80 to 120
wm in diameter were studied, and the microcirculation was
recorded during consecutive 20-second periods in at least
3 different mesenteric veins per animal (Axiovision 4 soft-
ware; Zeiss). The mean duration of the experimental
procedure, from injection of MCP-1 to sacrifice, did not
exceed 90 minutes. Quantification of leukocyte adhe-
sion and rolling were performed off-line during a sin-
gle-session, masked playback analysis of videotaped
images (Imaged software). Leukocytes were defined
as adherent when immobile during at least 10 seconds
and were expressed as the number of cells adhering
on a 100-um vein length per 20-second period. Rolling
leukocytes were defined as cells that were clearly mov-
ing along the endothelium slower than free-flowing
blood cells and expressed as the number of rolling
cells per millimeter and per second.

Statistical Analyses

Statistical analyses were performed using analysis of
variance followed by Fisher's Protected Least Signifi-
cance Difference test (Statview software version 5.0; SAS
Institute, Cary, NC). Results with P < 0.05 were consid-
ered statistically significant. All values are means + SEM.
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Figure 1. DDR1 expression is induced in the interstitium of the obstructed
kidney. A: Semiquantitative evaluation of DDR1 expression in the kidney 12
days after UUO in vessels (V), glomeruli (G), interstitium (1), and tubular
epithelium (T). B=G: DDR1 immunostaining in the control kidney. B: In
control kidney, predominant expression is in the arteriolar wall and in the
mesangium (X40). Then 12 days after UUO, DDRI is strongly induced in
interstitial cells (arrowheads) (C and D, X40; F, X20). Note a focal de novo
expression on glomerular epithelial cells (arrow). E: Negative control (X40).
F and G: Proximal tubular epithelial cells, identified by megalin-positive
apical staining, do not significantly coexpress DDRI1, as evidenced by DDR1
(F) and megalin (G) stainings on consecutive sections (X20). Data are
mean *= SEM. *P < 0.05, *P < 0.01 versus nonobstructed WT kidney.

Results

DDR1 Expression Is Induced in the Obstructed
Kidney

At baseline, DDR1 is expressed in the mouse kidney, as
evidenced by real-time gPCR and immunohistochemistry
(IHC). In control kidneys, DDR1 showed a predominant
localization in the vascular wall and in the mesangium (Fig-
ure 1B). After 12 days of UUO, real-time gPCR demon-
strated a 30-fold increase in DDR1 expression (DDR1/
GAPDH: 0.7 = 0.3 AU in control kidneys versus 19.1 = 4.1
in UUO; P < 0.01). DDR1 expression in the obstructed
kidney was mainly increased in the interstitium and in glom-
eruli, as shown by the semiquantitative evaluation (Figure

600 130 1 mcontrol
500 - 160 BWTUUO
E E 140 DDDRI1-KOUUO
E 400 | - 120 4
H 2 10
300 = 2
& okon 50 -
g &
2 200 o 60 -
a0
100
20 -
ol 0

Figure 2. DDR1™/~ mice present reduced accumulation of inflammatory cells
in the obstructed kidney. Representative views of Masson trichrome stainings in
obstructed kidneys in WT (A, X40) and DDR1™/~ mice (B, X40). Note the
cellular infiltration in the vicinity of the vessels. Cortical cell count for F4/80™
cells (C) and CD3™ cells (D) in control, WT UUO, and DDR1~/~ UUO kidneys,
expressed per unit area. Data are mean * SEM. *P < 0.05, *P < 0.01 versus
nonobstructed kidney; ***P < 0.01 versus obstructed WT kidney.

1A). Immunohistochemistry revealed a striking de novo ex-
pression of DDR1 in interstitial cells and a focal expression on
glomerular parietal epithelial cells (Figure 1, C, D, and F),
whereas megalin-positive proximal tubular epithelial cells,
which undergo major structural and functional changes in the
UUO model, were not positively stained for DDR1 (Figure 1G).

Renal Inflammation Is Reduced in DDR1-Null Mice

We performed an analysis of the mononuclear cell infil-
tration on Masson trichrome staining to evaluate the in-
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Figure 3. DDR1™/~ mice present reduced expression of proinflammatory
cytokines in the obstructed kidney. Expression of IFN-y (A), MCP1/CCL2 (B),
IL-23 (C), and TNF-a (D) evaluated by real-time gPCR. Control nonob-
structed kidneys (black bars), WT UUO (gray bars), and DDR1-KO UUO
(white bars). Data are mean £ SEM. *P < 0.05, *P < 0.01 versus nonob-
structed kidney; ***P < 0.05, ***P < 0.01 versus obstructed WT kidney.



fluence of DDR1 deficiency on the development of pos-
tobstructive renal inflammation. As expected, in WT mice,
UUQO induced striking perivascular inflammation (0.1 =
0.1 in control kidneys versus 2.6 = 0.3 in UUO; P < 0.01)
(Figure 2A). The degree of perivascular inflammation was
significantly blunted in DDR1-null mice (1.9 = 0.2 versus
2.6 = 0.3in WT UUQ; P < 0.05) (Figure 2B). Semiquan-
titative analysis of interstitial inflammation showed a similar
protection (1.7 + 0.2 in DDR1~/~ UUO versus 2.4 = 0.3 in
WT UUO; P < 0.05). Quantitative analyses of specific im-
munostainings showed that F4/80" cells and CD3* lym-
phocytes were significantly reduced in DDR1~/~ mice com-
pared with WT mice (Figure 2, C and D). Expression of the
proinflammatory cytokine IFN-vy, evaluated by real-time
gPCR, was induced by UUO and was significantly blunted
in DDR1~/~ mice (Figure 3A). MCP-1, IL-23, and TNF-«
were also diminished in DDR1-null mice compared with the
WT mice (Figure 3, B-D).

In UUO, a Subpopulation of the Interstitial
Macrophages Expresses DDR1

Although T lymphocytes were principally located in
perivascular infiltrates in WT and DDR1~/~ mice, F4/80™"
and Mac1™ cells showed a predominant interstitial distri-
bution. Owing to the similar interstitial pattern of DDR1 de
novo staining (Figure 1, C, D, and F), we addressed the
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3

Figure 4. Double immunostainings for DDR1 (A, D, and G) with F4/80 (B, merge in C), Macl (E, merge in F), and dendritic cell marker MCA948 (H, merge in
D in renal cortex 12 days after UUO. Merge shows partial overlapping, consistent with the predominant expression of DDR1 by a subset of the macrophages
recruited in the interstitium of the obstructed kidney (A—C, X20; DI, X40).

question of a coexpression of DDR1 and F4/80 in infiltrat-
ing interstitial cells in the obstructed kidney. We therefore
performed double-staining immunofluorescence for
DDR1 and F4/80 in WT UUO kidneys. Fluorescence mi-
croscopy analysis revealed a partial coexpression of
these two antigens in interstitial cells (Figure 4, A-C).
Approximately 50% of the F4/80" cells presented a co-
expression of DDR1. Because F4/80 may be expressed
by macrophages and dendritic cells in the obstructed
kidney, we performed additional immunostainings to bet-
ter characterize this population of interstitial cells. We
found that DDR1 was predominantly colocalized with
Mac1 (Figure 4, D-F) and to a lesser extent with the
dendritic cell marker MCA948 (Figure 4, G-I).

Macrophages Isolated From DDR1-Null Mice
Present Reduced Migration

Leukocyte invasion is critical for tissue inflammation. We
have previously shown that DDR1-deficient mice and WT
counterparts present no quantitative difference in circu-
lating leukocytes, lymphocytes, monocytes, and neutro-
phils.”" Here, we have found that a subset of the intersti-
tial leukocytes recruited after UUO expressed DDR1.
Because DDR1-null mice presented reduced inflamma-
tion in the obstructed kidney, we next addressed the
issue of a proinflammatory role of DDR1 in macrophages
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via increased migration or differential M1/M2 polarization.
To this end, we isolated macrophages from DDR1 ~/~and
WT mice 48 hours after induction of an aseptic peritonitis
by injection of thioglycolate. As illustrated in Figure 5, A
and B, the overall cellular count and the specific macro-
phage count in the peritoneal lavages were reduced in
DDR1-null mice. Double immunostainings and real-time
gPCR revealed that the peritoneal F4/80" cells ex-
pressed DDR1 (Figure 6, A-C). Macrophages isolated
from the peritoneal cavity were allowed to migrate against
increasing concentrations of MCP-1. Importantly, DDR1-
null macrophages exhibited a significantly reduced mi-
gration compared with cells isolated from WT mice (Fig-
ure 5C). As shown in Figure 7A, macrophages isolated
from DDR1~/~ and WT mice presented no significant
difference in the expression of CCR2, the macrophage
receptor for MCP-1/CCL2, whereas CCR2 was reduced
in the obstructed kidney of DDR17~/~ mice, consistent
with blunted inflammatory infiltrate (Figure 7B). The che-
motactic signal-inducing macrophage migration in our in
vitro conditions was consequently similar in both strains.
Because macrophages may represent a heterogeneous
population, we thereafter performed real-time gPCR anal-
yses of selected M1- and M2-associated mRNA on iso-
lated macrophages to determine whether DDR1 influ-
enced M1/M2 phenotype. We found no significant
difference between DDR1~/~ and WT macrophages in all
of the M1 (iNOS, MCP-1, and IL-23) and M2 (Arg1 and
MRC1) markers analyzed in this study. TNF-a and TGF-B
mRNA was similar between DDR1~/~ and WT macro-
phages. Col3A1 expression was low in macrophages
and did not exhibit strain-dependent difference (see Sup-
plemental Figure S1 at http://ajp.amjpathol.org).

Rolling and Adhesion of Circulating Leukocytes
Are Not Altered in DDR1-Null Mice

To determine whether reduced leukocyte infiltration in
DDR1~/~ mice may be due to impaired interactions be-
tween circulating leukocytes and the vascular endothe-
lium, we evaluated the rolling and adhesion of MCP-1
chemoattracted leukocytes in vivo. The analyses of these
intravital microscopy experiments showed no difference
between DDR1~/~ and control WT mice in leukocyte roll-
ing and adhesion in mesenteric veins (Figure 8, A and B;
see also compressed Supplemental Video S1 at http.//
ajp.amjpathol.org).

DDR1-Null Mice Are Protected Against
Interstitial Fibrosis Induced by UUO

We next investigated the effect of DDR1 deficiency on the
development of renal interstitial fibrosis. Interstitial fibrillar
collagen accumulation was studied by morphometric
analysis in Sirius red-stained renal sections as an index
of the fibrotic response to UUQ. After 12 days of UUO, the
Sirius red score showed a 12-fold increase in the ob-
structed kidney in WT mice compared with control kid-
neys. DDR1~/~ mice presented a 33% reduction in the
accumulation of interstitial collagen compared with the
WT mice (Figure 9, A-C). The real-time gPCR evaluation
of the UUO-induced expression of Col3A1 and TGF-B1, a
key profibrotic cytokine, was significantly lower in
DDR1~/~ than in WT mice, consistent with reduced fibro-
genesis in DDR1~/~ mice (Figure 9, D and E).

Figure 6. Double immunostainings for DDR1 (A, X60) and F4/80 (B, X60) in peritoneal lavages, 48 hours after thioglycolate injection. Merge (C, X60).
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Figure 7. Expression of the MCP1/CCL2 ligand, CCR2, on isolated peritoneal
macrophages (A) and on the renal cortex (B). Data are mean * SEM. *P <
0.01 versus nonobstructed kidney; **P < 0.01 versus obstructed WT kidney.

Discussion

Because it regulates interactions between the ECM and
both resident and infiltrating cells, DDR1 is a potent actor
of tissue adaptations to acute and chronic lesions. In this
study, we show that DDR1 plays a crucial role in renal
injury induced by UUO. We demonstrate that DDR1-de-
ficient mice have reduced inflammation and subsequent
accumulation of fibrillar collagen in the obstructed kidney
and that interstitial infiltrating cells are important media-
tors of the expression of DDR1 in renal inflammation. We
further identify a subpopulation of DDR1 * macrophages
in the obstructed kidney and demonstrate impaired mi-
gration in DDR1~/~ macrophages. These results focus
attention on a direct role of DDR1 in the initiation and
progression of renal inflammatory diseases.

In normal conditions, DDR1 is expressed in the kid-
ney.'® However, current evidence does not support a
key role for DDR1 in renal development and physiology,
in particular because transgenic mice lacking DDR1
present a close to normal renal phenotype in basal con-
ditions.’™ ' In contrast, DDR1 has been established as
an important contributor to a broad variety of pathologic
processes, especially in cancer and inflammation, by
promoting cell migration, invasion, and survival,®10:20-23
In parallel, several in vitro and in vivo studies have shown
that DDR1 was involved in crucial mechanisms leading to
fibrogenesis.®'#2* However, to date few studies have
analyzed the implications of DDR1 in the setting of kidney
fibrosis.

We have previously demonstrated that DDR1-deficient
mice presented a blunted degree of collagen | and IV
expressions during hypertension-induced renal fibro-
sis.’ This study revealed reduced renal inflammation in
the transgenic mice, which suggests indirect conse-
quences of DDR1 activation on the progression of renal
fibrosis through enhanced local inflammation. Such a
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Figure 8. Quantification of leukocyte rolling (A) and adhesion (B) i1 vivo in
mesenteric veins. Data are mean *£ SEM.
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Figure 9. DDR1 ™/~ mice are protected against fibrosis induced by UUO.
Representative views of Sirius red stainings 12 days after UUO in the renal
cortex of DDR1™/~ and WT mice (A and B, respectively, X20). Morphomet-
ric analysis of the percentage of fibrillar collagen in the cortical area (C).
Col3A1 (D) and TGF-B1 (E) expression evaluated by real-time qPCR. Control
nonobstructed kidneys (black bars), WT UUO (gray bars), and DDR1-KO
UUO (white bars). Data are mean = SEM. *P < 0.01 versus nonobstructed
kidney; **P < 0.05, **P < 0.01 versus obstructed WT kidney.

protective effect of DDR1 deletion secondary to its anti-
inflammatory effect has been also demonstrated in a
model of atherosclerosis in mice.? Moreover, Gross et
al®® recently studied the role of DDR1 in the kidney of
Col4A3-deficient mice and suggested that podocyte-ma-
trix interactions via DDR1 may play a role in glomerular
injury in Alport syndrome. DDR1 deficiency was also as-
sociated with reduced inflammation in the latter study.
Owing to the pathophysiology of the experimental models
and to the localization of DDR1 in the kidney, resident
vascular smooth muscle cells and glomerular cells ex-
pressing DDR1 were respectively susceptible to be the
major contributors to the profibrotic action attributed to
DDR1 in these studies. Because it is the setting of cellular
infiltration and ECM deposition, the interstitium is known
to be a major player in the progression of renal fibrosis,
irrespective of the initial injury.?® To date, the role of DDR1
has not been analyzed in renal diseases resulting from a
primitive tubulointerstitial lesion or in models characterized
by important interstitial inflammation. In the present work,
our aim was to extend the understanding of DDR1 implica-
tions in renal injury by specifically analyzing the conse-
quences of the absence of DDR1 in an acute inflammatory
tubulointerstitial injury induced by ureteral ligation.

The results of our study show that DDR1 is strongly
up-regulated after UUO at both the mRNA and the protein
levels. Unexpectedly, we found that the injured tubular
epithelial cells do not significantly express DDR1 after
UUQ. Indeed, the major cells responsible for the de novo
induction of DDR1 expression in the kidney are interstitial
cells, in particular F4/80" cells. Repeated colocalization
studies showed that DDR17* interstitial cells are predom-
inantly macrophages and to a lesser extent dendritic
cells. It is well established that the natural history of UUO
is characterized by the early onset of renal interstitial
inflammation as a consequence of the production of pro-
inflammatory cytokines, such as MCP-1, by resident in-
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terstitial and epithelial cells.?”*® Specifically, infiltration
by activated macrophages plays a central role in the
inflammatory response to UUO and in the progression of
the subsequent renal disease.?® 32 When compared with
the renal localization of DDR1 expression in murine hyper-
tension-induced renal disease and in Col4A3-deficient
mice, our present results, consistent with recent observa-
tions of DDR1* macrophages in atherosclerosis, suggest
that DDR1 appears to be induced in cell types that are
predominantly activated by the specific disease process
and involved in the response to the local injury.'!25:33

Because we identified an important expression of
DDR1 on interstitial macrophages, we hypothesized that
the absence of DDR1 in macrophages may protect
against UUO-induced lesions in DDR1-deficient mice. To
gain insight on the role of DDR1 in macrophages, we
performed a step-by-step analysis of the critical phases
implicated in macrophage recruitment. We initially dem-
onstrated that DDR1-deficient mice and WT counterparts
present similar leukocyte rolling and adhesion in vivo after
MCP-1 injection in the absence of differential CCR2 ex-
pression on macrophages. We then performed aseptic
peritonitis to promote macrophage recruitment, which
was significantly blunted in DDR1-deficient mice, similar
to the observation of renal macrophage invasion after
UUQO. We subsequently compared in vitro migration in
control macrophages and in macrophages lacking
DDR1. In a previous study, macrophages isolated from
DDR1-deficient mice presented a reduced invasion index
across collagen IV-coated Boyden chambers.®® Here,
we found that, even in the absence of in vitro activation of
DDR1 signaling, macrophages freshly isolated from
DDR1~/~ mice exhibited a sustained deficiency in their
migratory capacity compared with control macrophages,
which implies persistent activation of cellular processes
downstream of DDR1. These results show that DDR1
activation in macrophages is required for normal migra-
tion and suggest an important role of DDR1 in interstitial
macrophage infiltration in inflammatory kidney lesions.
An important result of our study was that DDR1~/~ and
WT macrophages did not exhibit significant differences in
M1/M2 polarization. Interestingly IFN-vy, a cytokine impli-
cated in macrophage cytotoxic activity, presented a
strongly reduced expression in the obstructed kidney in
DDR1-deficient mice. IFN-vy is produced by various cell
types implicated in the renal response to UUO, including
lymphocytes. In T cells, IFN-y expression is dependent
on p38 MAPK, a key pathway activated by DDR1.20:27:34
Alternatively to a role of DDR1 in macrophage migration,
but not exclusively, the proinflammatory chemotactic en-
vironment may consequently be influenced by DDR1 ex-
pression in resident and/or infiltrating cells in UUO.

In our study, the accumulation of fibrillar collagen in the
interstitium and the renal expression of type Il collagen
and TGF-B, a key profibrotic cytokine, were significantly
blunted in DDR1-deficient mice. Sustained interstitial in-
flammation is associated with the progression of renal
fibrosis so that inhibition of inflammation in DDR1-defi-
cient mice may provide an efficient antifibrotic mecha-
nism.?® However, alternative factors, including DDR1 ex-
pression in resident cells, may also be directly involved in

ECM deposition in this setting. Recent in vivo studies on
smooth muscle cells®®% and in vitro”?* results have dem-
onstrated that DDR1 activation resulted in a decrease of
matrix accumulation and fibrillogenesis. The effect of
DDR1 on matrix production may depend on the cell type
and the environment. Owing to the pathophysiology of
UUO and to the striking differences in inflammation dem-
onstrated in this study, we believe that our results support
the hypothesis that reduced fibrosis in DDR1-deficient
mice in this model is predominantly related to reduced
renal inflammation.

Together with previous studies that evaluated the role
of DDR1 in kidney disease, our results provide evidence
that DDR1 is broadly implicated in the pathogenesis of
renal fibrosis, irrespective of the compartment of the ini-
tial lesion.’2% In perspective, our study underlines a
major role of DDR1 in kidney disease progression, par-
ticularly through the enhancement of renal inflammation.
These results draw attention to the important therapeutic
potential of drugs targeting DDR1 in the initiation and the
progression of fibrogenesis and probably most impor-
tantly in the setting of renal inflammatory diseases.
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