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Abstract

Adult bone marrow-derived cells can improve organ function in chronic disease models, ostensibly
by the release of paracrine factors. It has, however, been difficult to reconcile this prevailing
paradigm with the lack of cell retention within injured organs and their rapid migration to the
reticuloendothelial system. Here, we provide evidence that the salutary antifibrotic effects of bone
marrow-derived early outgrowth cells (EOCs) are more consistent with an endocrine mode of
action, demonstrating not only the presence of antifibrotic factors in the plasma of EOC-treated
rats but also that EOC conditioned medium (EOC-CM) potently attenuates both TGF-B- and
angiotensin ll-induced fibroblast collagen production in vitro. To examine the therapeutic
relevance of these findings in vivo, 5/6 subtotally nephrectomized rats, a model of chronic kidney
and heart failure characterized by progressive fibrosis of both organs, were randomized to receive
i.v. injections of EOC-CM, unconditioned medium, or 108 EOCs. Rats that received unconditioned
medium developed severe kidney injury with cardiac diastolic dysfunction. In comparison, EOC-
CM-treated rats demonstrated substantially improved renal and cardiac function and structure,
mimicking the changes found in EOC-treated animals. Mass spectrometric analysis of EOC-CM
identified proteins that regulate cellular functions implicated in fibrosis. These results indicate that
EOCs secrete soluble factor(s) with highly potent antifibrotic activity, that when injected
intravenously replicate the salutary effects of the cells themselves. Together, these findings suggest
that an endocrine mode of action may underlie the effectiveness of cell therapy in certain settings
and portend the possibility for systemic delivery of cell-free therapy.
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Introduction

The mechanisms by which bone marrow-derived cells induce their beneficial effects has
been the subject of longstanding speculation. Although previously thought to engraft and
differentiate into mature parenchymal or vascular cells [1-4], the extent to which this occurs
has been controversial [5-8]. Indeed, recent opinion favors a paracrine mechanism of action
whereby the administered cells secrete a range of factors that initiate endogenous
regenerative programs by cells in their immediate proximity [9]. It has, however, been
difficult to reconcile key experimental findings with this paradigm. First, despite dramatic
structural and functional improvements [10], long-term target organ retention of transferred
cells is often extremely low [7, 11, 12]. Second, the in vivo administration of the ostensible
paracrine factors leads to tissue effects at distances that are substantially greater than what
would conventionally be considered paracrine [8]. Such discrepancies have lead to calls for a
more detailed examination of the mechanisms of action of cell therapy prior to their clinical
translation [13].

Compounding these reservations are the uncertainties surrounding the ultimate fate of such
cells postinfusion [13]. Given the proliferative potential of certain bone marrow-derived
cells, it is perhaps unsurprising that recent reports have highlighted the potential for
pathologic growth of certain cell types when used clinically [14]. In the absence of a more
detailed understanding of the mechanisms controlling cell homing and cell fate postinfusion,
these studies have raised concerns regarding the safety of bone marrow-derived cell infusion
for the treatment of chronic disease [13].

Fibrotic injury is a pivotal pathophysiologic contributor to the progression of many chronic
diseases, including chronic kidney disease (CKD) and its cardiovascular complications. In
CKD, progressive fibrosis of the kidney and heart leads, over time, to irreversible damage
and loss of organ function. Whereas in the kidney, this injury impairs filtration and tubular
cell function, in the heart, fibrosis stiffens the left ventricle and impairs its ability to relax
and fill during diastole. This shared cardio-renal pathophysiology is reflected clinically in
the common development of heart failure with preserved ejection fraction in CKD patients, a
phenotype with a particularly poor prognosis and for which therapeutic options are
extremely limited [15].

We have previously reported that bone marrow-derived early outgrowth cells (EOCs)
attenuate tissue fibrosis and organ dysfunction in models of diabetic [12] and nondiabetic
[11] kidney disease. In these studies, we found that i.v. and intra-arterial routes were
similarly efficacious. We further found that in contrast to their near-absence in the kidney,
labeled EOCs were present in abundance in the liver, spleen, and bone marrow [11, 12]. In
this study, we provide evidence that the antifibrotic activity of EOCs is mediated by a novel
endocrine mechanism of action, demonstrating not only the presence of circulating
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antifibrotic factors in the plasma of rats treated with EOCs but also that EOC-derived soluble
factors potently inhibit both transforming growth factor-g (TGF-g)-and angiotensin 11-
induced fibroblast collagen production in vitro. We further demonstrate the therapeutic
relevance of these findings in vivo, showing that infusion of EOC-derived factors alone can
mimic the antifibrotic tissue protective effects of the cells themselves in the 5/6 subtotally
nephrectomized (SNX) rat, a clinically relevant model of cardio-renal failure.

Materials and Methods

Isolation of EOCs and Cell Culture

EOCs were cultured as previously described [11]. Briefly, bone marrow cells were flushed
from the femora and tibiae of 4-week-old male Fischer 344 rats (Charles River, Montreal,
Quebec) with sterile phosphate-buffered saline (PBS). The collected cells were plated in
endothelial cell culture medium-2 (with single quots, Lonza, Walkersville, MD,
www.lonza.com) on human fibronectin-coated tissue culture flasks and incubated at 37°C
with 5% CO», for 7-10 days to produce EOCs.

Isolation of Mesenchymal Stem Cells and Cell Culture

Mesenchymal stem cells (MSCs) were cultured as previously described [11, 16]. Flushed
bone marrow cells harvested as above were seeded in Dulbecco’s modified Eagle’s medium
(DMEM; Invitrogen, Burlington, Ontario, Canada, http://www.invitrogen.com) on plastic
tissue culture flasks, and incubated at 37°C with 5% CO5 to produce MSCs. Medium was
changed every 2-3 days. Cells used for experiments were between passages 2 and 6.

Flow Cytometric Analysis

Flow cytometric analysis of EOC and MSC surface marker expression was performed as
previously described [12, 17]. Cultured EOC expression of a panel of cell surface markers
was examined following immunostaining with the following antibodies (1 ug of each
antibody for 108 cells in a 100 pL volume for 20 minutes) and analysis using a MACS Quant
flow cytometer (Miltenyi Biotech, Auburn, CA, http://www.miltenyibiotec.com): (a) Alexa
Fluor 647-conjugated anti-CD34 (BD Biosciences, San Jose, CA, http://
www.bdbiosciences.com), (b) VioBlue-conjugated anti-vascular endothelial growth factor 2
(VEGFR?2) (BD Biosciences), (c) PE-conjugated anti-vascular endothelial (VE)-cadherin
(Santa Cruz Biotechnology, Santa Cruz, CA, http://www.scht.com), (d) Allophycocyanin
(APC)-conjugated anti-CD73 (Biolegend, San Diego, CA, www.biolegend.com), (€)
BV421-conjugated anti-CD90 (Biolegend), (f) Phycoerythrin (PE)-conjugated anti-CD105
(Biolegend), (g) PE-Cy7-conjugated anti-CD45 (Biolegend), and (h) Fluorescein
isothiocyanate (FITC)-conjugated anti-CD11b (Biolegend). EOCs were additionally stained
with fluorescein-labeled Griffonia (Bandeiraea) simplicifolia lectin 1—isolectin B, (Vector
Laboratories, Burlington, Ontario, Canada, http://www.vectorlabs.com). Cultured MSCs
were stained for CD73, CD90, CD105, CD45, and CD11b with the above-described
antibodies. Cells incubated with irrelevant 1gGs conjugated to the appropriate fluorophore
were used as negative isotype controls and gating was further validated using the appropriate
Fluorescence Minus One controls. Analysis was performed using MACS Quantify data
acquisition and analysis software (Miltenyi Biotech).
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Acetylated Low Density Lipoprotein (LDL) Uptake

EOCs were incubated with Dil-labeled acLDL (Biomedical Technologies Inc., U.K,,
www.btiinc.com) for 4 hours at 37°C and fixed with 4% paraformaldehyde. Cells were
imaged using an inverted epifluorescence microscope equipped with a digital camera.

Mesenchymal Lineage Differentiation Assays

EOCs and MSCs were cultured in adipogenic, osteogenic, or chondrogenic differentiation
media (Invitrogen) for 1-2 weeks as previously described [18]. Medium was changed every
2-3 days. After fixation with 4% paraformaldehyde, cells were stained with oil red O, von
Kossa, or Alcian blue stains to confirm successful adipogenic, osteogenic, and chondrogenic
differentiation, respectively.

Phagocytosis Assays

The phagocytic activity of EOCs was assessed using a commercially available kit according
to the manufacturer’s instructions (Vybrant Phagocytosis Assay Kit, Molecular Probes,
Burlington, Ontario, Canada, http://probes.invitrogen.com). Cell-free medium served as a
negative control. Mouse PU5-1.8 macrophages (a generous gift from Dr. John Semple) were
used as a positive control.

Conditioned Medium Generation

EOC conditioned medium (EOC-CM) was generated by incubating subconfluent 10-day
cultured EOCs with serum-free endothelial basal medium-2 (EBM-2, Lonza) for 24 hours
after washing of the EOCs to remove any residual serum [19]. Collected EOC-CM from n=
5 donor animals was then pooled and used for in vitro assays. For in vivo experiments, cell-
free EOC-CM was collected and pooled as above from 30 donor animals. Prior to in vivo
injection, pooled EOC-CM and EBM-2 were concentrated 10-fold using a <10 kDa cutoff
centrifuge filtration column (Millipore, Billerica, MA, http://www.millipore.com), followed
by filtration using a 0.45 pm filter (Millipore). 0.5 mL aliquots of concentrated EOC-CM
and EBM-2 were stored at —80°C until injection.

[3H]-Proline Incorporation Assay

Following serum starvation, primary neonatal rat cardiac fibroblasts were incubated with 0.5
mL of neat EOC-CM, diluted EOC-CM, or unconditioned EBM-2 for 4 hours. Fibroblasts
were then stimulated with 10~7 mol/L of angiotensin 1l (Sigma-Aldrich, Oakville, Canada,
http://www.sigmaaldrich.com) or 20 ng/mL of TGF-8 (R & D Biosystems, Minneapolis,
MN, http://www.rndsystems.com) and incubated with [3H]-proline (1 uCi/ well, Amersham
Biosciences, Piscataway, NJ, http://www.amer-sham.com) for 44 hours. In some
experiments, fibroblasts were coincubated with rat plasma or marimastat 100 nM (Tocris
Bioscience, Minneapolis, MN), a pan-matrix metalloproteinase (MMP) inhibitor.
Incorporation of [3H]-proline was measured using a liquid scintillation counter (LS 6000
Beckman Instruments, Beckman Coulter, Mississauga, Canada) [11, 20-23].
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Animal Experiments

All animal studies were approved by the St. Michael’s Hospital Animal Ethics Committee.
In the first set of experiments, Fischer 344 rats (Charles River) of 8 weeks of age were
randomized to one-step subtotal 5/6 nephrectomy (/7= 6) or sham surgery (n=3) [11]. Four
weeks after surgery, SNX animals were sub-randomized to receive a single i.v. injection of
108 EOCs (1= 3) or control vehicle (7= 3). Eight weeks after surgery, plasma was collected
by tail vein bleed into an EDTA-containing tube followed by centrifugation at 1,500 rpm for
5 minutes and collection of the resulting supernatant. This rat plasma was then subjected to
fibroblast [3H]-proline incorporation assays as described above.

In the second set of experiments, Fischer 344 rats (Charles River) of 8 weeks of age were
randomized to SNX (7= 26) or sham surgery (n=4) [11]. Four weeks after SN X, animals
were randomized to receive an infusion of: (a) 1 x 108 EOCs (tail vein injection, 7= 8), (b)
thrice weekly tail vein injections of 10x concentrated EOC-CM for 2 weeks (7= 9), or (c)
thrice weekly tail vein injections of 10x concentrated EBM-2 (7= 9). On the day of
infusion, EOCs were trypsinized, washed with PBS, and resuspended at a concentration of
108 cells per milliliter in sterile PBS. The total volume of EOC infusion for each animal was
1 mL. The total volume of each EOC-CM or EBM-2 medium injection was 0.5 mL.

Renal Functional Parameters

Body weight was determined weekly. Before surgery, and 4, 6, and 8 weeks after surgery,
spot urine collections were performed for measurement of urine protein and creatinine
concentration. Systolic blood pressure was measured in conscious rats using an occlusive
tail-cuff plethysmograph (Powerlab, ADInstruments, CO Springs, CO) [24].

Glomerular Filtration Rate Measurement

Prior to sacrifice, rats underwent glomerular filtration rate (GFR) measurement using a
modified FITC-inulin plasma clearance assay [25]. Briefly, rats were tail vein injected with
3.74 uL/g b.wt. FITC-inulin. Tail vein blood was sampled at various time points post-FITC-
inulin injection. Sample fluorescence was detected with a plate reader (excitation 485 nm,
emission 527 nm). GFR was calculated using a two-phase, exponential decay curve using
nonlinear regression statistics as previously described [25].

Cardiac Catheterization

Cardiac catheterization and data analysis were performed as previously published [26]. In
brief, following cardiac catheterization with a 2F combined conductance catheter-micro-
manometer (Model SPR-838 Millar instruments, Houston, TX), data were acquired under
steady state conditions and during preload reduction. The following functional parameters
were measured and calculated (Millar analysis software PVAN 3.4): heart rate, dp/dt +, dp/dt
-, Tau logistic, and the slope of the end diastolic pressure volume relationship (EDPVR).

Tissue Preparation and Histochemistry

At study end, the heart and kidney were immersion fixed in 10% neutral buffered formalin,
embedded in cryostat matrix (Tissue-Tek, Sakura, Kobe, Japan) and flash frozen in liquid
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nitrogen. Formalin-fixed tissues were embedded in paraffin and sectioned before staining
with picrosirius red or immunolabeling as described below.

Immunohistochemistry and Assessment of Renal Fibrosis

Glomerulosclerosis and tubulointerstitial fibrosis were assessed by examining the
accumulation of type 1V collagen in 30 randomly selected glomeruli and 6 random
nonoverlapping 20x fields for each animal following immunostaining with a goat anti-rat
type IV collagen polyclonal antibody (Southern Biotech, Birmingham, AL) [27]. Omission
of primary antisera served as the negative control. Type IV collagen accumulation was
analyzed from scanned images as previously described using Imagescope (Aperio, Vista,
CA, www.aperio.com), a program which identifies positively stained (brown) pixels [11].
The amount of bound anti-type IV collagen antibody was calculated by dividing the number
of brown pixels by the total number of pixels in the selected fields. Glomeruli were analyzed
by drawing outlines around each randomly selected glomerulus. Cortical tubulo-interstitial
20x fields were analyzed by inclusion of the entire randomly selected 20x field.

Assessment of Cardiac Fibrosis

The accumulation of extracellular matrix was quantified in five random nonoverlapping
subendocardial 16x fields in picrosirius red stained heart sections using Imagescope
computer-assisted image analysis. The Imagescope program was used to quantify picrosirius
red-stained fibrillar collagen by dividing the number of positively stained (red) pixels by the
total number of pixels in each randomly selected subendocardial 16x field.

Quantitative Real-Time Polymerase Chain Reaction

RNA was isolated from snap-frozen kidney tissue and reverse transcribed. Real-time
quantitative polymerase chain reaction (PCR) was performed to determine the relative
expression levels of a (1) type I and a (1) type 1V collagen, in comparison to Rpl13a, a
housekeeping transcript. All primers were purchased from Applied Biosystems (Burlington,
Ontario, Canada, http://www.appliedbiosystems.com). Experiments were performed in
triplicate. Data analyses were performed using the Applied Bio-systems Comparative Ct
method. All values were referenced to the mRNA transcript levels of the housekeeper gene
Rpl13a.

Trypsin digestion, Mass spectroscopy, and Data Analysis

Ten micrograms of EOC-CM samples were trypsin digested, acidified to pH 2 with formic
acid, and loaded on to a LTQ-Orbitrap XL (Thermo Scientific, www.thermoscientific.com)
mass spectrometer using a nanoelectrospray ionization source (Proxeon Biosystems,
www.proxeon.com) as previously described [28]. XCalibur RAW files were searched against
the nonredundant IP1.Rat v.3.85 database, and the search results were loaded into Scaffold
(v.2.06, Proteome Software Inc., www.proteomesoftware.com) and an additional database
search with the X!Tandem (Global Proteome Machine, www.thegpm.org) matching
algorithm was performed. Identified proteins were explored using Ingenuity Pathway
Analysis (version 9.0).
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Statistical Analysis

Results

All data are shown as mean £ SEM unless otherwise stated. A minimum number of three
independent experiments were performed for all in vitro experiments. Differences between
groups were analyzed by ANOVA with post hoc Fisher’s protected least significant
difference. All statistics were performed using Graph-Pad Prism 5.00 (GraphPad Software,
San Diego, CA, www.graphpad.com) or SPSS 15.0 (SPSS, Chicago, IL, www.ibm.com/
software/analytics/SPSS). A change was considered statistically significant if p < .05.

EOCs Are a Heterogeneous Bone Marrow-Derived Cell Population with Endothelial and
Monocyte/ Macrophage-Like Properties

Flow cytometric analysis demonstrated that EOCs are a heterogeneous population of cells
enriched in their expression of hematopoietic (CD34) and endothelial (lectin binding,
VEGFR2, VE-cadherin) markers (Fig. 1A-1E) [11, 17]. Functionally, as previously shown,
EOCs displayed features of both endothelial cells and macrophages, demonstrating the
ability to uptake acetylated LDL [29, 30] and the capacity to ingest fluorescein-labeled £.
coli microparticles (Fig. 1F-1G) [31].

As MSCs, another bone marrow-derived cell population, have been previously shown to
release soluble renoprotective factors [32], we specifically examined whether EOCs met
previously published consensus definition criteria for MSCs [33]. While EOCs expressed
high levels of MSC antigens such as CD73, CD90, and CD105, they also expressed
significant levels of cell surface proteins that are not found on MSCs, such as CD45 and
CD11b (Supporting Information Table 1). Furthermore, unlike MSCs, EOCs failed to
differentiate into mesenchymal lineage cells, suggesting that MSCs are not a cellular
constituent of our EOC populations (Supporting Information Fig. 1).

CM from EOCs Displays Potent Antifibrotic Activity In Vitro

Given that glomerulosclerosis and tubulo-interstitial fibrosis are key determinants of kidney
disease progression [34], our studies focused on the antifibrotic activity of the EOC
secretome. To assess the ability of EOC-derived factors to inhibit fibrosis, we generated
EOC-CM by incubating EOCs with serum-free EBM-2 medium for 24 hours to test in a
fibroblast collagen production assay system. EOC-CM significantly attenuated fibroblast
[3H]-proline incorporation, a robust marker of collagen production [11, 20-23], induced by
stimulation with either TGF-g or angiotensin 11, two key profibrotic cytokines upregulated in
the chronically injured kidney and heart (Fig. 2A, 2B). As MMPs have been previously
identified in EOC-CM [35], we next tested whether the antifibrotic effect of our EOC-CM
could be inhibited by marimastat, a broad spectrum MMP inhibitor. Blockade of MMP
activity did not attenuate the inhibitory effects of EOC-CM on TGF-g-induced fibroblast
collagen production (Supporting Information Fig. 2), suggesting that the antifibrotic activity
of EOC-CM is mediated at least in part by factors other than MMPs.

To test the potency of the antifibrotic factor(s) released by EOCs, we serially diluted EOC-
CM and compared the activity of the dilutions with neat EOC-CM and serum-free medium
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in this same fibroblast assay system. Less than 50% of the antifibrotic activity of EOC-CM
was maintained even with 1:1,000 dilution, with the calculated 1Cgq being a 1:1,780 dilution
(Fig. 2C).

Rats Treated with EOC Infusion Have Detectable Circulating Antifibrotic Factors in Their

Plasma

To determine whether this antifibrotic activity was detectable in the in vivo setting, we
treated SNX rats, a model of progressive CKD which develops robust renal and cardiac
fibrosis similar to patients with CKD, with a single i.v. injection of 108 EOCs or vehicle 4
weeks after surgery. Eight weeks after surgery, we collected plasma from each group of
animals (Fig. 3). At this time point, EOC-treated animals are protected against the cardio-
renal fibrosis and organ dysfunction that untreated SNX animals develop, despite minimal
EOC retention within either organ and accumulation of these cells in the liver and spleen
[11]. We analyzed the antifibrotic activity of the collected plasma using the fibroblast [3H]-
pro-line incorporation assay, reasoning that EOC-derived factors with endocrine antifibrotic
activity should be detectable in plasma of EOC-treated SNX animals (Fig. 3). Whereas
plasma from sham-operated rats did not stimulate fibroblast [2H]-proline incorporation in
the presence of angiotensin 1, plasma from vehicle-treated SNX rats induced a significant
increase in collagen production. In contrast, plasma from SNX animals that had been treated
with 108 EOCs 4 weeks prior induced a significantly reduced fibrogenic response (Fig. 3),
suggesting the presence of circulating factors in EOC-treated rats that reduce fibroblast
collagen production.

CM from EOCs Attenuates Renal Dysfunction when Infused into the SNX Rat

Having demonstrated the potent antifibrotic activity of EOC-CM in vitro, and the presence
of circulating anti-fibrotic factors in EOC-treated rats, we next examined whether i.v.
administration of EOC-CM would also mimic the antifibrotic effects of EOC infusion when
administered to 5/6 SNX rats, a model of progressive cardio-renal fibrosis leading to CKD
and heart failure. Eight weeks after surgery, SNX rats developed a marked reduction in GFR,
a marker of kidney function, accompanied by an increase in urinary protein excretion and
systolic blood pressure, when compared with sham-operated animals (Table 1). As
previously reported [11], infusion of 108 EOCs via a single tail vein injection resulted in an
improvement in a range of renal functional parameters compared with serum-free medium-
treated SNX rats, including a higher GFR, reduced urinary protein excretion, and attenuated
blood pressure rise (Table 1). Thrice weekly injections of EOC-CM alone for 2 weeks
similarly protected renal function, as reflected by a higher GFR compared with serum-free
medium-treated SNX rats (Table 1). EOC-CM injections also significantly attenuated the
rise in urinary protein excretion seen in SNX rats, while inducing a nonsignificant reduction
in systolic blood pressure (Table 1).

CM from EOCs Attenuates Renal Fibrosis

We next examined the effects of EOC-CM injections on renal structure. Eight weeks after
surgery, SNX rats developed significant kidney fibrosis, as evidenced by a markedly
increased deposition of type IV collagen, one of the principal extracellular matrix proteins in
the injured kidney, in both the glomeruli (Fig. 4A) and the surrounding tubulointerstitium
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(Fig. 4B). In contrast, both EOC and EOC-CM injections significantly reduced glomerular
and tubulointerstitial type IV collagen deposition to levels seen in sham-operated animals
(Fig. 4A, 4B). Quantitative analysis of type | and type IV collagen mRNA levels in snap-
frozen kidney tissue demonstrated similar findings. Whereas EBM-2-treated SNX rat
kidneys exhibited significantly increased levels of a (1) type I and a (1) type IV collagen
MRNA, both EOC and EOC-CM treatment were associated with reduced levels of these
transcripts (Fig. 4C, 4D).

CM from EOCs Attenuates Cardiac Dysfunction when Infused into the SNX Rat

Given the close association between chronic kidney injury and cardiac dysfunction, and the
morbidity and mortality associated with heart failure in CKD [36], we next examined
cardiac function in SNX rats in the four treatment groups prior to sacrifice. Similar to many
human patients with CKD, SNX animals treated with serum-free medium demonstrated
reduced left ventricular (LV) chamber compliance, as evidenced by an elevated LV EDPVR.
In contrast, SNX animals treated with either EOC or EOC-CM injections demonstrated
improved left ventricular chamber compliance, as manifested by a reduced LV EDPVR (Fig.
5). Other parameters of cardiac function, including heart rate and systolic function, were
unaffected by either SNX surgery or treatment with EOCs or EOC-CM (Supporting
Information Table 2).

CM from EOCs Attenuates Cardiac Structural Injury

One of the principal determinants of impaired cardiac relaxation is interstitial cardiac
fibrosis. We therefore examined the effects of EOC or EOC-CM injection on this parameter
8 weeks after surgery. Whereas SNX animals treated with control serum-free medium
developed marked interstitial fibrosis compared to sham-operated controls, SNX animals
treated with either EOC or EOC-CM injections were partially protected (Fig. 6).

Mass Spectroscopic Analysis of EOC-CM

Given the potent antifibrotic activity of EOC-CM that we observed in vitro and in vivo, we
next examined the protein composition of EOC-CM via mass spectroscopy. With this
approach, 251 unique proteins were identified (Supporting Information Table 3).
Categorization by Ingenuity Pathway Analysis indicated that a number of EOC-CM proteins
have identified roles in the control of multiple fundamental cellular processes implicated in
connective tissue function (Supporting Information Table 4).

Discussion

While bone marrow-derived cell therapy exerts potent tissue protective effects in multiple
chronic disease models, the controversies surrounding the mechanism of action of these
cells, coupled with concerns regarding cell fate postinfusion, have hampered their translation
into clinical practice. We have previously demonstrated that EOCs, a heterogeneous bone
marrow-derived cell population with endothelial and monocyte/macrophage-like features,
exert potent renoprotective effects when infused into models of diabetic [12] and nondiabetic
[11] kidney disease, despite minimal retention in the injured kidney and rapid migration to
the reticulo-endothelial system. One of the most dramatic effects of EOC infusion was a
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decrease in pathologic extracellular matrix deposition within the injured kidney. In this
report, we provide evidence that the antifibrotic effects of EOCs are mediated by a novel
endocrine mechanism of action, demonstrating that the plasma of EOC-treated rats contains
circulating factors with antifibrotic activity, and that cultured EOCs secrete soluble factors
that potently inhibit fibroblast collagen production in vitro and diminish fibrosis and
preserve cardio-renal function in a clinically relevant rodent model of CKD associated with
heart failure when infused as a cell-free preparation in vivo.

The mechanisms by which bone marrow-derived cells induce their beneficial effects remain
speculative. Although previously thought to engraft into newly forming vessels where they
differentiate into mature endothelial cells [1-4], the extent to which this occurs has been
controversial [5-8]. Indeed, most recent reports document a lack of significant long-term
cell retention in target organs, despite dramatic structural and functional improvements [10].
Consistent with these findings, a paracrine mode of action has been proposed, whereby the
administered cells secrete locally active factors that assist in tissue repair [37]. In support of
this hypothesis, intracardiac injection of CM from hypoxia-exposed MSCs has been shown
to improve ventricular function following experimental myocardial infarction [38].
Similarly, local administration of EOC-CM, also derived from cells exposed to hypoxia, led
to therapeutic angiogenesis in a hind-limb ischemia model [39]. However, whether these
cell-derived factors would still mediate their observed benefits following systemic
administration by a simple i.v. injection was not examined in these studies. Furthermore,
whether the CM in these studies exerted their benefit by local diffusion or whether they
instead entered the draining venous and lymphatic vessels to mediate their effects
systemically is unknown.

Whether by paracrine effects or via direct incorporation, administration close to the site of
injury has been a central, and often limiting, tenet of the cell therapy paradigm. Accordingly,
strategies for cell administration in human studies have endeavored to maximize local
delivery to injured tissue, using highly invasive intracoronary and transmyocardial
approaches to do so [40]. Here we show for the first time that EOCs secrete antifibrotic
factor(s) with remarkable potency, the activity of which can be detected in the plasma of rats
injected with EOCs. Taken together, our results suggest that at least in some circumstances,
local delivery may not be necessary. Our results are in line with two recent studies which
demonstrated that systemic administration of soluble factors released by MSCs, another type
of bone marrow-derived cell, can lead to renoprotective effects in both acute and chronic
kidney disease models [8, 32]. Interestingly, van Koppen et al. [32] demonstrated in one of
these studies that repeated injections of human embryonic stem cell-derived MSC CM
slightly reduced renal fibrosis in a rat model of CKD. However, the antifibrotic effects of
MSC therapy appear to be less potent than those of EOCs, as a direct head-to-head
comparison of EOC and MSC CM found that MSC-derived factors only partially attenuated
TGF-g-induced fibroblast collagen production, whereas EOC-CM completely abolished the
stimulatory effect of TGF-8[11].

Although other studies have demonstrated the renoprotective effects of bone marrow-derived
cell CM, no studies have examined the potency of antifibrotic factor(s) that might be found
in this CM or sought to analyze its composition to identify these factors. In recognition of
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the potential clinical applicability of EOC-derived antifibrotic factor(s), we performed in
vitro EOC-CM dose-response studies, followed by a systematic analysis of its composition.
In these dose-response studies, we demonstrated that EOC-CM was able to potently
suppress fibroblast collagen production, with an 1Csq approaching a dilution of 1:2,000. By
comparison, CM from Leydig tumor cells that causes humoral hypercalcemia of malignancy
by secreting parathyroid hormone related protein, loses its bone resorptive activity with only
a fourfold dilution [41]. Accordingly, the potency of the antifibrotic activity of EOC CM
suggested to us that systemic administration of these factors, in contrast to local delivery,
might be a viable therapeutic strategy. To confirm this hypothesis, we injected EOCs into
animals with CKD and demonstrated the presence of antifibrotic activity in the plasma of
EOC-treated animals 4 weeks after infusion, as compared to vehicle-treated controls. Given
that in CKD fibrotic injury is a key contributor to cardio-renal dysfunction, our findings
suggest that i.v. delivery of EOC-derived factors may represent a clinically relevant,
multiorgan treatment for CKD and associated cardiac diastolic dysfunction. Furthermore, in
the context of our and other groups’ previous findings that infused EOCs are not retained in
significant numbers in injured tissue but rather localize to reticulo-endothelial organs such as
the liver, spleen, and bone marrow [7, 11], our results suggest that EOCs may exert their
antifibrotic effects from these distant locations via the secretion of circulating factors that act
via a novel endocrine mechanism of action.

Having demonstrated the potent antifibrotic activity of EOC-CM in vitro, and having
completed the proof-of-principle studies illustrating the in vivo antifibrotic effects of
intravenously administered EOC-CM, we next performed an unbiased proteomic analysis of
EOC-CM composition. As with proteomic analyses of similar cell types, our study
demonstrated that the secretome of EOCs includes in excess of 250 proteins (Supporting
Information Table 3) [35]. Ingenuity Pathway Analysis of these proteins demonstrated that
many of the identified proteins are involved in critical cellular functions relevant to fibrosis,
supporting the concept that the EOC secretome is enriched in factors that potently regulate
this process. Notably, the secretome did contain several proteins with known antifibrotic
activity, including the matrix degrading enzymes metalloproteinases 2, 3, 14, and 19 as well
as the TGF-g neutralizing proteoglycan, biglycan (Supporting Information Table 4).
Importantly, MMP inhibition failed to block the attenuating effects of EOC-CM on TGF-5-
induced fibroblast collagen production (Supporting Information Fig. 2), suggesting that non-
MMP factors contribute to the antifibrotic activity of EOC-CM.

Aside from the MMPs and biglycan, relatively little is known about antifibrotic factors and
their mechanisms of action, so that several other proteins with such activity are also likely to
be present. Accordingly, substantial further work will be required to both characterize and
identify the specific factor(s) responsible. In this regard, a number of challenges must be
overcome. First, it is important to note that our mass spectrometry data, as with all
proteomic analyses, is dependent upon protein concentration, and thus favors the
identification of abundant, stable proteins. Thus, it is possible that some unstable or low
concentration bio-active proteins in EOC-CM might not have been detected by the
spectrometer. While the potency of the antifibrotic activity of EOC-CM would suggest that
proteins present at very low concentrations are likely not significant contributors, we cannot
exclude this possibility. Second, while the factors responsible for the antifibrotic actions of
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EOCs may be proteins, it is also conceivable that they might, alternatively, be amines or
lipids that would not be detected using microarray or proteomic-based approaches.
Moreover, rather than single factors, it is also possible that a particular combination or a
particular ratio of multiple factors might be required to elicit a full therapeutic effect. Thus,
while the precise identification of the factor(s) responsible for the organ protective effects
noted in this study remains a long-term aim, the large number of potential candidates and
combinations indicates that considerably more research will be required to ultimately
achieve this goal. With these challenges in mind, we first sought to compile, in an unbiased
manner, as complete a list of proteins as possible to serve as a basis for future studies that
will seek to identify the specific factor(s) responsible for the antifibrotic activity of EOC-
CM.

The enthusiasm for adult-derived cell therapies, based largely on studies conducted in
syngeneic experimental animals, has been tempered by the substantially less impressive
results using autologous cells in humans, possibly as a consequence of disease-related
dysfunction [42]. While allogeneic cells, particularly the ostensibly nonimmunogenic MSCs,
provide a possible alternative, the latter were found to be less effective than EOCs as a
treatment for experimental cardio-renal disease [11]. Accordingly, the use of a cell-free
preparation derived from healthy donor cells may be advantageous. However, whether the
cells required to manufacture this product would need to be obtained directly from bone
marrow in humans or whether circulating cells with a high secretory profile such as CD34*
or CD133" cells may provide an alternative source, remains to be determined.

Conclusions

In summary, we provide evidence that the antifibrotic activity of bone marrow-derived EOCs
is mediated by a novel endocrine mechanism of action, in contrast to the prevailing belief
that bone marrow-derived cells mediate their beneficial effects through paracrine pathways.
The potency of these endocrine factors suggests the potential for a more clinically feasible,
EOC-based, cell-free strategy for the treatment of chronic fibrotic diseases such as the
cardio-renal injury observed in chronic kidney disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Early outgrowth cells (EOCs) are a heterogeneous bone marrow-derived cell population with
endothelial and monocyte/macrophage-like properties. EOCs were characterized with a set
of flow cytometric and functional assays. (A-C): Expression of commonly measured EOC
surface markers was analyzed by flow cytometry after staining with the following
antibodies: (A) Alexa Fluor 647-conjugated anti-CD34 and (B) VioBlue-conjugated anti-
VEGFR2. Left panels: Unstained cells. Right panels: Antibody-stained cells. The percentage
of positive cells for a given area is listed on each plot. (C): Single positive CD34" cells were
gated as shown in panel (A) and examined for VEGFR2 expression. (D, E): To assess for
expression of additional endothelial surface markers, EOCs were stained with (D) PE-
conjugated anti-VE-cadherin and (E) fluorescein-conjugated Griffonia (Bandeiraea)
simplicifolia lectin I—isolectin B4. Left panels: Unstained cells. Right panels: Stained cells.
(F): EOCs were incubated with Dil-conjugated acetylated LDL (red) for 30 minutes and
then imaged with an inverted epifluorescence microscope equipped with a digital camera.
Original magnification: x10. Representative image from 7= 3 independent experiments.
(G): EOCs were incubated with fluorescently labeled £. coli microparticles using a
commercially available phagocytosis assay kit. After washing and quenching of uningested
fluorescent microparticles, fluorescence was read by a plate reader. PU5-1.8 mouse
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macrophages were used as a positive control. *, p < .05 versus medium alone. Results are
representative of a minimum of 7= 6 replicates per condition. Abbreviations: AU, arbitrary
units; SSC-A, side scatter; VEGFR, vascular endothelial growth factor receptor 2; VE,
vascular endothelium.
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Figure 2.

Cell-free EOC-CM demonstrates potent antifibrotic activity in vitro. Cultured fibroblasts
were preincubated with EOC-CM for 4 hours prior to stimulation with TGF-810 ng/mL or
angiotensin 11 10~7 mol/L. EOC-CM significantly attenuated both (A) TGF-g- and (B)
angiotensin Il-stimulated [3H]-proline incorporation, a robust marker of collagen production
(n =3 replicates per condition for each panel. Each EOC-CM replicate represents an aliquot
from pooled EOC-CM collected from /7= 5 animals). (C): EOC-CM was next serially
diluted as shown and tested in the same fibroblast collagen production assay, demonstrating
significant inhibition of [3H]-proline incorporation even with significant EOC-CM dilution
(n=3-6 replicates per dilution. Each replicate represents an aliquot from pooled EOC-CM
collected from 77> 5 animals). The measured 1C5p was equivalent to a 1:1,780 dilution of
EOC-CM. The results in panel (C) are standardized with the effects of serum-free
endothelial basal medium-2 (EBM-2) set as 0 and the effects of Angll stimulation set as 100.
* p< .05 versus serum-free EBM-2 medium; T, p< .05 versus TGF-g stimulation; ¥, p< .05
versus Angll stimulation. Abbreviations: Angll, angiotensin Il. AU, arbitrary units; cpm,
counts per minute; EOC-CM, early outgrowth cell-conditioned media; ICgg, concentration
of EOC-CM leading to a 50% reduction in anti-fibrotic activity when compared with
undiluted EOC-CM; TGF-g, transforming growth factor S.
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Figure 3.
The plasma of rats injected with EOCs contains detectable circulating antifibrotic factors.

(A): Fischer 344 rats were subjected to SNX or sham surgery at £= 0. Four weeks after
surgery, SNX rats were randomized to receive an i.v. injection of 108 EOCs or vehicle. Eight
weeks after surgery, a time point at which EOC injection has been previously shown to
inhibit the renal and cardiac fibrosis that develops in untreated SNX animals [11], plasma
from each treatment group was collected. (B): Collected plasma was then assayed in the
[3H]-proline incorporation assay to test for effects on fibroblast collagen production in the
setting of Angll. *, p< .05 versus serum-free endothelial basal medium-2 medium; T, p<.
05 versus sham rat plasma; ¥, p< .05 versus vehicle-treated SNX rat plasma. 7= 3 animals
per condition. Abbreviations: Angll, angiotensin II; cpm, counts per minute; EOC, early
outgrowth cell; SNX, subtotal nephrectomy.
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Figure 4.
Both EOC and EOC-CM injections significantly reduce renal fibrosis in the SNX rat 4

weeks post-therapy initiation. (A, B): Kidney sections were prepared 8 weeks after surgery
and immunostained with an antibody specific for type IV collagen. (A): Representative
glomerular images with quantitative analysis below. Original magnification x400. Scale bars
=50 um. (B): Representative cortical interstitial images with quantitative analysis below.
Original magnification x160. Scale bars = 100 um. (C, D): RNA isolated from snap-frozen
kidney tissue was reverse transcribed and analyzed via quantitative real-time polymerase
chain reaction for levels of a (1) type I collagen (C) and a (1) type IV collagen mRNA (D).
All values are referenced to levels of Rpl13a, a housekeeper transcript, and are expressed
relative to sham-operated animal values. 7= 4-9 animals per condition. *, p < .05 versus
sham-operated animals; T, p < .05 versus SNX-EBM-2 animals. Abbreviations: AU,
arbitrary units; EBM-2, endothelial basal medium-2; EOC-CM, early outgrowth cell
conditioned media; SNX, subtotal nephrectomy.
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Figure 5.

Both EOC and EOC-CM injections significantly improve left ventricular chamber
compliance in the SNX rat 4 weeks post-therapy initiation. 8 weeks after surgery, animals
were subjected to invasive cardiac catheterization for cardiac functional analysis. The slope
of the green line indicates the left ventricular end-diastolic pressure-volume relationship (LV
EDPVR), an index of LV chamber compliance. (A-D): Representative pressure-volume
loops. (A): Sham animal. (B): SNX-EBM-2 animal. (C): SNX-EOC-CM animal. (D): SNX-
EOC animal. (E): Quantitative analysis of LV EDPVR. *, p < .05 versus sham-operated
animals; T, p< .05 versus SNX-EBM-2 animals. Abbreviations: EBM-2, endothelial basal
medium-2; EOC-CM, early outgrowth cell conditioned media; SNX, subtotal nephrectomy.
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Figure 6.
Both EOC and EOC-CM injections attenuate cardiac injury in the SNX rat 4 weeks post-

therapy initiation. Subendocardial heart sections were prepared 8 weeks after surgery and
stained with picrosirius red for assessment of interstitial fibrosis. (A-D): Representative
cardiac interstitial images. Original magnification x160. (A): Sham animal. (B): SNX-
EBM-2 animal. (C): SNX-EOC-CM animal. (D): SNX-EOC animal. (E): Quantitative
analysis of subendocardial interstitial fibrosis. *, p < .05 versus sham-operated animals; T, p
<.05 versus SNX-EBM-2 animals. Abbreviations: AU, arbitrary units; EBM-2, endothelial
basal medium-2; EOC-CM, early outgrowth cell conditioned media; SNX, subtotal
nephrectomy.
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Table 1
Renal parameters at 8 weeks after surgery

Sham SNX-EBM-2 SNX-EOC-CM  SNX-EOC
N 4 9 9 8
Body weight (g) 194 +2 202+2 199 +3 191+4
Glomerular filtration rate (uL/min per g body weight) 4.36+0.06 139+018% 1.89+010% 210+032%
Urinary protein:creatinine ratio (mg/mmol) 3B+l 1974 + 283~ 1059 + 280~ 630 + 1777
Systolic blood pressure (mm Hg) 112+8 201+9% 180+ 8% 163+9%

*
p < .05 vs. sham-operated animals.

fp< 0.05 vs. SNX-EBM-2 animals.
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Abbreviations: SNX-EOC-CM, subtotally nephrectomized rat treated with cell-free early outgrowth cell-derived conditioned medium; SNX-
EBM-2, subtotally nephrectomized rat treated with serum-free EBM-2 medium; SNX-EOC, subtotally nephrectomized rat treated with early

outgrowth cells.
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