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Abstract

Acute kidney injury triggers a complex cascade of molecular responses that can culminate in maladaptive repair and fibrosis.
We have previously reported that the matrix protein thrombospondin-1 (TSP1), binding its high affinity its receptor CD47,
promotes acute kidney injury. However, the role of this pathway in promoting fibrosis is less clear. Hypothesizing that
limiting TSP1-CD47 signaling is protective against fibrosis, we interrogated this pathway in a mouse model of chronic
ischemic kidney injury. Plasma and renal parenchymal expression of TSP1 in patients with chronic kidney disease was also
assessed. We found that CD47 '~ mice or wild-type mice treated with a CD47 blocking antibody showed clear amelioration
of fibrotic histological changes compared to control animals. Wild-type mice showed upregulated TSP1 and pro-fibrotic
markers which were significantly abrogated in CD47 '~ and antibody-treated cohorts. Renal tubular epithelial cells isolated
from WT mice showed robust upregulation of pro-fibrotic markers following hypoxic stress or exogenous TSP1, which was
mitigated in CD47 '~ cells. Patient sera showed a proportionate correlation between TSP1 levels and worsening glomerular
filtration rate. Immunohistochemistry of human kidney tissue demonstrated tubular and glomerular matrix localization of
TSP1 expression in patients with CKD. These data suggest that renal tubular epithelial cells contribute to fibrosis by
activating TSP1-CD47 signaling, and point to CD47 as a potential target to limit fibrosis following ischemic injury.

Introduction damage can vary extensively, from immunological to surgical

to iatrogenic injury. However, the final common pathway of
Chronic kidney disease (CKD) is a global public health bur-  cellular repair establishes a maladaptive process culminating in
den, affecting ~10% of the population worldwide regardless of ~ excessive connective tissue deposition and disruption of
socioeconomic status [1]. The underlying cause of renal  functioning nephron units [2]. Robust epidemiological evi-
dence demonstrates that patients surviving acute kidney injury
(AKI) recover incompletely, with persistent hemodynamic and
hypoxic changes within the renal parenchyma despite normal
serum creatinine [3]. The burgeoning fibrotic matrix con-
tributes to rarefaction of the crucial peri-tubular capillary
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cell cycle arrest and subsequent elaboration of fibrog-
enic factors [7]. This widely accepted paradigm of
epithelial-mesenchymal transition (EMT) is characterized
by loss of epithelial proteins such as cytokeratin, and
acquisition of markers including vimentin and a-smooth
muscle actin [8].

TSP1 is a 450 kDa protein that forms a component of the
matrix scaffold. However, rather than providing structural
integrity, TSP1 modulates cell function as well as the function
of protein, growth factors and enzymes. Many cell types
secrete TSP1 in response to stress, including RTEC [9]. TSP1
possesses multiple binding domains that allow interactions
with numerous ligands and receptors (comprehensively
reviewed in ref. [10]), including p-integrins, CD36, SIRP-a
and CDA47 [11]. Experimental evidence favors CD47, the
universally expressed integral membrane protein, as the high
affinity and necessary receptor for most TSP1-mediated cell
responses [12]. TSPI1 is also a regulator of the major pro-
fibrotic cytokine, transforming growth factor (TGF)-p, sug-
gesting that TSP1 may drive the synthesis and accumulation
of matrix. Indeed, TSP1 and TGF-f transcriptional activity is
linked in mesangial cells [13], and TSPInull mice demon-
strate attenuation of diabetic glomerular changes [14] or
crescent formation in anti-glomerular basement membrane
disease [15]. No studies to date have examined the role of
TSP1 in RTEC and their contribution to fibrosis in mouse
models or human disease.

We have previously published that TSP1 and CD47 are
upregulated in acute kidney injury [9]. Here we describe an
important role for both TSP1 and CD47 in promoting
chronic renal injury and fibrosis, and stimulating RTEC-
based production of fibrogenic factors. For the first time, we
demonstrate that plasma TSPI is upregulated in patients
with a significant renal impairment, and that TSP1 is
detectable in the RTEC and glomerular matrix in diseased
human kidneys, regardless of etiology.

Materials and methods
Reagents and cells

Human renal tubular epithelial cells (RTEC) were purchased
from Lonza (Basel, Switzerland) and maintained in recom-
mended medium. Cells from passage 2-6 were used for
experimental work. Antibodies against a-smooth muscle actin
(SMA) (clone EPR5368), vimentin (clone EPR3776), trans-
forming growth factor (TGF)-f (ab92486), vinculin (clone
EPR8185) and SMAD2 (clone EP567Y) and TSP1 (clone
A6.1) were from Abcam (Cambridge, UK). Antibodies
against P-actin (clone 8H10D10) were from Cell Signalling
Technologies (Danvers, MA). Anti-CD47 antibodies (mouse
clone MIAP301, human clone B6H12), CTGF (clone B6) as

well as isotype control antibodies (rat anti-mouse 1gG) were
from Santa Cruz Biotechnology (Dallas, TX). Recombinant
thrombospondin-1 was sourced from Athens Research &
Technology (Athens, GA).

Animals

CD47~'~ (#003173) mice were from The Jackson Labora-
tory (Bar Harbor, ME). As per the provider, CD47 '~
(B6.12987-C47mIFply mice were backcrossed at least 15
times into the C57BL/6 background. A separate colony of
CD47~'~ mice was maintained at Australian BioResources
(ABR, Sydney, Australia). C57BL/6 mice were also from
ABR. All studies were performed using protocols approved
by the Western Sydney Local Health District Animal Ethics
Committee (#5128) and performed in accordance with the
Australian code for the care and use of animals for scientific
purposes developed by the National Health and Medical
Research Council of Australia.

Renal injury models

Age-matched male mice were anaesthetized using iso-
flurane and body temperature maintained at 36 °C. For the
ischemia-reperfusion—nephrectomy (IR-N) model, a
microvascular clamp occluded the left renal pedicle for 22
min. The abdomen was closed with 5/0 monofilament. The
contralateral kidney was removed at day (D) + 7 and mice
were subsequently sacrificed at D+ 28. In additional
experiments, anti-CD47 antibody (aCD47Ab or isotype
control IgG) was administered to WT mice via intraper-
itoneal injection (0.8ug/g body weight) 1 week after renal
IR and continued weekly until killing.

Kidney histology

Kidneys embedded in paraffin were sectioned at 4 um and
stained with hematoxylin and eosin using standard
methods [16]. Picosirius red staining was also performed
according to standard protocol. Sections were depar-
affinized and placed in a 0.1% solution of Sirius in picric
acid for 4h in the dark, washed and coverslipped with
mounting media. Slides were viewed under brightfield
conditions. Fibrosis scores were assessed in five ran-
domly selected corticomedullary areas and quantified
using ImageJ as published previously [17]. The amount
and intensity of staining was calculated by initially set-
ting a threshold and measuring within regions of interest.
All slides were analyzed simultaneously with identical
software settings.
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Assessment of renal function

Renal function was determined by measurement of serum
creatinine using the Siemens Dimension Vista® System.

Murine RTEC cultures

Primary wild-type (WT) and CD47 '~ cells were harvested
as described previously [18]. Kidneys were digested using
multi-tissue dissociation kit and GentleMacs (Miltenyi,
Bergisch Gladbach, Germany), incubated with CD326
(EpCAM) microbeads (Miltenyi) and passed through LS
columns. The positive cell fraction was suspended in
defined K1 medium: DMEM/F12 medium supplemented
with 25 ng/ml epidermal growth factor (Sigma-Aldrich, St
Louis, MO), 1 ng/ml prostaglandin E; (Cayman Chemicals,
Ann Arbor, MI), 5 x 107" M triiodothyronine (Sigma-
Aldrich), 5 x 10° M hydrocortisone (Sigma-Aldrich),
insulin—transferrin—sodium selenite supplement (Sigma-
Aldrich), 1% penicillin/streptomycin (ThermoFisher Sci-
entific, Waltham, MA), 25mM HEPES (ThermoFisher
Scientific), and 5% FCS (ThermoFisher Scientific), and
cultured on collagen-coated dishes (BD Biosciences,
Franklin Lakes, NJ).

Cell passages 2—4 were used for experimental work. In
certain experiments, cells were cultured in serum-starved
media (0.5% FCS) and subjected to normoxia (FiO, 21%),
hypoxia (FiO, 1%) and exogenous TSP1 (2.2 nM) with or
without CD47 antibody (1 pug/ml) for 24 h.

Western blot analysis

Tissue or cells were homogenized in cold RIPA buffer (Cell
Signaling Technology) that contained protease inhibitor
cocktail (Sigma-Aldrich) and phosphatase inhibitor cocktail
(Roche Applied Science, Hercules, CA). Lysates were quan-
tified using a DC™ assay (BioRad, Hercules, CA). Protein
was resolved by SDS-PAGE and transferred onto nitrocellu-
lose membranes (BioRad). Blots were probed with primary
antibodies and visualized on an Odyssey Imaging System
(Licor, Lincoln, NE) using ImageStudioLite (Licor). The
intensity of the bands was quantified using ImageStudioLite.

RNA extraction and quantification by real-time PCR

RNA was extracted using ISOLATE-II RNA MiniKits
(Bioline, London, UK) with on-column DNase treatment.
RNA was quantified using a Nanodrop (BioTek, Winooski,
VT), and reverse-transcribed using a SensiFAST cDNA
synthesis kit (Bioline). cDNA was amplified in triplicate
with gene-specific primers (Invitrogen) using a CFX384
real-time PCR machine (Biorad). Thermal cycling condi-
tions were 95 °C for 2 min, followed by 40 cycles of 95 °C
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for 5 s and 60 °C for 30 s. Expression was normalized to the
housekeeping gene and data were analyzed using the AACt
method. WT sham-operated animals, untreated WT RTEC
or untreated human RTEC were used as the referent controls
to determine fold change in transcript in comparator groups.

Immunofluorescence

Cells were grown on glass bottom dishes (MatTek, Ash-
land, MA) and TSP1 (2.2nM) was added for 24 h. Per-
meabilization was performed with PBS/10% BSA/0.1%
Triton-X100 for 10 min at room temperature followed by
blocking with 1% goat serum (Sigma-Aldrich) for 30 min.
Cells were incubated in primary antibody (1:100 dilution) in
blocking buffer in a humidified chamber at 4 °C overnight.
Cells were washed then incubated with AF488 secondary
antibody (1:400 dilution, Invitrogen) for 1 h. Nuclei were
stained with DAPI. Cells were coverslipped with Gelvatol
mounting media. Images were captured with an Olympus
Fluoview 1000 confocal microscope, and results calculated
as the percentage of area stained using Image].

Plasma TSP1 measurement

The study was approved by the Human Research Ethics
Committee of Western Sydney Local Health District [HREC
LNR/12/WMEAD/114 and LNRSSA/12/WMEAD/117
(3503)]. All subjects provided written consent. Patients (n =
108) with varying estimated glomerular filtration rate (eGFR,
determined by CKD-EPI) were recruited from outpatient
clinics, and did not have an intercurrent illness or acute kid-
ney injury. Blood was collected in EDTA tubes without a
tourniquet using a 23-gauge needle, and placed immediately
on ice. Platelet-poor plasma was generated by centrifugation
at 2500 rpm for 15 min at 4 °C without brake, then stored at
—80°C until analysis. Plasma TSPl concentration was
determined by ELISA (Abcam). For the linear regression
analysis, patients with no known renal disease and normal
renal function were assumed to have GFR 90 ml/min, and
dialysis-dependent patients had a GFR of 5 ml/min.

Immunohistochemistry

Two um sections of paraffin-embedded human kidney
biopsies were incubated with rabbit anti-thrombospondin-1
(TSP1) (Abcam, ab85762, 1 ug/ml), or isotype-matched
IgG. For immunodetection, Dako EnVision+ System-HRP
labeled polymer detection kit (Dako, Carpinteria, CA, USA)
was used with ImmPACT NovaRED Peroxidase (HRP)
Substrate (Vector Laboratories, Burlingame, CA), and
counterstained by Mayer’s hematoxylin and Scott’s bluing
solution. After mounting, slides were viewed by



Blocking thrombospondin-1 signaling via CD47 mitigates renal interstitial fibrosis 1187

NanoZoomer (Hamamatsu, Iwata City, Japan). All samples
were stained in a single assay to exclude between-run
variability.

Statistical analysis

Statistical analyses were performed using GraphPad Prism
software. Data were analyzed by Student’s r-test,
Mann—Whitney U-test or ANOVA for multiple group com-
parisons. A Tukey’s or Dunnett’s multiple comparison post-
test was performed where relevant. Linear regression analysis
was used to determine the relationship between plasma TSP1
and eGFR. A p-value of < 0.05 was assumed to be significant.

Results

Absent CD47 and blockade of CD47 signaling is
protective in an ischemic model of renal fibrosis

Employing a clinically relevant model of CKD, we per-
formed unilateral ischemia—reperfusion (IR) injury followed
by contralateral nephrectomy (denoted IR-N), reducing renal
mass and subsequently relying upon a single injured kidney.
WT kidney tissue sections demonstrated areas of impaired
repair with thinned renal tubular epithelium which was not
seen in CD47 '~ mice (Fig. 1a). This pattern was further
highlighted by Sirius Red staining (Fig. 1b, c). CD47 '~
mice are resistant to acute injury in multiple models
[9, 19, 20], and it is possible that subsequent protection from
chronic injury was due to the initial resistance to par-
enchymal damage. It is difficult to accurately titrate a pri-
mary ischemic event to induce similar injury in WT and
CD47'~ kidneys, therefore we subjected WT mice to IR-N
and administered aCD47 or isotype control antibody (Ab)
1 week following injury (at the time of nephrectomy). This
ensured consistency between ischemic events, and that the
subsequent mitigation of chronic injury alone was due to
limiting TSP1-CD47 signaling. Administration of
aCD47Ab, but not isotype control antibody, significantly
improved histology and fibrosis, similar to that seen in
CD47'~ mice (Fig. lc). Serum creatinine was not sig-
nificantly different between groups (Fig. 1d).

Intact TSP1-CD47 signaling promotes expression of
fibrotic markers

To determine whether CD47 '~ or aCD47Ab-treated kid-
neys demonstrated a reduction in fibrotic markers consistent
with histology improvements, we evaluated protein and
transcript expression. TSP1 protein was indeed elevated in
the context of chronic injury in WT mice (Fig. 2a), but was
mitigated in CD47 '~ and aCD47Ab-treated IR-N mice.

TSP1 has been shown to activate latent TGF-f [21, 22]. The
pattern of TGF-p expression in whole kidneys closely fol-
lowed that of TSP1: expression of TGF-f was lowest in
sham-operated animals and greatest in WT mice, with miti-
gated expression in both CD47 '~ and aCD47Ab-treated
mice (Fig. 2b). The low molecular weight of TGF-p (14 kDa)
is difficult to resolve adequately and to confirm our results,
we assessed a downstream effector molecular crucial to
TGF-B signal transduction, SMAD2, which was down-
regulated in CD47 '~ and aCD47Ab-treated IR-N mice
(Fig. 2c). Connective tissue growth factor (CTGF) is similar
to TSP1 as a secreted matricellular protein that can modulate
cell signaling pathways and promote matrix deposition and
remodeling [23]. CTGF expression was elevated in WT IR-N
and mitigated in both CD47 '~ mice and antibody-treated
WT mice (Fig. 2d). Expression of a-smooth muscle actin
(aSMA) is indicative of activated fibroblasts, which have a
high synthetic capacity for extracellular matrix proteins.
Damaged RTEC demonstrate a phenotypic change char-
acterized by de novo synthesis of aSMA [24]. Upregulation
of aSMA transcript was greatest in WT IR-N mice (Fig. 2e).
Expression of vimentin was constitutively upregulated
regardless of the presence of TSP1-CD47 signaling (Fig. 2f).

Fibrotic kidneys and renal tubular epithelial cells
(RTEC) elaborate matrix, which is mitigated by
absent CD47

To assess any correlation between whole kidney protein and
transcript expression, we analyzed mRNA expression of
multiple fibrotic markers (Fig. 3). TSPl mRNA was ele-
vated in WT IR-N mice, but expression was reduced in
CD47"~ and aCD47Ab-treated animals. The pattern of
TGF-f transcript expression replicated that of TSPI.
Upregulation of aSMA transcript was greatest in WT IR-N
mice. Type I collagen and fibronectin were similarly upre-
gulated in WT mice but mitigated by blockade or absence of
CD47 signaling.

RTEC are the dominant renal parenchymal cell and
contribute to synthesis and secretion of matrix through
epithelial-to-mesenchyme transition (EMT) [25, 26]. To
interrogate alterations in RTEC-based matrix production, we
isolated WT and CD47 /"~ cells, subjected them to 24 h
normoxia or hypoxia (FiO, 1%) and assessed mRNA
expression of TSP1 and fibrotic markers (Fig. 4a). TSP1
transcript was substantially upregulated in WT RTEC
compared to CD47 '~ cells following hypoxic exposure.
Only hypoxic WT RTEC consistently upregulated aSMA,
type I collagen, and fibronectin transcript compared to both
normoxic WT and CD47 '~ cells. TGF-p mRNA expression
was significantly increased in WT cells in response to
hypoxia compared to CD47 '~ RTEC.
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Fig. 1 Absent CD47 protects
against the development of
renal fibrosis. Age-matched
male WT and CD47 '~ mice, as
well as WT mice receiving
aCD47 or isotype control
antlbody were subjected to
unilateral renal
ischemia—reperfusion injury +
contralateral nephrectomy (IR-
N). At D + 28 post-IR-N,
kidney tissues were sectioned
and stained with a hematoxylin
and eosin (H&E) or b Sirius red,
followed by ¢ quantitative
analysis of fibrosis. d Serum
creatinine was measured. All
data are presented as mean + SD B
from n = 6-8 samples; **p <
0.01, ***p <0.001, ****p <
0.0001. Representative
photomicrographs are shown,
original magnification x10, scale
bar is 250 um.
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The TSP1 gene contains a hypoxia response element
[27], and while hypoxia is a useful surrogate to examine cell
responses, it lacks specificity. To explicitly examine the role
of TSP1 on RTEC and the elaboration of fibrosis markers,
we added TSP1 at 2.2 nM to WT or CD47 '~ cells and then
performed immunofluorescent staining for TGF-f. Exo-
genous TSP1 at this concentration will only engage CD47
[12]. TSP1 at 2.2nM significantly increased TGF-f
expression in WT cells, and this response was mitigated
in the absence of CD47 (Fig. 4b). Exogenous TSP1 also
induced markers of fibrosis, including aSMA, type I col-
lagen and fibronectin (Fig. 4c). mRNA levels of TSPI,
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TGEF-B, type I collagen, and fibronectin in response to TSP1
was significantly suppressed in CD47 '~ RTEC compared
to WT cells. The addition of aCD47Ab to WT cells
downregulated TSP1 and aSMA transcript, but otherwise
there was no substantial effect on fibrotic markers in
WT cells, unlike that seen in vivo. We have previously seen
differences in effects mediated by CD47 blocking antibody,
with minimal responses in vitro in contrast with an in vivo
response, as well as differences in the efficacy of antibody
clones to change signal transduction. [16]
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Fig. 2 TSP1-CD47 signaling promotes epithelial-mesenchymal
transition and elaboration of matrix in renal fibrosis. Whole kidney
homogenate from WT and CD47 '~ mice, as well as WT mice receiving
aCD47Ab was resolved by SDS-PAGE for fibrotic markers. Quantifica-
tion of protein expression, in addition to representative western blots for a

thrombospondin-1 (TSP1), b a-smooth muscle actin ((SMA), ¢ trans-
forming growth factor (TGF)-p, d connective tissue growth factor
(CTGF), e SMAD?2 and f vimentin. Densitometry is presented as the mean
ratio of target protein to loading control (B-actin or vinculin) + SD from n
= 3-8 samples. *p <0.05, **p <0.01, **¥p <0.001, ****p <0.0001.
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Fig. 3 Limiting TSP1-CD47 in the renal parenchyma reduces
matrix in chronic kidney injury. Whole kidney homogenate from
WT and CD47 /= IR-N, as well as WT mice receiving «CD47Ab was
prepared for qPCR analysis. All samples were collected for RNA

Plasma TSP1 is elevated in CKD

TSP1 has been shown to be elevated in plasma of patients
with pulmonary hypertension [28] and peripheral vascular
disease [29]. A relationship between plasma TSP1 and
CKD, specifically glomerular filtration rate, has never been
demonstrated. We measured platelet-poor plasma TSP1
concentrations in patients with normal renal function and
CKD (stages I-V), including end-stage kidney disease.
Stage of CKD was determined by serum creatinine and
therefore estimated glomerular filtration rate (eGFR) cal-
culated according to the CKD-EPI equation [30]. We
demonstrated a significant rise in plasma TSP1 as CKD
progressed, particularly to stage IV and V (Fig. 5a). Linear
regression analysis demonstrated a significant negative
relationship between eGFR and plasma TSP1 (> = 0.2699,
p <0.0001). Demographic characteristics of patients and
the range of plasma TSP1 concentrations are found in
Table 1.

Human renal tubular epithelial cells (RTEC)
elaborate matrix which is mitigated by limiting
CD47 signaling

We have previously published differences in responsiveness
between mouse and human RTEC [16]. We therefore tested
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isolation, cDNA synthesis and RT-PCR performed for TSP1, aSMA,
type I collagen, fibronectin and TGF-p. PCR was run in triplicate and
results are presented as fold change + SD from n = 3-6 independent
experiments, *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001.

the response of human RTEC to exogenous TSP1 in the
context of CD47 blockade. All fibrotic markers were
induced with TSP1, and mitigated by aCD47Ab (Fig. 5b).
Hypoxia alone was an insufficient stimulus to alter mRNA
expression of any markers (data not shown). De novo
expression of aSMA, the hallmark of EMT, was demon-
strated in human RTEC incubated with 2.2nM TSP1
(Fig. 5¢).

TSP1 is expressed in human kidneys with CKD

Having demonstrated the presence of TSP1 transcript and
protein expression in the kidneys of mice with chronic
injury (Figs. 2, 3), elevated plasma TSPI1 in patients with
CKD, and the induction of fibrotic markers in human RTEC
in response to TSP1, we performed immunohistochemical
staining for TSP1 on human kidney biopsies. Patients with
thin membrane disease (normal serum creatinine, micro-
scopic hematuria, n =3) were used as controls, and com-
pared to patients with CKD grouped according to the
presence of type II diabetes as a comorbidity (yes: n=29;
no: n = 8). Patient demographics are described in Table 2.
In control kidneys, TSPI staining was absent from glo-
meruli and present at low levels within the renal tubules
(Fig. 5d(i)). Glomerular, punctate tubular epithelial, and
peri-tubular TSP1 expression was only mildly increased in
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Fig. 4 WT, but not CD47 '~ renal tubular epithelial cells (RTEC)
significantly contribute to matrix production and epithelia-to-
mesenchyme transition. WT and CD47 '~ RTEC were isolated,
grown to 70% confluence and exposed to serum-starved media. a Cells
were exposed to serum-starved media plus normoxia (Nx, FiO, 21%)
or hypoxia (Hx, FiO, 1%) for 24 h. All samples were collected for
RNA isolation, cDNA synthesis and RT-PCR performed for TSPI,
aSMA, type I collagen, fibronectin and TGF-f. b RTEC were treated
with exogenous TSP1 (2.2 nM) for 24 h, stained for TGF-f (green) and

DAPI (blue) and visualized by immunofluorescence. Representative
photomicrographs at x20 magnification are shown. The total cellular
area stained was calculated from six randomly chosen regions of
interest, from n =3 independent experiments. ¢ RTEC were treated
with exogenous TSP1 (2.2 nM) for 24 h, with/without aCD47Ab (1
pg/ml). RT-PCR performed for TSP1, TGF-p, type I collagen, fibro-
nectin and aSMA. All qPCR was run in triplicate and results are
presented as fold change + SD from n = 4-6 independent experiments,
*p<0.05, ¥*¥p <0.01, ***p <0.001, ****p <0.0001.
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Fig. 5 TSP1 plasma levels are increased and tissue expression is
enhanced in patients with chronic kidney disease. a Platelet-poor
plasma was collected and TSP1 levels measured by ELISA. Results
are graphed by (i) stage of CKD, and displayed as mean + SD, with
box and whisker plot displaying minimum and maximum values and
(ii) linear regression analysis. b Human RTEC were grown to 70%
confluence and treated with serum-starved media. Cells were exposed
to exogenous TSP1 (2.2nM) for 24 h, fixed, stained for aSMA and
assessed by immunofluorescence. Representative photomicrographs at
%20 magnification are shown. The total cellular area stained was cal-
culated from three randomly chosen regions of interest, from n=3
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independent experiments. ¢ Human RTEC were exposed to exogenous
TSP1 (2.2 nM) for 24 h, with/without xCD47Ab (1 pg/ml). RNA was
extracted from cell lysates, converted to cDNA and RT-PCR per-
formed for TSP1, TGF-p, type I collagen, fibronectin and aSMA. All
qPCR was run in triplicate and results are presented as fold change +
SD from n=4-6 independent experiments; *p <0.05, **p<0.01,
*##%%p <0.0001. d Immunohistochemical staining of TSP1 in (i) nor-
mal kidneys, (ii) diseased kidneys with type II diabetes mellitus as a
comorbidity, and (iii) diseased kidneys without type II diabetes mel-
litus. Representative photomicrographs of n =2 patients from each
group are demonstrated at x20 magnification, scale bar is 100 pm.
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Table 1 Demographic characteristics and comorbidities of patients with measured plasma TSP1.

eGFR (ml/min) 290 60-89 30-59 15-29 <15 p-value®
N 13 13 24 23 35

Age + SD 422+ 132 60.6+209 68 +18.8 64.1 +17.7 67.1 £10.6 p<0.0001
Female: male 10:3 8:5 10:14 11:12 16:19 NS

Type 1I diabetes, N (%) 0 (0) 5 (38.5) 14 (58.3) 13(60.9) 24 (68.6) p<0.01
Ischemic heart disease, N (%) 0 (0) 3(23.1) 5 (20.8) 6 (23) 21 (60) p<0.001
Hypertension, N (%) 0 (0) 4 (30.8) 19 (79.2) 14 (60.9) 28 (80) p<0.0001
Peripheral vascular disease, N (%) 0 (0) 1 (7.7) 7(29.2) 2 (9.5 7 (20) NS
Plasma TSP1 mean concentration + SEM (ng/ml) 128.7 + 14.6 2374 £30.1 328.8 £43.5 4056 =36.3 630 +70.3 p<0.0001
Minimum plasma TSP1 (ug/ml) 54.1 59.8 90.5 77.2 234.4

Maximum plasma TSP1 (ug/ml) 240.2 431.3 810.8 820.5 2300

®Ordinary one-way ANOVA; Tukey multiple comparison test is shown in Fig. 5a panel (i).

Table 2 Demographic characteristics of human biopsies analyzed for TSP1 expression.

Patient no. Gender Age (y) Serum creatinine (umol/l); Co-morbid Proteinuria (g), Diagnosis
eGFR (ml/min) at biopsy conditions hematuria

1 M 60 170; 40 HT 3, FSGS, interstitial fibrosis

2 F 34 90; >90 nil 4.5, N MCGN, 10% interstitial fibrosis

3 M 70 195; 31 Type 1 6.3, N FSGS, 30% interstitial fibrosis

DM (T2DM)

4 M 79 195; 41 HT 25, N FSGS, 30% interstitial fibrosis

5 M 66 90; 80 HT, T2DM 24, N FSGS, 40% interstitial fibrosis

6 M 51 90; >90 nil Nil, Y Thin membrane disease

7 M 53 330; 23 HT, T2DM 6.8g, N Diabetic nephropathy, 60% interstitial
fibrosis

8 F 49 80; >90 nil Nil, Y Thin membrane disease

9 M 70 215; 28 HT, T2DM Nil, N Hypertensive glomerulosclerosis, 30%
interstitial fibrosis

10 M 49 400; 20 T2DM 4, N Diabetic nephropathy, 70% interstitial
fibrosis

11 M 62 100; 83 HT, smoker 05, Y 50% chronic interstitial fibrosis

12 F 50 160; 40 HT 04, N 30% interstitial fibrosis

13 M 65 115; 60 T2DM 2.8, N Diabetic nephropathy

14 M 71 200; 38 Nil 0.84, N FSGS, 50% interstitial fibrosis

15 M 72 100; 73 HT 33,Y FSGS, 15% interstitial fibrosis

16 M 78 250; 24 HT 3.5, N FSGS, 50% interstitial fibrosis

17 F 68 215; 25 HT, T2DM 1.0, N Diabetic nephropathy, 60% interstitial
fibrosis

18 M 56 260; 30 T2DM Nil, N Diabetic nephropathy, 40% interstitial
fibrosis

19 M 59 185; 48 HT, T2DM 0.35, N MCGN, 60% interstitial fibrosis

20 F 52 80; >90 Nil Nil, Y Thin membrane disease

HT hypertension, type Il DM (T2DM) type 2 diabetes mellitus, MCGN mesangiocapillary glomerulonephritis, FSGS focal segmental

glomerulosclerosis.

patients with CKD regardless of the presence of diabetes

(Fig. 5d(ii), (iii)). TSPI staining was localized and suffi-

ciently low throughout all sections to prevent accurate

measurements of staining intensity.

affecting

Discussion

CKD is one of the most challenging chronic disorders
the Western world [31]. Excessive matrix
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Fig. 6 TSP1 via CD47 on renal tubular epithelial cells induces
production matrix proteins to promote fibrosis. TSP1 is produced
by renal tubular epithelial cells (RTEC) in response to stress, such as
ischemic/hypoxic injury, and binds to CD47 to produce fibrotic factors
such as type I collagen and fibronectin. TSP1 also initiates phenotypic
changes in RTEC with increased expression of a-smooth muscle actin.
TSP1 independent of CD47 activates latent transforming growth factor
(TGF)-p. These factors are secreted as matrix and lead to fibrosis
affecting the renal parenchyma.

deposition, characterized by glomerulosclerosis and tubu-
lointerstitial fibrosis, is the non-specific hallmark of disease
progression for which there is no therapeutic intervention.
TGF-f is the best known pro-fibrotic cytokine [32], and
linked to the development of CKD in numerous pre-clinical
[33] and human studies [34] (Fig. 6). In order to bind
receptors, TGF-p requires extracellular activation, which
can be performed by TSP1 [35, 36]. The role of TSP1 alone
in CKD (specifically diabetic nephropathy [14] and glo-
merulonephritis [15]) has been investigated. We conducted
the present study to determine how TSP1-based pathology
in CKD is regulated through its high affinity receptor,
CD47.

Absent TSP1-CD47 signaling is protective against acute
kidney injury (AKI) [9]. Similar to the previously observed
effect on CKD resulting from absent TSP1, we also found
that targeting CD47 was protective against the development
of renal parenchymal fibrosis. Lack of CD47, or treatment
with a CD47 blocking antibody reduced pathophysiological
fibrosis and expression of fibrotic markers in a model of
reduced renal mass (ischemia-reperfusion injury and sub-
sequent nephrectomy, IR-N). CD47 '~ mice are robustly
protected from ischemia—reperfusion injury [9, 20, 37, 38],
therefore the IR-N model potentially lacks equivalence when
comparing with (more susceptible) wild-type mice. To
counteract the inherent protective effect of absent CD47
expression, we administered aCD47 antibody to WT mice
7 days after the ischemia—reperfusion injury. This antibody

SPRINGER NATURE

is protective in native [9] and transplant-related [16] AKI,
and in our study was effective in protecting mice from
developing fibrosis. Transcript levels and protein expression
of TSP1 were reduced in the IR-N disease model when
CD47 signaling was mitigated. TSP1 has been shown to
have an effect on fibroblast migration [39] and angiogenesis
[40], and this study supports previous work that places
TSP1-CD47 signaling central to wound healing [41]. Tar-
geting CD47 to modify progression of fibrosis may be
dependent upon both the inherent level of TSP1 in the dis-
ease of interest, and therefore the ability of pharmacological
intervention to modify signal transduction via TGF-p.

RTEC contribute to the production of matrix proteins,
and WT RTEC responded to a hypoxic stimulus by upre-
gulating transcript of fibrotic markers. This effect was
muted in CD47 '~ cells. A similar pattern of expression was
also seen in WT and CD47 '~ RTEC in response to exo-
genous stimulation with TSP1. The effect was recapitulated
in human RTEC, and mitigated with CD47 blocking anti-
body. Incubation with TSP1 induced expression of aSMA,
a feature pathognomonic of EMT [42, 43]. RTEC also
demonstrate plasticity of phenotype, with features of de-
differentiation following injury [44]. Our data clearly show
a phenotypic change in response to exposure to TSPI1, in
addition to elaboration of fibrotic markers. However, the
overall contribution of RTEC to fibrosis, in addition to
fibroblasts and pericytes [45] has yet to be established.
Similarly, inflammatory cells, such as macrophage/dendritic
cell subsets contribute to progression of fibrosis (recently
reviewed in ref. [46]) and these cells also express TSP1/
CD47 [47, 48]. Further studies are required to establish
whether these cells are similarly modified by TSPI, and
whether the production of matrix protein is altered by
limiting signaling through CD47.

It is generally accepted that mouse models are a poor
mimic of renal fibrosis; however, we wished to establish
whether TSP1 expression is relevant in human CKD. The
clinical importance of these results is demonstrated by
elevated plasma TSP1 in patients with CKD. TSP1 is nor-
mally present at low concentrations in plasma, but increases
with vascular damage or inflammation [28, 49]. For the first
time, we show significant elevations in plasma TSPI in
patients with CKD, with a continued rise as glomerular
filtration rate (GFR) falls. We assessed expression of TSP1
throughout the renal parenchyma to determine whether the
increased plasma concentrations of this protein was secreted
from the increased fibrotic burden within the kidney. The
development of fibrosis alters the distribution of TSPI
expression within renal the parenchyma, but does not
markedly increase it. Biopsies from patients with normal
renal function show low-level tubular epithelial cell and
interstitial expression of TSP1, which becomes more pro-
minent within the fibrosed interstitium, as well as the matrix
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of sclerosed glomeruli. There was no substantial difference
between the level of TSP1 expression in diabetic versus
non-diabetic CKD. The overall level of TSPI staining in
our samples was much less than that seen in a previous
study of human diabetic kidney disease [S0]. We trialed
multiple clones of commercially available TSP1 antibody
with similar results, and substantially less background
staining. Therefore, it is not yet clear whether the elevation
of plasma TSP1 is from the diseased organ, or secondarily
affected organs (e.g. the vasculature in CKD).

In summary, we found that matrix protein TSPI can
regulate the production of renal fibrosis markers, and this
was attenuated by targeting the high affinity receptor
CDA47. For the first time, we are able to demonstrate
plasma TSP1 as a potential biomarker in CKD. Further
studies will enable us to determine whether it provides
important prognostic implications for patient outcomes.
Finally, the exogenous delivery of CD47 inhibition could
offer new therapeutic opportunities in CKD and other
pathologies characterized by dysregulated deposition of
matrix proteins.
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