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Summary

The homeostatic chemokine receptor CCR7 serves as key molecule in lymphocyte homing into secondary lymphoid tissues.
Previous experiments from our group identified CCR7 also to be expressed by human mesangial cells. Exposing cultured
human mesangial cells to the receptor ligand CCL2| revealed a positive effect on these cells regarding proliferation,
migration, and survival. In the present study, we localized CCR7 and CCL2I during murine nephrogenesis. Analyzing
wild-type and CCR7 deficient (CCR7™") mice, we observed a retarded glomerulogenesis during renal development and
a significantly decreased mesangial cellularity in adult CCR7™ mice, as a consequence of less mesangial cell proliferation
between embryonic day E17.5 and week 5 postpartum. Cell proliferation assays and cell-wounding experiments confirmed
reduced proliferative and migratory properties of mesangial cells cultured from CCR7™~ kidneys. To further emphasize
the role of CCR7 as important factor for mesangial biology, we examined the chemokine receptor expression in rats
after induction of a mesangioproliferative glomerulonephritis. Here, we demonstrated for the first time that extra- and
intraglomerular mesangial cells that were CCR7-negative in control rats exhibited a strong CCR7 expression during the
phase of mesangial repopulation and proliferation. (] Histochem Cytochem 66:7-22, 2018)
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Introduction Chemokines (chemotactic cytokines) are classified
into four subfamilies (CXC, CC, CX3C, and XC) and
serve as key molecules in mediating immune cell
migration. In the context of immune response, chemo-
kines are rapidly up-regulated and recruit leukocytes
to loci of inflammation.” Contrarily, homeostatic che-
mokines like CCL21 and its receptor CCR7 are consti-
tutively expressed and direct naive T lymphocytes®

Nephron development as a tightly controlled process
occurs as a result of dichotomous subdivisions of the
ureteric bud (UB) induced by the metanephrogenic
mesenchym (MM). That, in turn, condensates to renal
vesicles (RV), which further differentiate into comma-
shaped bodies (CSB) and S-shaped bodies (SSB).
The latter is characterized by a cleft, where podocytes
develop'™ and endothelial cells (EC),* followed by
mesangial cells (MCs), migrate in. With transition to

the Capi”ary Ioop stage (CLS), MCs form a core sur- Received for publication April |1, 2017; accepted September 28, 2017.
rounded by a single capillary loop.° Premised on their .
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and dendritic cells (DC)® in secondary lymphoid tis-
sues, with the objective of T-cell activation.™

In recent years, more chemokine functions have
been described in addition to leukocyte recruitment
and immune homeostasis, for example, their role in
angiogenesis.”"'? In the renal context, alterations in
chemokine expression were mainly described under
inflammatory and pathophysiological conditions, for
example, the release of CCL2 by proximal tubular
cells after stimulation with IL-1a"® or the increased
CXCR3 expression by patients suffering from IgA
nephropathy.’™

A renal phenotype depending on a particular che-
mokine expression under physiological conditions
has not been identified, yet. Nevertheless, previous
studies in our group demonstrated a podocytary
CCL21 and mesangial CCR7 expression, respec-
tively, in healthy adult humans. Additional cell cul-
ture experiments exhibited a positive effect on human
MCs'® stimulated with CCL21 regarding mesangial
adhesion, migration, and proliferation as well as a
reduced susceptibility to induced apoptosis. Notably,
the first three aspects are based on the enhanced
CCL21-mediated mesangial ability to reorganize their
cytoskeleton.'™ %18

The purpose of this study was to reveal the
expanded role of CCR7 and its ligand in mesangial
physiology by means of our animal models. Therefore,
we performed localization experiments on renal speci-
mens from developing and adult wild-type (WT) mice
as well as from rats treated with an anti-Thy1.1 anti-
body. Furthermore, we examined the effect of CCR7
deficiency on mesangial physiology in vivo and in vitro.

Materials and Methods
Mice

C57BL/6J and B6.129P2(C)-Ccr7™"A"/y (CCR77")
mice were purchased from The Jackson Laboratory
(Sacramento, CA). CCR7”~ animals (stock number
006621) were backcrossed to C57BL/6 mice for 8 gen-
erations before sale. CCR7™~ mice were generated by
Forster and colleagues by replacing amino acids from
Ser-139 to Asp-309 by a neomycin resistance gene.
All mice were bred and housed under standard condi-
tions with 12 hr day-night cycle with free access to
water and chow. For embryonic kidney explantation,
female WT mice were mated temporally controlled. For
kidney extraction from postpartal and adult male mice,
animals were anesthetized before intracardiac perfu-
sion with HBSS (Life Technologies; Carlsbad, CA). All
animal procedures were performed in accordance with
national regulations for care and use of animals. Organ

harvesting is not subject to approval by an institutional
or licensing committee.

Rat Model of Anti-Thy 1.l Mesangioproliferative
Glomerulonephritis

Male Wistar rats were obtained from Charles River
Laboratories (Wilmington, MA) and kept under stan-
dard conditions with 12 hr day-night cycle with free
access to water and chow. After reaching a weight of
180 g, anti-Thy1.1 mesangioproliferative glomerulone-
phritis was induced by injection of 1 mg/kg anti-Thy1.1
monoclonal antibody (clone OX-7; European Collection
of Animal Cell Cultures; Salisbury, England). Kidneys
were removed at 4, 24, and 48 hr as well as 4 and 7
days after antibody injection. Rats treated with PBS
served as control. All animal procedures were per-
formed in accordance with national regulations for
care and use of animals and were approved by the
local government authorities (Landesamt fiir Natur,
Umwelt und Verbraucherschutz Nordrhein-Westfalen;
Duisseldorf, Germany).

Isolation and Characterization of Primary Mouse
Mesangial Cells

Primary mouse mesangial cells (pPMMCs) were iso-
lated from male CCR7™~ and WT mice at the age of 10
and 20 weeks (10w or 20w WT or CCR7™7", respec-
tively). Therefore, kidneys were explanted and passed
through a series of stainless steel sieves with the fol-
lowing mesh sizes: 150 pm, 100 pm, 70 pym, 50 pm.
Glomeruli were collected on the 100 ym, 70 ym, and
50 pm sieve and treated with 0,1 mg/ml collagenase
IV (Biochrome; Cambridge, UK) at 37C for 30 min.
Glomeruli were transferred into fibronectin coated cul-
ture flasks and cultured in pMMC medium (DMEM low
glucose, GlutaMAX, Life Technologies) supplemented
with 20% fetal calf serum (Sigma Aldrich; St. Louis,
MO), 2 mM L-glutamine, 1 mM sodium pyruvate, 5 mi
non-essential amino acids solution (100x), 50 ng/ml
Amphotericin B, 100 U/ml penicillin, 100 g/ml strepto-
mycin (all Life Technologies), 5 yg/mlinsulin, and 5 pg/
ml transferrin (both Sigma Aldrich) in an atmosphere
of 5% CO,/95% air. After reaching a confluence of
90%, subcultivation was carried out by accutase (Life
Technologies) treatment for 10 min. All pMMCs exhibit
the typical stellate morphology. Characterization by
immunostaining showed that pMMCs were positive for
smooth muscle alpha-actin (Epitopics Inc; CA) and
platelet-derived growth factor receptor beta (PDGFR-p)
(Monoclonal 1gG, clone Y92; Abcam, Cambridge, UK)
and negative for cytokeratin 18 (Life Technologies).
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Histochemical, IHC, and Fluorescent IHC
Analyses

Mouse and rat kidneys were fixed with 4% paraformal-
dehyde and formalin, respectively. Histochemical and
IHC examinations were carried out on 3 pm thick par-
affin sections prepared by standard techniques.
Localization studies were performed with the following
primary antibodies: CCL21 (Monoclonal 1IgG2B, clone
59106; R&D Systems Inc.; Minneapolis, MN), CCR7
(Polyclonal Ig; Aviva, Systems Biology LLG; San Diego,
CA), PDGFR-B, and Ki-67 (Polyclonal whole IgG,
Bethyl Laboratories, Inc.; Montgomery, TX). For detec-
tion, we used a pre-formed enzyme-streptavidin
(Strep)-complex (HRP-Strep or alkaline phosphatase
[AP]-Strep, both Vector Laboratories Inc.; Burlingame,
CA) that attached to the biotinylated secondary anti-
body. To localize CCL21 and CCR7 (both AP-Strep),
we applied nitro blue tetrazolium/5-bromo-4-chloro-
3-indolyl-phosphate as chromogenic reporter while
nuclear fast red served as counterstain. For immuno-
fluorescence-based detection of CCR7, an Alexa
594-Strep-complex (Life Technologies) was used as
fluorochrome. PDGFR-$ and Ki-67 were detected
employing 3,3'-diaminobenzidine (DAB)—and, in
addition, 0.09% NiCl, for Ki-67—and hematoxylin or
nuclear fast red, respectively, as counterstain. As neg-
ative controls, we performed staining in the absence of
each of the primary antibodies.

Mesangial Cell Quantification by Single Cell
Analysis

Histomorphometric analyses of embryonic and postpar-
tal murine kidneys were carried out with H&E stained
renal sections using a Zeiss Observer microscope and
AxioVision software (both Zeiss; Jena, Germany). The
widths of the nephrogenic zone and renal cortex were
measured in a blinded manner as described else-
where."® Glomerular size was determined using
HistoQuest 3.0 software (TissueGnostics GmbH;
Vienna, Austria).° Therefore, glomerular tuft areas were
manually defined as “regions of interest” (ROI). Based
on the respective pixel size, the glomerular size was cal-
culated. For single cell analysis, renal sections were
stained for the mesangial cell marker PDGFR-f2"2? and
hematoxylin. PDGFR- positive cells exhibited a DAB-
brown hue; cell nuclei were blue. In all, 20 glomeruli per
kidney were photographed in a blinded manner using an
Axiostar plus microscope and AxioVision Release 4.8.1
software (both Zeiss; Jena, Germany). Subsequent
evaluation was conducted using HistoQuest 3.0 soft-
ware (TissueGnostics GmbH; Vienna, Austria).
Glomerular tuft areas were manually encircled and

defined as ROI. Only cells within the ROl were included
in the analysis. Based on the HistoQuest 3.0 software
algorithm, blue-stained nuclei were determined as sin-
gle cells. Thereby, the amount of glomerular cells could
be assigned. Every identified cell being, in addition,
brown-stained was recognized as a PDGFR-§ positive
cell, or rather a mesangial cell.® Hence, the number of
glomerular mesangial cells was ascertained.

Sodium Dodecyl Sulfate Polyacrylamide Gel
Electrophoresis (SDS-PAGE) and Immunoblotting

For Western Blot analysis, pMMCs were grown in a 6-well
plate supplemented with pMMC medium until confluency.
After washing once with PBS, cells were lysed in 200 pl
RIPA buffer per well with additive 100x Halt Protease and
Phosphates Inhibitor Cocktail (Thermo Fisher Scientific
Inc.; Waltham, MA). A bicinchoninic assay was performed
to determine the protein concentrations; 10 pg protein per
sample were electrophoretically separated, transferred to
nitrocellulose membranes, and immunoblotted with anti-
bodies against CCR7 (Monoclonal 1gG, clone Y59;
Abcam, Cambridge, UK) and glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) (Monoclonal IgG, Cell
Signaling Technologies; Danvers, USA). For signal detec-
tion through horseradish peroxidase (HRP)-conjugated
secondary antibodies, we used the ChemiDoc Imaging
System (Bio-Rad; Hercules, CA).

Quantitative PCR Analyses

Total RNA was extracted from pMMC by applying peg-
GOLD Total RNA Kit according to manufacturer's
instruction (VWR International GmbH; Erlangen,
Germany) and reverse transcribed in cDNA. To exam-
ine differential gene expression, primers were designed
using Primer3 software (for primer sequences, see
Suppl. Table 1). Their specificity and efficiency between
90% and 110% was confirmed beforehand. All sam-
ples were run in triplicates applying the QuantiTect
SYBR Green PCR Kit (Qiagen; Hilden, Germany) and
normalized to the expression of peptidylpropyl isomer-
ase B (cyclophilin B) using the ViiA 7 Real-Time PCR
System (Thermo Fisher Scientific Inc.). Fold change in
expression was calculated using the 2724 method.

Proliferation Assay

Cell proliferation was assessed by colorimetric BrdU
cell proliferation assay according to manufacturer’s
instructions (BioVision; Milpitas, CA). From each of the
four pMMC types, 5000 cells per well were dispensed
into a 96-well plate with pMMC medium and allowed to
adhere for 16 hr. Cells were treated with fresh pMMC
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medium supplemented with 10 uM BrdU for 1 hr. This
BrdU ELISA was performed in technical triplicates for
three times always with pMMCs originating from a new
passage.

Cell Migration Assay

In all, 5x10° cells from each of the four pMMC types
were seeded per well of a 6-well plate and allowed to
adhere overnight. After reaching confluence, the
monolayer was scraped off with a rubber policeman to
generate a linear cell-free area. Cells were washed
twice with PBS, and new pMMC medium was added.
To guarantee documentation of the same region, the
wells were marked across the disrupted area. At 0, 24,
and 48 hr after wounding, phase-contrast images of
the corresponding regions were taken, and the width
of the gap was determined using the AxioObserver.Z1
microscope (Zeiss; Jena, Germany). Each experiment
was repeated 3 times.

Statistics

Statistical analysis was performed using IBM SPSS
Statistics Version 21. Normal distribution was ascer-
tained by the Shapiro-Wilk test, followed by a paramet-
ric ANOVA. In case of variance homogeneity or
heterogeneity, the post-hoc test of Tukey and Kramer
or Games-Howell, respectively, was applied. Non-
normally distributed data were analyzed by Kruskal-
Wallis non-parametric ANOVA. Ordinal data were
statistically compared with the use of chi-squared
tests. Statistical difference was set at the 5% level of
probability.

Results

Renal CCR7 and CCL2 | Expression in C57BL/6J
Mice

Localization of the chemokine receptor by IHC stain-
ing revealed a strong expression in embryonic and
early postpartal nephrogenesis (Fig. 1A-D). CCR7-
positive structures in metanephroi were mesenchymal
stromal cells and cells surrounding the cap mesen-
chym at day 14.5 of embryonic development (E14.5)
as well as CSBs at E17.5. In late embryonic and post-
partal kidneys, CCR7 was detected on early MCs in
the CLS. However, with progressing development, glo-
merular CCR7 protein expression decreased and
nearly disappeared in adult murine kidneys so that
only a very weak, but still detectable expression was
observed in fully developed glomeruli. Its ligand CCL21

CCL21

(continued)
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Figure I. Renal CCR7 and CCL21 expression in C57BL/6) mice.
(A) CCR7 localizes within embryonic kidney at EI4.5 on cells
of the MM and in the UB and (B) in the CSB at E17.5. (C) Early
glomerular MCs within the CLS at pp2 are positive for CCR7.
(D) In mature glomeruli, CCR7 exhibits only a weak expression.
(E) Negative control staining for CCR7. (F) CCL21 is expressed
at EI4.5 in the MM and in the UB. CCL2| shows a podocytary
expression pattern (G) at E17.5 on early podocytes, (H) at pp2 on
further developed podocytes, and (I) constitutively on differenti-
ated podocytes in mature glomeruli. (J) Negative control staining
for CCL21. CCR7 or CCL2I positive areas are blue, the coun-
terstain is red. Scale bars: 20 pm; n=6—10. Abbreviations: MM,
metanephrogenic mesenchym; UB, ureteric bud; CSB, comma-
shaped body; MC, mesangial cells; CLS, capillary loop stage; G,
glomerulus.

(Fig. 1F-I) was expressed in the MM and the UB dur-
ing early embryonic nephrogenesis at E14.5. At this
time, IHC localization of the chemokine ligand indi-
cated an overall expression rather than a distinct
expression pattern. With progressive glomerulogene-
sis, both early and further developed podocytes in
embryonic or postpartal kidneys as well as fully differ-
entiated podocytes in mature glomeruli were positive
for CCL21.

Glomerular Development Is Delayed in
Embryonic and Postpartal CCR7™~ Mice

Because the expression of CCR7 and its ligand CCL21
was detected to be most prominent during nephrogen-
esis, we subsequently investigated whether CCR7 ™7~
deficiency already affects glomerulogenesis. As
murine nephrogenesis is still incomplete at the time of
birth, kidneys from WT and CCR?7 deficient (CCR7™")
mice were examined at E17.5 and at day 2 and 5 post-
partum (pp2, pp5) for the thickness of the nephrogenic
zone (NZ). As the development of new nephrons was
completed in both CCR7 WT and knockout animals at
day 10 postpartum (pp10), here, the width of the renal
cortex was measured. Additional analyses included
counting the number of glomeruli normalized to the
respective area, the mean glomerular size, as well as
the glomerular cell number relative to the glomerular
size, and the ratio of CLS bodies relative to further or
fully developed glomeruli.

Regarding the width of NZ and the renal cortex, no
difference was observed between age-matched WT
and CCR7™" animals in all groups (Fig. 2A and B).
Subsequent quantification of the number of glomeruli
revealed that age-matched WT and CCR7™~ kidneys
contain approximately the same numbers of glomeruli
(Fig. 2C). Next, we investigated the glomerular size.
For E17.5 kidneys, whole sections were examined,

whereas for pp2 and pp5 kidneys, the subnephrogenic
zones, and for pp10 kidneys, subcapsular zones were
analyzed. To examine only those glomeruli that have
last developed, a 200 pm broad segment of the outer
subnephrogenic zone or the outer periphery of the
cortex was examined to prevent addressing also older,
that is, fully developed, glomeruli in the inner cortex.
Morphometric measurements demonstrated that post-
partal CCR7™~ glomeruli are significantly smaller com-
pared with WT glomeruli (Fig. 2D). The mean
glomerular size of WT glomeruli from pp2 mice was
1194 pm? compared with 804 um? in CCR77~ animals.
At pp5 or pp10, a mean glomerular size of 1222 pm?
versus 895 um? and 1078 um? versus 687 um? were
measured. Although a trend was already recognizable,
the size of E17.5 glomeruli did not significantly differ. To
exclude that the reduced glomerular size observed in
CCR77" animals was a result of smaller renal cells,
the number of glomerular cells was also assessed and
normalized to the size of the corresponding glomeru-
lus. Our data revealed no differences between age-
matched groups (Fig. 2E) indicating that a CCR7
deficiency did not have an effect on glomerular cell
size or total number relative to the size of the glomeru-
lus. Another reason for the reduced glomerular mean
size was a potential developmental deficit. Therefore,
the ratio of CLS bodies relative to further or fully devel-
oped glomeruli was determined. Our results demon-
strated that in both genotypes, the number of CLS
bodies declined with advancing age (Fig. 2F).
Containing approximately the same amount of CLS
bodies in E17.5 and pp2 kidneys, the ratio of CLS bod-
ies decreased more pronouncedly in WT animals. With
27.5% versus 54.2% in pp10 kidneys, the difference
between WT and CCR77 mice was statistically
significant.

These data implicate that the glomerulogenesis of
CCR7™" rodents proceeds slower than in the WT pen-
dant. The reduced glomerular size of CCR7™~ mice
correlates with more glomeruli being in CLS, the stage
of glomerulogenesis whose further development
strongly depends both on the amount as well as on the
proliferative and migratory capabilities of MCs.

CCRY7 Deficiency Affects Mesangial Cellularity in
Late Nephrogenesis and Adult Kidneys

Previous studies of our group suggested that CCR7
serves as proliferation and survival factor for MCs in
vitro.”""® 'As we now could elucidate that the
absence of the chemokine receptor impairs early glo-
merulogenesis in vivo, we subsequently aimed to
analyze a possible correlation between a CCR7
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Figure 2. Histomorphometric analyses of embryonic and postpartal kidneys. (A) Width of the nephrogenic zone in kidneys from WT
and CCR7™" mice at embryonic day 17.5 (E17.5), day 2 (pp2), and day 5 (pp5) postpartum in ym. (B) Width of the renal cortex from WT
and CCR7™" mice at day 10 (ppl0) postpartum in um. (C) Number of glomeruli normalized to the analyzed area (mm?) in embryonic
(E17.5) and postpartal WT and CCR7™" mice at pp2, pp5, and ppl0. (D) Glomerular size in um? in postpartal mice at E17.5 pp2, pp5,
and pp10. (E) Quantification of glomerular cells relative to the size of the corresponding glomerulus in kidney from E17.5 pp2, pp5, and
pp 10 mice. (F) Ratio of glomeruli in the capillary loop stage in mice at EI7.5 pp2, pp5, and pp 10 relative to further developed or mature
glomeruli. Gray bars represent mean data + SD for WT mice, black bars for CCR7™~ mice. Statistical analysis was conducted using one-
way ANOVA. Abbreviation: WT, wild-type. *p<0.05 comparing age-matched groups; n=6.

deficiency and an altered mesangial cellularity in
adult animals. We examined histological specimens
from 5-, 10-, 15-, 20-, and 30-weeks-old male WT and
CCR77" mice using the previously described mesan-
gial cell marker PDGFR-p.2"# PDGFR-B was
expressed in both genotypes (Supplemental Fig. 1),
however, the staining intensity and extent exhibited
interesting differences. With advancing age, only a
slight decrease in staining was observable in WT ani-
mals. In contrast, CCR7”~ mice displayed a weaker
staining intensity and extent.

Therefore, the next aim was to assess the number
of intraglomerular (IG) MCs. Based on the PDGFR-$
staining, we conducted a single cell analysis to quan-
tify the number of both all glomerular cells and IG MCs
(Supplemental Fig. 2). Our data show that CCR7 defi-
ciency affects the number of MCs (Table 1). At the age
of 5 weeks, CCR7”~ mice exhibited less MCs com-
pared with age-matched WT animals regarding both
the total and relative amount of MCs. For the first men-
tioned, statistical significance could be demonstrated
(30 MCs in WT vs. 14 MCs in CCR7”" mice). The
absolute number of intraglomerular cells (IGC) was
reduced as well (92 IGCs in WT vs. 81 IGCs in

CCR7™~ mice). Therefore, we conclude that this was a
result of diminished MC content because both geno-
types exhibit comparable values regarding the remain-
ing non-mesangial IGCs (64 IGCs in WT vs. 67 IGCs
in CCR77~ mice). Within the following 10 weeks, the
amount of MCs decreased in WT animals and reached
a stable level of approximately 14+1% from the age of
15 weeks. Contrarily, the MC number increased in
CCR7” mice between the age of 5 and 10 weeks.
Hereafter, the absolute and relative amount MC rapidly
declined to a value of 9 in 15-weeks-old CCR7™~ mice.
Having a relative cell content of 7%, 20- and 30-weeks-
old CCR7™" mice feature statistically significant less
MCs compared with WT animals. Although the abso-
lute IGC number significantly increased in 20- and
30-weeks-old CCR77~ mice, a decline in total MC
number was observed. One possible explanation for
the increase of IGCs might be an influx of circulating
immune cells into the glomeruli. To address this ques-
tion, an additional IHC staining using a specific anti-
MAC-2 antibody to stain infiltrating macrophages was
performed. A statistically significant macrophage influx
into glomeruli of 20- and 30-weeks-old CCR7™~ mice
was detected (Supplemental Fig. 3).
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Table I. Intraglomerular Whole and Mesangial Cell Number.

Total Glomerular Cell

Intraglomerular Mesangial

Intraglomerular Mesangial Cell
Number Relative to Total

Number Cell Number (Absolut) Glomerular Cell Number (%)
Age WT CCR7™- WT CCR7™- WT CCR7™-
5 weeks 92 8l 28 14* 30 17
(88-104) (78-90) (21-32) (12-19) (23-33) (15-27)
10 weeks 106 99 22 25 21 25
(100-113) (96-109) (19-24) (19-29) (18-22) (18-32)
15 weeks 98 11 15 9 15 9
(91-104) (106-118) (10-16) (8-22) (12-16) (7-20)
20 weeks 88 I15% 14 8 14 7*
(82-96) (108-120) (r1-16) (6-10) (9-21) “4-11)
30 weeks 97 I12* 13 8* 13 7*
(94-99) (105-116) (11-14) (6-12) (8-18) (4-13)

The total glomerular cell number, total intraglomerular mesangial cell number, and intraglomerular mesangial cell number relative to total glomerular
cell number are presented as median with the interquartile range in parentheses. A total of 20 glomeruli per kidney were analyzed in a blinded manner.
Medians were compared by non-parametric univariate ANOVA, followed by pairwise comparison using Kruskal-Wallis. *p<0.05 versus age-matched

wild-type mice; n=6-10.

Retarded Development of the Glomerular Tuft
in CCR7™" Mice

Single cell analysis revealed a reduced MC number in
5-weeks-old CCR77~ mice. Because MCs are essen-
tial for capillary tuft development, we analyzed glomer-
ular developmental stages of 5- and 10-weeks-old
mice of both genotypes based on the IHC staining
against PDGFR-B. Thereby, glomeruli exhibiting a low
or moderate number of MC-fields were evaluated with
a score of 1 or 2, respectively. Mature glomeruli
received a score of 3 (Fig. 3A). This analysis revealed
that in 5-weeks-old WT animals, 63.3% of glomeruli
were fully developed; 32.5% of glomeruli exhibited a
moderate number of MC-fields and have, therefore, a
partially built capillary convolute. Only 4.2% of exam-
ined glomeruli were identified to be in the CLS.
Contrarily, in CCR7”~ mice, the percentage of mature
glomeruli corresponded to only 34.2%. Thus, 49.2% of
analyzed glomeruli featured a partially formed capil-
lary tuft, and 16.6% were still in the phase of the CLS.
However, this developmental deficit could be compen-
sated until the age of 10 weeks, where no differences
between the two genotypes were detected (Fig. 3B).

CCR7 Dependent Proliferative Properties of
Glomerular MCs in vivo

To further characterize CCR7 dependent proliferation
in vivo, histological sections from 5-, 10-, 15-, 20-, and
30-weeks-old WT and CCR7”~ mice were analyzed for
the renal expression of the proliferation marker Ki-67
(Fig. 4A). Analyzing WT rodents, it could be seen that

the quantity of proliferative cells decreased with
advancing age in both glomeruli and tubules. Although
an age-dependent decrease of renal cell proliferation
was also seen for CCR7™" mice, statistically signifi-
cant differences compared with the WT were found in
both the youngest and the oldest group (Fig. 4B). In
the glomeruli of 5-weeks-old CCR7”~ mice, we
detected 0.93 (+0.29) proliferating cells per glomeru-
lus versus 0.48 (+0.07) in the age-matched WT group.
In contrast, a reduced number of proliferating cells
was seen in glomeruli in 30-weeks-old CCR7™~ mice.

Isolation of CCR7 Expressing Primary Murine
Mesangial Cells

In the subsequent experiments, our goal was to further
analyze the characteristics of glomerular MCs depend-
ing on their ability to express CCRY7. Therefore, we iso-
lated primary murine MCs (pMMCs) from 10- or
20-weeks-old WT animals and for subsequent in vitro
studies also pMMCs from age-matched CCR7™~ mice.

The first aim was to demonstrate that 10w or 20w
WT pMMCs express CCR7. Conducting qPCR experi-
ments, we measured a CT value of approximately 33
for CCRY7, which represented an expression level close
to the detection limit (data not shown). In addition, we
prepared whole cell extracts and conducted an SDS-
PAGE followed by Western Blot analysis. Our immu-
noblot (Fig. 5) against the chemokine receptor showed
a single band of the predicted molecular weight of 43
kDa revealing that WT pMMCs express CCR7 on pro-
tein level independent from the age of mice the cells
were isolated from. We could not detect the receptor in
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pMMCs from CCR7™" mice. A further blot to detect
GAPDH served as loading control.

Differential Gene Expression in Primary Murine
Mesangial Cells

To examine why WT and CCR7™~ mice exhibited dif-
ferent mesangial cellularities depending on age and
genotype, we analyzed 10w or 20w WT or CCR7 7~
pMMCs for their mRNA expression. We selected
genes (Suppl. Table 2) that were described to control
pro- and antiapoptotic processes as well as prolifera-
tion and migration in MCs.

Figure 3. Development of glomerular tuft in 5- and 10-weeks-
old WT and CCR7™™ mice. (A) Examples for PDGFR-B (brown)
stained mesangia that illustrate allocated scores with correspond-
ing developmental stages of glomerular convoluted capillaries.
Score | represents a glomerulus in the capillary loop stage, score
2 an immature glomerulus with a few capillary loops, score 3 a
mature glomerulus. Scale bars: 20 pm. (B) Number of assigned
scores in 5- and 10-weeks-old WT and CCR7™~ mice regard-
ing the development of the glomerular tuft. Statistical analysis
was carried out by chi-square test. Abbreviation: WT, wild-type;
PDGFR-B, platelet-derived growth factor receptor beta. ¥p<0.05
for age-matched groups; n=6-8.

We defined a change in gene expression of more
than 2-fold as biologically relevant. Four genes (Fig. 6)
were detected as biologically relevant and statistically
significant (p>0.05): TNF receptor superfamily mem-
ber 6 (Fas receptor; FasR), growth arrest-specific 6
(Gas6), tissue inhibitor of metalloproteinases 2
(Timp2), and vascular cell adhesion molecule-1
(Veam1). In total, 10w and 20w CCR7”~ pMMCs pro-
duced 2.3 or 2.0-fold more FasR mRNA than the cor-
responding WT pMMCs (p=0.59 and 0.001,
respectively). Gas6 mRNA expression levels were
reduced by a factor of 0.6 relative to 10w WT pMMCs
(p=0.82) and 0.1 relative to 20w WT pMMCs (p=0.04).
While there was no significant difference in Timp2
expression between 10w pMMCs, 20w CCR77~
pMMCs expressed 4.3 times more Timp2 mRNA as
opposed to 20w WT pMMCs (p=0.05). Compared with
10w WT pMMCs, a 3.2-fold increase of Vcam1 mRNA
expression was observed in 10w CCR7”~ pMMCs
(p=0.01). Contrarily, in pMMCs from 20-weeks-old
mice, the expression of Vcam1 declined to 0.01-fold in
CCR77~ pMMCs relative to the WT (p=0.06).
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CCR7 Deficiency Affected Proliferative Capability
of pPMMCs

Regarding the reduced number of glomerular MCs in
CCR77" mice and the differential gene expression
of FasR and Gas6, which regulate survival and prolif-
eration, we studied the effect of CCR7 deficiency on
the proliferative capability of pMMCs. We applied a
5-bromo-2’ deoxyuridine (BrdU) ELISA, which was
conducted three times with pMMCs originating from a
new passage each. The result (Fig. 7) was shown as
mean absorption at 450 nm relative to 10w WT
pMMCs. There is no difference between both WT
pMMCs and 10w CCR77~ pMMCs. Contrarily, 20w
CCR77~ pMMCs displayed a statistically significant

Reduced Migratory Properties of CCR7 Deficient
pMMCs

In addition to the BrdU ELISA, we performed a second
experiment to confirm the relevance of CCR7 for
mesangial proliferation but also coincidentally for
mesangial migration. A wound-healing assay was con-
ducted with pMMCs of each type. Cell migration was
assessed immediately as well as 24 hr and 48 hr after
the monolayer was injured (Fig. 8). Directly after wound-
ing, a gap of circa 1.23 mm (14 pm) was observed in
all types of pMMCs. At 24 hr, WT pMMCs have already
started to repopulate the vacant area and shortened
the distance to 436 pm (35 pym) or 523 pm (130 pm)
for cells from 10- or 20-weeks-old animals, respectively.
In CCR7™~ pMMCs, this process took place deceler-
ated, especially in 20w CCR7”~ pMMCs where we
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Figure 6. X-fold changes in mRNA expression of FasR, Gasé,
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ference in mMRNA expression level between the groups. RNA was
extracted from all pMMC types, each from 3 different consecu-
tive passages. Abbreviations: pMMCs, primary mouse mesangial
cells; WT, wild-type. ¥p<0.05; **5<0.001.

measured a wound of 1 mm (x303 ym) in the mean.
After 48 hr, the lesion was almost completely closed in
both WT pMMCs types, whereas a statistically signifi-
cant wider gap of circa 472 pm (+78 pm) or 681 pm
(+140 pm) was ascertained for 10w CCR7”~ pMMCs
and 20w CCR7™~ pMMCs, respectively.

Induction of Renal CCR7 Expression in the

Model of Anti-Thyl.| Mesangioproliferative
Glomerulonephritis

On one hand, CCR7 deficiency resulted in reduced

mesangial cellularity in adult mice in vivo and
impaired proliferative and migratory properties in

Figure 7. Proliferation assay. Bars + SD represent the mean
absorption at 450 nm normalized to 10 WT pMMCs. The
BrdU assay was conducted 3 times in three technical tripli-
cate with 10 and 20w WT and CCR77~ pMMCs, each from
3 different consecutive passages. Abbreviations: WT, wild-
type; pMMCs, primary mouse mesangial cells; BrdU, bromo-2'
deoxyuridine. ¥p<0.05.

vitro. On the other hand, adult mice exhibited an only
weak mesangial CCR7 expression. We wondered if
this mesangial CCR7 expression could still play a
role in adult animals under a disease condition. As
such, we chose the induced Thy1.1 mesangioprolif-
erative glomerulonephritis because like in nephro-
genesis,® MCs have to migrate into the glomerulus, to
proliferate, and to reorganize the capillary tuft.?®
Admittedly, this model exists only for rats not for mice
but our localization experiment displays comparable
results for untreated or PBS-treated WT mice and
rats, respectively. Furthermore, it highlights the rele-
vance of CCR7 as an important factor for mesangial
physiology and repair.

As depicted in Fig. 9A—F, Thy1.1-specific OX 7 anti-
body injection induced mesangiolysis®* followed by
an extensive mesangial migration and proliferation.?®
This process correlated with the expression of the
chemokine receptor. CCR7 was absent or weakly
expressed in glomeruli of control rats treated with
PBS (Fig. 9A), also see Supplemental Fig. 4. In con-
trast, a slight CCR7 expression was detected in the
extraglomerular mesangium only 4 hr after antibody
injection (Fig. 9B). However, 24 hr after OX-7 admin-
istration, the extraglomerular mesangium was con-
siderably positive for CCR7 (Fig. 9C). Hereafter, the
expression pattern changed from extraglomerular to
intraglomerular between day 1 and 4 (Fig. 9D and E).
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By the transition from extra- to intraglomerular CCR7
expression, the chemokine receptor initially localized
mainly at the vascular pole of the glomerulus.
Intraglomerular mesangial areas positive for CCR7
expanded in the progression of experimental glomer-
ulonephritis while the extraglomerular expression of
the molecule disappeared. At day 7 (Fig. 9F) after
OX-7 administration, CCR7 ceased to be expressed
in most glomeruli.

These results could be further supported by
MRNA expression analysis. On the transcriptional
level, we detected a maximum expression of CCR7
at day 2. Afterward, CCR7 mRNA declined again,
and interestingly, the mRNA expression of CCL21
followed an analogous course (Suppl. Table 3).
Furthermore, we wanted to exclude that CCR7-
positive staining could be caused by infiltrating
immune cells. Using sequential sections, an IHC

20w CCR7™-

5 L S A,
- EEEEEEEEEEEEE G

Figure 8. Cell migration assay. The pMMC layers from 10 and
20 weeks old WT and CCR7™" mice were injured and the bridg-
ing of gap was documented by phase-contrast microscopy either
immediately after wounding (0 hr; upper panel) as well as | (24 hr;
middle panel) or 2 days (48 hr; lower panel) after wounding. Black
scale bar: 0.5 mm; dashed scale bar: 1.25 mm. The reduced migra-
tory properties of CCR7”~ pMMCs compared with WT pMMCs
are also shown as graph with averaged values from 3 separate
measurements (£SD). Abbreviations: pMMCs, primary mouse
mesangial cells; WT, wild-type. *p<0.05 for CCR7"~ pMMCs
compared with both WT pMMCs.

localization of CCR7, CD68, a marker for macro-
phages, and CD3, a pan T-cell marker, was con-
ducted. In nearly all sections, the expression pattern
of the chemokine receptor did not coincide with
CD68 or CD3 (Supplemental Fig. 4).

Discussion

The aim of this study was to reveal the expanded func-
tion of CCR7 in mesangial physiology. The activation of
the chemokine receptor induces and enhances not
only leukocyte migration®™ but also MC proliferation,
migration, and repair. Our localization experiments
clearly showed that CCR7 and CCL21 were expressed
in spatial proximity during glomerulogenesis. Direct
cell-to-cell signaling between intrinsic glomerular cells
is known to be important to both glomerular homeosta-
sis and responses to local injury.?>2® In addition to this
ligand-receptor pair, the expression of various CXC-
chemokines has already been described in human®’
and rodent®® nephrogenesis. Whereas the physiologi-
cal relevance of CXC-chemokines is associated with
their proangiogenic properties,?>* a deficiency of the
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Figure 9. Fluorescent IHC detection of CCR7 in rats after induction of anti-Thyl.| mesangioproliferative glomerulonephritis. (A)
No glomerular CCR7 staining is visible in PBS-treated control rat. (B) 4 hr after application of the anti-Thyl.| antibody, a weak CCR7
expression (magenta) is recognizable within the extraglomerular mesangium (*). (C) The CCR7 expression becomes more pronounced
after 24 hr. (D) After 48 hr, the extra- and intraglomerular mesangium are CCR7-positive. (E) Shows a mesangial expression pattern at
day 4. (F) 7 days after mesangiolysis was induced, CCR7 cannot be detected in glomeruli anymore. Scale bars: 100 pm; n=4.

receptor CXCR4%' is perinatally lethal. CCR7 and
CCL21, however, represent the first CC-chemokine
ligand-receptor pair to be expressed by renal non-
immune cells under physiological conditions. In devel-
oping glomeruli, CCR7 exhibited a mesangial
expression pattern while CCL21 localized on podo-
cytes, which allows an efficient CCR7-mediated MC
stimulation by adjacent podocytes.

PDGFR-p represents the key molecule for mesan-
gial migration and so for glomerular development. Mice
deficient in PDGFR-p display aneurysmatic glomeruli
without immigrated MC.*** Contrarily to PDGFR-B,
mesangial migration and capillary tuft formation also
occurred in the absence of CCR7, however, chemokine
receptor signaling promoted both processes. Our study
gives evidence that mesangial migration and tuft for-
mation markedly benefits from CCR7 and CCL21
expression during nephrogenesis whereas other
aspects of renal development were not influenced
by CCR7 deficiency. So, we could not detect any

differences in the width of the nephrogenic zone or the
number of glomeruli. Previous in vitro analyses revealed
that stimulation with CCL21 results in an enhanced
ability of MCs to reorganize their cytoskeleton'”'® by
causing increased membrane ruffling and formation of
filamentous cell extensions establishing connections to
neighboring cells."” This heightened ability may have a
positive effect on capillary tuft formation because
changes in the organization of the cytoskeleton and the
competence to establish contact to other cells and
structures serve as essential requirements to bind to
laminin o5 in the GBM in glomerulogenesis.® As a con-
sequence at pp10, significantly more CLS bodies were
observed in CCR7™~ mice. Even 5-weeks-old CCR7 7~
mice featured more glomeruli with a reduced MC num-
ber and an imperfect convoluted tuft. To compensate
this developmental deficit, animals needed to reach
the age of 10 weeks. CCR7 deficiency, however, not
only affected mesangial cellularity during the renal
development but also in adult animals. Twenty- and
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30-week-old CCR77~ mice exhibited significantly less
MCs than the age-matched WT pendant. Our findings
clearly demonstrate that MCs respond to CCR7-CCL21
signaling both during nephrogenesis and in adult mice
to maintain MC function and physiology. In addition,
this role of the chemokine receptor-ligand-pair is spe-
cific for MCs.

At the age of 5 weeks, there were more proliferating
cells in CCR7” mice than in the WT pendant. This
matches with the observation that mesangial fields
and glomerular tufts were not fully developed at this
age. Consistently, there was a necessity that CCR7™~
mesangial cells proliferate differently to regain the
developmental deficit. Later, at the age of 30 weeks,
the opposite was the case. In glomeruli of the oldest
CCR7™" mice, proliferating cells were observed very
rarely, whereas in age-matched WT animals, still cells
proliferated. This result is in accordance with the
reduced amount of glomerular MCs in 30-weeks-old
CCR77 mice. In contrast, Ki-67 positive tubule cells
were detected in both 30-weeks-old WT and CCR7™~
mice. This supports our hypothesis that CCR7 plays
an important role specifically in MCs.

Additional in vitro experiments confirmed the physi-
ological relevance of the chemokine receptor CCR7.
Ten and 20w WT pMMCs expressed high levels of
CCR7 protein although both the cellular mRNA
expression level and the in vivo CCRY7 protein expres-
sion were very low. According to Schaeble et al,
CCR?7 is ubiquitylated in a constitutive and ligand-
independent manner.®* This results in an efficient
recycling of the receptor and prevents degradation.
Moreover, Johno and Kitamura®® reported that MCs in
vivo under healthy conditions are quiescent. In this
physiological state, they do not express a-smooth
muscle actin (a-SMA), a marker often described to
stain for activated MCs during experimental diseases.
In  mesangioproliferative glomerulonephritis (e.qg.,
Thy1.1 glomerulonephritis), however, MCs not only
express a-SMA but also show proliferation and migra-
tion. Cultured MCs represent a non-quiescent state
that is associated with a-SMA expression, prolifera-
tion, and migration. Our studies suggest that CCR7
also plays a role in proliferation and migration because
CCR77~ pMMCs displayed restricted capabilities
regarding in vitro wound-healing experiments. This
was further supported by differential mRNA expres-
sion of various genes dependent on the genotype
(see below). Consequently, the chemokine receptor
serves as proliferation and survival factor for MC in
vivo and in vitro.

To show the decreased proliferative and migratory
capabilities of CCR7”~ pMMCs, we performed 2 in
vitro experiments: a BrdU ELISA and a wound-healing

assay. Both give evidence that the mere absence of
CCRY7 negatively influences these properties. CCR7™"~
pMMCs expressed more FasR mRNA and less Gas6
mRNA than WT pMMCs. FASR induces apoptosis.>®
Whereas several research groups demonstrated
induction of MC death via FASR,***® we previously
showed that stimulation of human MCs with CCL21
resulted in a reduced susceptibility to FAS antibody
induced apoptosis.”® This indicates that CCR77"
pMMCs were less protected from cell death in vitro.
Furthermore, this correlates with our in vivo data that
unveiled a decline in MC number in 20-weeks-old
CCR77" mice. The impaired mesangial physiology
could also refer to the decreased mMRNA expression of
Gas6. This molecule mediates the activation of several
downstream signal cascades including proliferation,
migration, and survival of many cell types.** GAS6
also serves as autocrine growth factor for MCs.*>*’
Therefore, our analysis indicates that especially 20w
CCR7”~ pMMCs received considerably less activation
signals due to reduced expression of Gas6.

Another two differentially expressed genes, Timp2
and Vcam1, are associated with cell migration. TIMP2
acts as an inhibitor of matrix metalloproteinase 2,
which for its part promotes mesangial proliferation®?
and migration.”® Despite contrasting publications
regarding the effect of TIMP2 on cell migration,**** we
conclude that the elevated Timp2 expression in 20w
CCR77~ pMMCs correlates with the reduced migratory
properties of CCR7”~ pMMCs regarding our wound-
healing assay. VCAM1 is important for directional cell
motion, especially for leukocytes*®*” but it was also
ascertained in cultured MCs.”**° We suppose that
changes in Vcam1 mRNA expression may contribute
to explain the impaired migratory properties of
CCR77 pMMCs.

The spatiotemporally regulated chemokine receptor
expression in rats after induction of anti-Thy1.1 mesan-
gioproliferative glomerulonephritis gives further evi-
dence for the expanded role of CCR7 in mesangial
physiology. The Thy1.1 glomerulonephritis proceeded
as described previously by others.?**® Control rats
treated with PBS exhibited very weak mesangial
CCRY7 expression. This result is analogous to the low
mesangial CCR7 expression in adult mice. After induc-
tion of mesangiolysis, however, cells in the extraglo-
merular mesangium started to re-express the receptor.
Later cells apparently migrating into the glomerulus
and proliferating in there were positive for CCR7.
Because CCR7 could not be localized after the migra-
tion and proliferation process was completed, our
study suggests that CCR7 is important for directing of
MC migration and promoting their expansion in a spa-
tiotemporally limited manner.
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Additional analyses are required to further elucidate
the role of CCR7 in mesangioproliferative glomerulo-
nephritis. Nevertheless, comparison between CCR7
expression sites and duration in nephrogenesis and
after induction of mesangiolysis shows one similarity.
The chemokine receptor is expressed by (early) MCs
until their migration and proliferation phase has termi-
nated. Or, in other words and with respect to our analy-
sis of the mesangial cellularity in WT and CCR7~~ mice,
the BrdU ELISA, and wound-healing assay, only MCs
that express CCR7 are able to proliferate and migrate
in an efficient manner.

In conclusion, our studies show that CCR7 serves
as an important factor for mesangial migration, prolif-
eration, and repair. Therefore, this chemokine receptor
plays a pivotal role in MC physiology both in vivo and
in vitro.
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