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Fibroproliferative to Inflammatory Kidney Disease and
Delays Onset of Renal Failure
Michael Zeisberg,*y Björn Tampe,*y Valerie LeBleu,yz Desiree Tampe,*y Elisabeth M. Zeisberg,yx{ and Raghu Kalluriyz

ajp.amjpathol.org
From the Departments of Nephrology and Rheumatology* and Cardiology and Pneumology,x Göttingen University Medical Center, Georg August University,
Göttingen, Germany; the Division of Matrix Biology,y Department of Medicine, Beth Israel Deaconess Medical Center, Harvard Medical School, Boston,
Massachusetts; the Department of Cancer Biology and the Metastasis Research Center,z University of Texas MD Anderson Cancer Center, Houston, Texas;
and the German Center for Cardiovascular Research (DZHK),{ Göttingen, Germany
Accepted for publication
C

P

h

June 12, 2014.

Address correspondence to
Michael Zeisberg, M.D., Profes-
sor for Experimental Nephrology,
Department of Nephrology and
Rheumatology, Göttingen Uni-
versity Medical Center, Georg
August University, Robert Koch
Str. 40, 37075 Göttingen, Ger-
many; or Raghu Kalluri, M.D.,
Ph.D., Department of Cancer
Biology, MD Anderson Cancer
Center, 1901 East Rd., Houston,
TX 77054. E-mail: mzeisberg@
med.uni-goettingen.de or
rkalluri@mdanderson.org.
opyright ª 2014 American Society for Inve

ublished by Elsevier Inc. All rights reserved

ttp://dx.doi.org/10.1016/j.ajpath.2014.06.014
Thrombospondin-1 (TSP1) is a multifunctional matricellular protein known to promote progression of chronic
kidney disease. To gain insight into the underlying mechanisms through which TSP1 accelerates chronic
kidney disease, we compared disease progression in Col4a3 knockout (KO) mice, which develop spontaneous
kidney failure, with that of Col4a3;Tsp1 double-knockout (DKO) mice. Decline of excretory renal function was
significantly delayed in the absence of TSP1. Although Col4a3;Tsp1 DKO mice did progress toward end-stage
renal failure, their kidneys exhibited distinct histopathological lesions, compared with creatinine levele
matched Col4a3 KOmice. Although kidneys of both Col4a3 KO and Col4a3;Tsp1 DKOmice exhibited a widened
tubulointerstitium, predominant lesions in Col4a3 KO kidneys were collagen deposition and fibroblast
accumulation, whereas in Col4a3;Tsp1 DKO kidney inflammation was predominant, with less collagen
deposition. Altered disease progression correlated with impaired activation of transforming growth factor-b1
(TGF-b1) in vivo and in vitro in the absence of TSP1. In summary, our findings suggest that TSP1 contributes
to progression of chronic kidney disease by catalyzing activation of latent TGF-b1, resulting in promotion of a
fibroproliferative response over an inflammatory response. Furthermore, the findings suggest that fibro-
proliferative and inflammatory lesions are independent entities, both of which contribute to decline of renal
function. (Am J Pathol 2014, 184: 2687e2698; http://dx.doi.org/10.1016/j.ajpath.2014.06.014)
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Progression of chronic kidney disease (CKD) toward end-
stage renal failure (ESRF) is a prominent problem in clinical
nephrology.1 The incidence of CKD is rising, but effective
therapies to halt progression of disease remain elusive.2

Progression of CKD results from a complex interplay of
pathologies that involve all constituents of the kidney,
which makes it difficult to single out targets for effective
therapeutic strategies.3

The extent of so-called tubulointerstitial fibrosis is often
considered to be the rate-limiting step in progression of
CKD.1 This idea is founded on histopathological analysis of
large cohorts of kidney biopsies, which demonstrated that
only tubulointerstitial fibrosis (which at the time was deter-
mined as the relative volume of the interstitium within a
kidney biopsy section) correlates with and also predicts pro-
gression of CKD toward ESRF, irrespective of the underlying
stigative Pathology.

.

primary disease.4e7 Widening of the tubulointerstitium, which
is referred to as tubulointerstitial fibrosis, is caused by a com-
posite of extracellular matrix (ECM) accumulation, sterile
inflammation, accumulation of activated fibroblasts, and rare-
faction of microvessels.1 Although the relevance of each of
these events to progression of fibrosis and CKD is hotly
debated, this knowledge led to the concept that tubulointer-
stitial fibrosis is a common pathway of all chronic progressive
kidney diseases and that effective antifibrotic therapies could
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potentially halt progression of CKD irrespective of the under-
lying disease. However, such therapies are not yet available.1

Our aim was to gain insight into mechanisms that underlie
the contribution of thrombospondin-1 (TSP1) to progression of
CKD. TSP1 is themost-studiedmember of the thrombospondin
family of matricellular proteins.8 Previous studies have
demonstrated that pharmacological suppression or genetic
depletion of TSP1 attenuates disease progression in animal
models of CKD.9e13 TSP1 is a 450-kDa trimeric ECM protein,
which does not fulfill primarily structural roles in thematrix, but
instead functions as an extracellular modulator of cell func-
tion.8,14 Most prominently, TSP1 is known to inhibit angio-
genesis, inhibit inflammation, activate MMP-dependent ECM
turnover, and facilitate fibroblast migration and activation, all of
which are considered important contributors to progression of
CKD.8,10 To delineate through which of its known biological
activities TSP1 impacts progression of CKD, we compared
progression of kidney disease of Col4a3 knockout (KO) mice
(deficient in type IV collagen a3 chain) with that of
Col4a3;Tsp1 double-knockout (DKO) mutant mice.15

Here, we demonstrate that decrease of excretory renal
function is delayed if TSP1 is absent. Furthermore, tissue
analysis of plasma creatinine levelematched kidneys of
Col4a3 KO and of Col4a3;Tsp1 DKO revealed that in
Col4a3 KO mice disease progression is predominantly
associated with fibrosis, whereas inflammation is the pre-
dominant interstitial pathology in Col4a3;Tsp1 DKO mice.
We provide evidence that this altered disease progression
is due to impaired activation of latent transforming growth
factor-b1 (TGF-b1) in the absence of TSP1. Our findings
provide evidence that both fibroproliferative injury and
inflammation can independently cause expansion of the
interstitium, leading to decline of excretory renal function.

Materials and Methods

Mice

Col4a3 KO mice and Tsp1 KO mice, both on a C57BL/6
background, have been described previously.16e18 To
establish double-mutant mice, Col4a3 KO mice and Tsp1
KO mice were crossed, producing Col4a3þ/�;Tsp1þ/� mice
in the F1 generation. Interbreeding of Col4a3þ/�;Tsp1þ/�

mice resulted in Col4a3 KO, Tsp1 KO, and Col4a3;Tsp1
DKO mice in the expected Mendelian ratio. Mice were
genotyped by PCR using established primers and pro-
tocols.16,17 The TSP1-deficient mice were provided by
Dr. Jack Lawler (Beth Israel Deaconess Medical Center,
Boston, MA). All procedures were performed with the
approval of the Institutional Animal Care and Use Com-
mittee of the Beth Israel Deaconess Medical Center.

Histological Analysis

Formalin-fixed, paraffin-embedded kidneys were sectioned at
3 mm and stained with hematoxylin and eosin (H&E),
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Masson’s trichrome stain (MTS), or periodic acideSchiff’s
stain (PAS) at the Beth Israel Deaconess Medical Center
(Boston, MA) Histopathology Core facility. The relative
interstitial volume was evaluated by morphometric analysis
using a counting grid, as described previously,19 and 100
points per visual field (�60 magnification) were identified as
tubule or interstitium. Results were summarized as interstitium
among all scored areas (relative percentage of interstitial area).
The fibrotic area was assessed using image processing soft-
ware (Image-Pro Plus version 6.2; Media Cybernetics,
Rockville, MD) as described previously.20 In brief, the
blue (fibrotic) and nonblue areas were measured in photomi-
crographs at �20 magnification. Glomerulosclerosis was
similarly assessed with Image-Pro Plus software. Glomerulo-
sclerosis was quantified as the PAS-positive area per
glomerulus (�60 magnification). To assess cellularity, we
counted all visible nuclei per visual field (�60 magnification)
of H&E-stained sections. To assess the tubular atrophy index,
tubules were evaluated for widened lumen and thickened
basement membranes and the percentage of atrophic tubules
was estimated.19

Staining Procedures

Immunolabeling was performed on formalin-fixed, paraffin-
embedded kidney sections. Sections were deparaffinized and
microwaved for 15 minutes in antigen unmasking solution
(Vector Laboratories, Burlingame, CA). For immunohisto-
chemistry, sections were blocked with avidinebiotin and
10% horse serum (both from Vector Laboratories) before
incubation with the respective primary antibodies: aSMA
and GPR44 (LifeSpan BioSciences); CD45 (BD Bio-
sciences, San Jose, CA); CCR5, IL-13, ROR-g, and FOXP3
(Abcam, Cambridge, MA); and TSP1 and p-SMAD2/3
(Santa Cruz Biotechnology, Dallas, TX). Immunolabeling
was visualized using a Vectastain alkaline phosphatase kit
with alkaline phosphatase substrate kit I (Vector Labora-
tories) according to the manufacturer’s recommendations.
For immunofluorescence staining, kidney sections were
incubated with primary antibodies to CD31 and collagen IV.
Collagen IV antibodies were raised against the non-
collagenous domain of type IV collagen and therefore
detected all type IV collagen isoforms, including collagen IV
a1 and/or a2 chains, which are abundantly present in the
Col4a3 KO and Col4a3;Tsp1 KO mice. Nuclei were coun-
terstained with DAPI. Images were captured with confocal
microscopy.

Preparation of Primary Renal Fibroblasts

Primary renal fibroblasts were isolated from kidneys of
C57BL/6 wild-type mice and of Tsp1 KO mice as described
previously,21 with minor modifications. Kidney cortex from
6-month-old mice was minced and digested in 100 U/mL
type II collagenase (Worthington Biochemical, Lakewood,
NJ) for 30 minutes at 37�C. The tissue pieces (approximately
ajp.amjpathol.org - The American Journal of Pathology
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Figure 1 Progression of CKD in Col4a3 KO and Col4a3;Tsp1 DKO mice.
A: Representative photomicrographs of MTS-stained kidney sections of
wild-type C57BL/6 control, Col4a3 KO, and Col4a3;Tsp1 DKO mice at 6, 12,
22, and 32 weeks. Col4a3 KO mice did not live to 32 weeks of age. B: Serum
creatinine levels of wild-type C57BL/6, Tsp1 KO, Col4a3 KO mice, and
Col4a3;Tsp1 DKO mice over time. Data are expressed as means � SEM.
Original magnification, �10. CKD, chronic kidney disease; DKO, double
knock-out; ESRF, end-stage renal failure; KO, knock-out; MTS, Masson’s
trichrome stain.

Thrombospondin-1 in Renal Fibrosis
5 mm3) were washed to remove the collagenase and then
were plated into T25 tissue-culture flasks in Dulbecco’s
modified Eagle’s medium containing 10% fetal bovine serum
and antibiotics (100 U/mL penicillin G, 100 g/mL strepto-
mycin, and 0.25 mg/mL amphotericin B).
The American Journal of Pathology - ajp.amjpathol.org
Proliferation Assay

Fibroblast proliferation in response to active and latent
TGF-b1 was assayed as described previously,21 with minor
modifications. Primary wild-type and Tsp1 KO fibroblasts
2689
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Figure 2 Histopathology of fibrosis. A: Representative photomicrographs of MTS-stained kidney sections of wild-type control (32 weeks) and creatinine-
matched Col4a3 KO and Col4a3;Tsp1 DKO mice. B: The degree of tubulointerstitial fibrosis (determined by relative interstitial volume) did not differ signif-
icantly between kidneys of Col4a3 KO and Col4a3;Tsp1 DKO mice. C: In MTS-stained kidney sections, the degree of collagen deposition (blue) was significantly
higher in Col4a3 KO mice than in Col4a3;Tsp1 DKO mice. D: Fibrillar collagen content (determined as percent of total kidney protein) was higher in Col4a3 KO
kidneys than in creatinine-matched Col4a3;Tsp1 DKO kidneys. Data are expressed as means � SEM. *P < 0.05. Original magnification, �20.

Zeisberg et al
were seeded into 96-well plates (4000 cells per well). On 24
hours of incubation in serum-free Dulbecco’s modified
Eagle’s medium, the medium was exchanged for medium
containing 5 ng/mL active or latent TGF-b1 (R&D Sys-
tems). Cell proliferation was measured using a colorimetric
cell proliferation assay (WST-1ebased, Roche) according to
the manufacturer’s recommendations.
H
&

E 

A Col4a3 KO week 22wild-type 57BL/6

Figure 3 Interstitial cellularity. A: Representative photomicrographs of H&E-s
KO and Col4a3;Tsp1 DKO mice. B: The number of nuclei per visual field was signifi
mice. Data are expressed as means � SEM. *P < 0.05. Original magnification, �

2690
Quantification of Fibrillar Collagen Content

Fibrillar collagen was quantified in kidney protein lysates
using a QuickZyme (Leiden, The Netherlands) fibrillar
collagen assay kit according to the manufacturer’s rec-
ommendations. In brief, kidney tissues were homogenized
in 0.5 mol/L acetic acidepepsin. Total protein was
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tained kidney sections of wild-type control and creatinine-matched Col4a3
cantly lower in kidneys of Col4a3 KO mice, compared with Col4a3;Tsp1 DKO
60. H&E, hematoxylin and eosin.
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Figure 4 Fibroblast accumulation during progression of CKD in Col4a3 KO
and Col4a3;Tsp1 DKO mice. A: Representative photomicrographs of formalin-
fixed, paraffin-embedded kidney sections of wild-type control, Col4a3 KO,
and Col4a3;Tsp1 DKO mice at 12, 22, and 32 weeks of age. Sections were
immunolabeled with antibodies against aSMA (red) and counterstained with
methylene green. B: Fibroblast numbers were determined as aSMAþ cells per
visual field. The fibroproliferative response over time was more robust in
Col4a3 KO mice than in Col4a3;Tsp1 DKO mice and differences reached sta-
tistical significance at 22 weeks of age. Data are expressed as means � SEM.
*P < 0.05. Original magnification, �20. aSMA, a-smooth muscle actin.

Thrombospondin-1 in Renal Fibrosis
quantified, and 100 mg per well of each sample was
analyzed in the kit’s 96-well plates. A standard curve
using the kit’s collagen standard was generated, and a
best-fit linearized curve was generated to determine
collagen content per well.

RNA Isolation and Quantitative Real-Time PCR

Total RNA was isolated using Trizol reagent (Life Tech-
nologies, Carlsbad, CA) according to the manufacturer’s
recommendation. Specific primers to collagen III a1 were
designed using the Primer Express 1.5 program.21 TaqMan
Gene Expression Assay (Life Technologies) were used for
The American Journal of Pathology - ajp.amjpathol.org
quantitative real-time PCR performed with an ABI 7000
sequence detection system (Life Technologies), and mea-
surements were standardized to 18S rRNA (Life Technol-
ogies) using standard calculation methods as described
previously.22

Statistical Analysis

Statistical analysis was performed using the KruskaleWallis
method followed by Dunn’s test. If equal variance test
failed, then U-test was used. All statistical analysis was
performed using SigmaStat 2.0 software (Systat, San Jose,
CA).
2691
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Figure 5 Intrarenal accumulation of inflammatory cells in the pro-
gression of CKD in Col4a3 KO and Col4a3;Tsp1 DKO mice. A: Representative
photomicrographs of formalin-fixed, paraffin-embedded kidney sections of
wild-type control, Col4a3 KO, and Col4a3;Tsp1 DKO mice at 12, 22, and 32
weeks of age. Sections were immunolabeled with antibodies against CD45
(red) and counterstained with methylene green. B: Inflammation was
determined as numbers of CD45þ inflammatory cells per visual field. The
inflammatory response over time was more robust in Col4a3;Tsp1 DKO mice
than in Col4a3 KO mice and reached statistical significance at 22 weeks of
age. Data are expressed as means � SEM. *P < 0.05. Original magnifica-
tion, �20.

Zeisberg et al
Results

Progression of Renal Fibrogenesis Is Delayed in
Col4a3;Tsp1 DKO Mice

We compared progression of kidney disease of Col4a3 KO
with that of Col4a3;Tsp1 DKO mutant mice.15 Col4a3 KO
mice were originally generated as a mouse model for Alport
syndrome; on a C57BL/6 genetic background, these mice
exhibit robust and reproducible progression of spontaneous
kidney disease toward ESRF due to a defined genetic
defect.23 In Col4a3 KO mice, absence of the a3 chain of
type IV collagen leads to glomerular basement membrane
2692
splitting and proteinuria starting at 6 weeks of age. Tubu-
lointerstitial lesions (including ECM accumulation, fibro-
blast accumulation, sterile inflammation, and microvascular
rarefaction) can be detected starting at 12 weeks of age.23 At
the 22 weeks of age, kidneys of Col4a3 KO mice are
severely fibrotic, and mice die of ESRF at the age of 24 to
26 weeks.23 Col4a3 KO mice on a C57BL/6 background
allow for analysis of all aspects of chronic progressive
kidney disease.23

We sacrificed predetermined cohorts of mice (Col4a3 KO,
Col4a3;Tsp1 DKO, and C57BL/6 wild-type control mice) at
6, 12, 22, and 32 weeks of age. This study design was
founded on our previous studies, which demonstrated that
ajp.amjpathol.org - The American Journal of Pathology
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Figure 6 Interstitial accumulation of Th1 and Th2 cells. A and C: Representative microphotographs of formalin-fixed, paraffin-embedded kidney sections of
wild-type control (32 weeks) and creatinine-matched Col4a3 KO and Col4a3;Tsp1 DKO mice. Sections were labeled with antibodies against C-C chemokine
receptor type 5 (CCR5, a marker of Th1 cells) (A) or with G-protein coupled receptor 44 (GPR44, a marker of Th2 cells) (C) and counterstained with methylene
green. B and D: Numbers of CCR5þ T cells (B) and GPR44þ T cells (D) per visual field. Col4a3 KO mice exhibited interstitial accumulation of GPR44þ Th2 cells; in
creatinine-matched Col4a3;Tsp1 DKO mice, TSP1 deficiency was associated with a Th1 switch and accumulation of CCR5þ Th1 cells. Data are expressed as
means � SEM. *P < 0.05. Original magnification, �40.

Thrombospondin-1 in Renal Fibrosis
Col4a3;Tsp1 DKO mice survive to only 36 weeks of age,
whereas Tsp1 KO mice with normal kidney function have a
normal life span.15 MTS-stained sections of kidney tissue
from Col4a3 KO mice indicated absence of interstitial
fibrosis at the age of 6 weeks, but these mice had developed
fibrosis by 12 weeks of age, with severe fibrosis at 22 weeks,
confirming previous studies (Figure 1A).24 The progression
of chronic kidney injury observed in MTS-stained sections
correlated with progressive impairment of excretory renal
function, as determined by plasma creatinine levels
(Figure 1B). Compared with Col4a3 KO mice, decline of
excretory renal function was delayed in Col4a3;Tsp1 DKO
mice; plasma creatinine levels after 32 weeks were similar to
those observed in the Col4a3 KO mice after 22 weeks
(Figure 1B). Such delayed disease progression correlated
with histopathological lesions noted in MTS-stained kidneys.

Distinct Histopathologies in Fibrotic Kidneys of Col4a3
KO and Col4a3;Tsp1 DKO Mice

MTS-stained sections of end-stage diseased kidneys of
Col4a3 KO mice (at 22 weeks) and of Col4a3;Tsp1 DKO
mice (at 32 weeks) had markedly different pathologies
(Figure 1), despite similar plasma creatinine levels. We
therefore decided to systematically compare kidneys of
creatinine-matched cohorts, as opposed to age-matched
cohorts, to gain further insight into the role of TSP1 in
The American Journal of Pathology - ajp.amjpathol.org
renal fibrogenesis. We chose this approach of comparing
kidneys with similar impairment of function over that of
comparing age-matched kidneys of each group because we
found that for kidneys at 22 weeks all parameters appeared
to be improved in the Col4a3;Tsp1 DKO mice, providing
little insight into why disease progression was delayed.

We first assessed the relative interstitial volume (ie, the
cortical area not covered by glomeruli or tubules) in MTS-
stained kidney sections of wild-type C57BL/6 (32 weeks)
and of end-stage diseased Col4a3 KO and Col4a3;Tsp1
DKO mice (Figure 2). The interstitial volume was signifi-
cantly increased in both Col4a3 KO and Col4a3;Tsp1 DKO
kidneys, compared with the wild type, with no significant
difference between the two mutant mouse groups (Figure 2).
However, when we digitally quantified the relative blue area
(reflective of collagen deposition) in MTS-stained kidney
sections, we found that the relative blue area was signifi-
cantly smaller in the Col4a3;Tsp1 DKO kidneys than in the
creatinine-matched Col4a3 KO kidneys (Figure 2C). To
confirm that reduced blue staining in the Col4a3;Tsp1 DKO
kidneys is reflective of decreased collagen deposition, we
analyzed fibrillar collagen content (per 100 mg total protein
lysate) of kidney tissue. Collagen content in functionally
impaired Col4a3;Tsp1 DKO kidneys was significantly
reduced, compared with creatinine-matched Col4a3 KO
kidneys (Figure 2D). In creatinine-matched kidneys, the
Col4a3;Tsp1 DKO kidneys contained less collagen than
2693
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Figure 7 Accumulation of Th17 and T-regulatory cells. A and C: Representative microphotographs of formalin-fixed, paraffin-embedded kidney sections of wild-
type control (32 weeks) and creatinine-matched Col4a3 KO and Col4a3;Tsp1 DKO mice. Sections were labeled with antibodies against RAR-related orphan receptor-g
(ROR-g, a marker of Th17 cells) (A) or forkhead box protein P3 (FOXP3, a marker of T-regulatory cells) (C) and counterstainedwithmethylene green.B andD:Numbers
of ROR-gþ (B) and FOXP3þ (D) T cells per visual field. TSP1 deficiency in creatinine-matched Col4a3;Tsp1 DKO mice was associated with loss, relative to Col4a3 KO
mice, of Th17 cells (ROR-gþ) and T-regulatory cells (FOXP3þ). Data are expressed as means � SEM. *P < 0.05. Original magnification, �40.

Zeisberg et al
Col4a3 KO kidneys, despite similar expansion of the
interstitial space.

Identity of Interstitial Cells in Fibrotic Kidneys of
Col4a3 KO and Col4a3;Tsp1 DKO Mice

We next compared interstitial cellularity (determined in H&E-
stained sections as nuclei per visual field) between kidneys of
creatinine-matched Col4a3 KO and Col4a3;Tsp1 DKO mice.
Col4a3 KO
week 22

Co

C
D

31
/C

ol
4/

D
A

PI
 

A
wild-type C57BL/6

Figure 8 A: Representative photomicrographs of kidney sections of wild-type
mice. Sections were immunolabeled with CD31 (red), a marker of vasculature; the
recognizes collagen IV a1/2 chains and thereby also detects collagen IV in Col4a
Numbers of microvascular intersections per visual field. TSP1 deficiency in Col4a3;
with Col4a3 KO mice. Data are expressed as means � SEM. Original magnification
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Cellularity was significantly increased in Col4a3;Tsp1 DKO
kidneys, compared with creatinine-matched Col4a3 KO kid-
neys (Figure 3). To gain insight into the identity of the inter-
stitial cells, we performed immunolabeling experiments using
antibodies to the fibroblast marker a-smooth muscle actin
(aSMA) in which bone marrowederived inflammatory cells
were immunolabeled with CD45. In kidneys of 22-week-old
Col4a3KOmice, the number of aSMAþ

fibroblasts per visual
field was substantially increased, compared with wild-type
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basal membrane was stained with an antibody to collagen IV (green) that
3 KO and Col4a3;Tsp1 DKO mice. Nuclei were counterstained with DAPI. B:
Tsp1 DKO mice had no additional effect on microvascular density, compared
, �60. Col4, collagen IV.
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Figure 9 A: Representative photomicrographs of PAS-stained kidney sections of wild-type control (32 weeks) and creatinine-matched Col4a3 KO and
Col4a3;Tsp1 DKO mice. B: Relative sclerotic glomerular area (PAS-positive area per glomerulus) did not differ significantly between kidneys of Col4a3 KO mice
and Col4a3;Tsp1 DKO mice. Data are expressed as means � SEM. Original magnification, �60. PAS, periodic acideSchiff.

Thrombospondin-1 in Renal Fibrosis
C57BL/6 control kidneys (Figure 4). The kidneys of 32-week-
old creatinine-matched Col4a3;Tsp1 DKO mice exhibited
significantly less aSMAþ interstitial fibroblast accumulation,
compared with creatinine-matched Col4a3 KO kidneys
(Figure 4). By contrast, CD45þ inflammatory cells were
significantly increased in kidneys of 32-week-old
Col4a3;Tsp1 DKO mice, compared with kidneys of
creatinine-matched 22-week-old Col4a3 KO mice (Figure 5).

To further explore the contribution of different T-cell pop-
ulations to the increase in inflammatory cells observed in
Col4a3;Tsp1DKOmice, we performed immunolabeling using
antibodies to C-C chemokine receptor 5 (CCR5, a marker of
Th1 cells), G-protein coupled receptor 44 (GPR44, a marker of
Figure 10 TSP1 deficiency attenuates TGF-b1 signaling. A and C: Representativ
wild-type control (32 weeks) and creatinine-matched Col4a3 KO and Col4a3;Tsp1 D
terstained with methylene green. In the fibrotic Col4a3 KO kidneys, TSP1 was local
cells. B: The percentage of atrophic tubules was significantly greater in kidneys of
antibodies to phosphorylated SMADs 2 and 3 (p-SMAD2/3), indicative of active sign
D: Numbers of p-SMAD2/3þ nuclei per visual field. SMAD2/3 signaling was significan
mice, compared with creatinine-matched Col4a3;Tsp1 DKO kidneys. Data are expre
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Th2 cells), RAR-related orphan receptor-g (ROR-g, a marker
of Th17 cells), or forkhead box protein P3 (FOXP3, amarker of
T-regulatory cells). Fibroproliferative response in Col4a3 KO
mice was associated with accumulation of GPR44þ Th2 cells
(Figure 6, A and B); in creatinine-matched Col4a3;Tsp1 DKO
mice, TSP1 deficiency caused a Th1 switch with accumulation
of CCR5þ Th1 cells (Figure 6, C andD). This is consistent with
recent findings describing a role of Th2 accumulation in pro-
gression of renal fibrogenesis and suggesting that inflammation
not only changes quantitatively when TSP1 is absent, but also
qualitatively, with a switch from a Th2 response to a Th1
response.25e28 Furthermore, TSP1 deficiency in Col4a3;Tsp1
DKO mice was associated with loss of ROR-gþ Th17 and
e photomicrographs of formalin-fixed, paraffin-embedded kidney sections of
KO mice. A: Sections were labeled with antibodies to TSP1 (red) and coun-
ized predominantly in tubular epithelial cells, blood vessels, and interstitial
Col4a3 KO mice than in Col4a3;Tsp1 DKO mice. C: Sections were labeled with
aling in response to TGF-b1 (red) and counterstained with methylene green.
tly enhanced in tubular and interstitial compartments of kidneys of Col4a3 KO
ssed as means � SEM. *P < 0.05. Original magnification, �40.
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Figure 11 TSP1 deficiency causes an altered response to latent TGF-b1.
A: Fibroblast proliferation in response to active and latent TGF-b1. Primary
fibroblasts isolated from kidneys of wild-type control and TSP1-deficient mice
(Tsp1 KO) were exposed for 24 hours to 5 ng/mL of either latent TGF-b1 or active
TGF-b1. Relative proliferation was assessed by a WST assay. TSP1 deficiency
significantly impaired the proliferative response to latent TGF-b1, but not to
active TGF-b1. B: Type III collagen expression in response to active and latent
TGF-b1. Wild-type control and Tsp1 KO renal fibroblasts were exposed for 24
hours to 5 ng/mL of either latent TGF-b1 or active TGF-b1. Type III procollagen
expression was assessed by quantitative real-time PCR. TSP1 deficiency signif-
icantly decreased collagen III expression in response to latent TGF-b1. Data are
expressed as means � SEM. *P < 0.05. Col3, collagen III; rel., relative.
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FOXP3þ T-regulatory cells (Figure 7), supporting previous
reports of a role of TSP1 in differentiation of Th17 and T-
regulatory cells involved in regulating inflammatory response
in the kidney.29e33 Because both TSP1 and the NC1 domain
of the a3 chain of type IV collagen are inhibitors of tumor
angiogenesis, and because rarefaction of microvessels is a
consequence of tubulointerstitial fibrosis,1,15 we next
compared microvascular density in kidneys of creatinine-
matched Col4a3 KO and Col4a3;Tsp1 DKO mice. Anal-
ysis of CD31 immunostaining revealed that microvascular
density was reduced in both Col4a3 KO and Col4a3;Tsp1
DKO mice, but did not differ in creatinine-matched kid-
neys (Figure 8).

In summary, inflammation (due to accumulation of Th1
cells and loss of Th17 and T-regulatory cells) was more
robust in Col4a3;Tsp1 DKO kidneys, compared with
creatinine-matched Col4a3 KO mice, but fibroblast accu-
mulation was reduced.

Glomerular Sclerosis and Tubular Atrophy in Fibrotic
Kidneys of Col4a3 KO and Col4a3;Tsp1 DKO Mice

In PAS-stained kidney sections, we digitally quantified depo-
sition of PAS-positive material within glomeruli as an indi-
cator of glomerulosclerosis. We found that glomerulosclerosis
did not differ between Col4a3;Tsp1 DKO mice and creatinine-
matched Col4a3 KO mice (Figure 9), suggesting that delayed
fibrogenesis in Col4a3;Tsp1 DKO mice is not due to attenu-
ated glomerular injury. This observation correlated with
absence of glomerular TSP1 immunolabeling, even in sclerotic
glomeruli of Col4a3 KO mice (Figure 10A), suggesting that
TSP1 is not involved in progression of glomerular disease in
Col4a3 KO mice. Instead, TSP1 was robustly up-regulated in
tubules and interstitium within fibrotic kidneys of Col4a3 KO
mice (Figure 10A). Tubular atrophy, determined by masked
scoring of the percentage of atrophic tubules among all tu-
bules, was more pronounced in the Col4a3 KO mice
(Figure 10B). The growth factor TGF-b1 is a principal
mediator of progression of CKD.1,34 To gain insight into the
role of TSP1 on TGF-b1 activation and progression of CKD
in Col4a3 KO mice, we performed immunostaining with
antibodies to phosphorylated SMADs 2 and 3 (p-SMAD2/3),
which detects active TGF-b1 signaling.35 Consistent with the
robust up-regulation of TSP1 observed in tubules and inter-
stitium of fibrotic kidneys of Col4a3 KO mice, tubular and
interstitial p-SMAD2/3 was markedly increased (Figure 10, C
and D). Compared with Col4a3 KO mice (increased TSP1),
tubular and interstitial immunostaining of p-SMAD2/3 was
attenuated in creatinine-matched Col4a3;Tsp1 DKO mice
(Figure 10, C and D).

Proliferation and Collagen Expression in Response to
Latent TGF-b1 Is Blunted in TSP1-Deficient Fibroblasts

Previous studies have demonstrated that TSP1 activates
latent TGF-b1.36 To determine whether altered disease
2696
progression in the absence of TSP1 is due to failure to
activate latent TGF-b1, we next explored the capacity of
TSP1-deficient cells to respond to latent TGF-b1 in vitro.
Because fibroblast accumulation and ECM deposition
were blunted in kidneys of end-stage diseased Col4a3;
Tsp1 DKO mice (at 32 weeks), compared with the Col4a3
KO counterparts (at 22 weeks), and because TGF-b1 is
known to induce both proliferation and ECM synthesis in
fibroblasts, we focused on renal fibroblasts. We isolated
primary fibroblasts from kidneys of Tsp1 KO mice and
C57BL/6 control mice and compared their proliferation
and procollagen III expression in response to either latent
or active TGF-b1. Although the proliferative response of
Tsp1 KO fibroblasts to latent TGF-b1 was significantly
decreased, compared with wild-type C57BL/6 fibroblasts,
their response to active TGF-b1 was equal (Figure 11A).
ajp.amjpathol.org - The American Journal of Pathology
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Similarly, collagen III expression was blunted in response
to latent TGF-b1 but not to active TGF-b1 (Figure 11B).
In summary, these findings suggest that ineffective acti-
vation of latent TGF-b1 is likely the underlying cause for
altered kidney disease progression in Col4a3;Tsp1 DKO
mice.

Discussion

We conducted the present study to gain mechanistic insight
into the role of TSP1 in the progression of CKD. For this
purpose, we compared kidney disease progression in
Col4a3 KO mice with that of Col4a3;Tsp1 DKO mice.
Decline of excretory renal function was delayed by the
absence of TSP1, confirming previous reports.9e13 Unex-
pectedly, comparison of creatinine-matched kidneys of
Col4a3 KO and Col4a3;Tsp1 DKO mice revealed that
disease progression was not simply delayed, but that kidney
disease followed different paths. Despite similar interstitial
volumes at matched creatinine levels, absence of TSP1 in
Col4a3;Tsp1 DKO mice was associated with lesser collagen
deposition, lesser fibroblast accumulation, and lesser tubular
atrophy, compared with Col4a3 KO mice, but increased
Th1-mediated inflammation. The extent of glomerulo-
sclerosis and the density of microvessels were not altered by
the absence of TSP1. Our findings suggest that the altered
course of disease progression in Col4a3;Tsp1 DKO mice is
caused by an inability of kidney cells to activate latent TGF-b1
in the absence of TSP1. Our findings are consistent with
the literature on the role of TSP1 in TGF-b1 activation.
TGF-b1 is known to induce fibroblast proliferation and
collagen deposition, and to contribute to formation of
tubular atrophy, all of which are reduced in the absence of
TGF-b1eactivating TSP1.1,37 TGF-b1edeficient mice
exhibit severe inflammatory lesions, and TGF-b1 in general
is known to be anti-inflammatory.38,39 In the present study,
inability to activate latent TGF-b1 was associated with an
increased inflammatory response in chronic progressive
kidney disease. With regard to progression of CKD, it is an
unexpected finding that decline of kidney function is caused
by different pathways, depending on the presence or
absence of TSP1. Our findings suggest that fibroprolifer-
ative and inflammatory responses are distinct entities, both
of which (and possibly independent of each another) can
determine progression of CKD. Our present findings
confirm earlier findings indicating that relative interstitial
volume is the most accurate correlate of chronic progression
of kidney disease, but challenge the concept of one common
uniform pathway leading to ESRF.

Additionally, our findings suggest that a fibrosis-
dominated pathology is more detrimental for kidney
function than is inflammation-dominated response, but that
either pathological entity can ultimately cause decline of
kidney function. Although the common denominator ap-
pears to be increased interstitial volume, it remains unclear
how such expansion of the interstitium causes decline in
The American Journal of Pathology - ajp.amjpathol.org
kidney function. We speculate that both fibrosis and
inflammation can cause vascular and/or tubular occlusion
through volume expansion. The present findings give
reason for caution, and suggest that future therapeutic
strategies exclusively targeting fibrosis could be less
effective than combined inhibition of fibrosis and inflam-
mation. The concept of a uniform pathway of chronic
progressive kidney disease may require further consider-
ation, and fibroproliferative and inflammatory components
of interstitial disease may need to be viewed as separate
causal entities.
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