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ABSTRACT

Background: Acute kidney injury (AKI) is a highly prevalent clinical disorder with significant
mortality and no current treatment. The Burns Lab has previously shown that endothelial colony
forming cells (ECFCs) release exosomes highly enriched in pro-survival micro-RNA-486-5p. In
our mouse model of AKI, intravenous (i.v.) injection of ECFCs or their exosomes protects against
kidney ischemic injury, associated with reduction in PTEN, a target of miR-486-5p. Mechanisms
mediating recruitment and retention of exosomes are unclear. The interaction of CXC chemokine
receptor type 4 (CXCR4) with stromal cell-derived factor (SDF)-1a promotes ECFC adhesion and
migration in hypoxic endothelial cells. Whether exosomal miR-486-5p is critical to the prevention
of ischemic injury is unclear. The current study aimed to investigate biodistribution and targeting
mechanisms of ECFC-derived exosomes, to investigate the delivery and therapeutic potential of

miR-486-5p alone, and to determine whether sex differences alter the treatment efficacy.

Methods: ECFC-derived exosomes were isolated from cultured media by differential
centrifugation and characterized using nanoparticle tracking analysis and immunoblot. Kidney
ischemic injury was induced in male and female FVB mice by bilateral renal vascular clamping
(30 min). Exosomes (20 pg) or Invivofectamine-mimic complex containing miR-486-5p
(1mg/kg) were injected at the start of kidney reperfusion via tail vein. Organs were removed and
assays were performed to identify structure and function. In vitro cell studies were also used

when necessary.

Results: ECFC-derived exosomes preferentially target the ischemic kidney, its endothelium and
tubular epithelium, which correlates with increases in miR-486-5p. The transfer of exosomes

may be mediated by macropinocytosis by target cells. The SDF-10/CXCR4 axis plays a role in



v
targeting exosomes to the site of injury. miR-486-5p alone has a similar therapeutic efficacy in
preventing ischemia/reperfusion injury as ECFC-exosomes in the mouse model of AKI. Both

male and female mice respond to both therapies, however female mice are protected against

ischemia reperfusion injury.

Conclusions: These results suggest that the protective effects of ECFCs or their exosomes in
ischemic AKI may be largely mediated by pro-survival miR-486-5p. These data provide further
support for the promising therapeutic potential of ECFC-derived exosomes and miR-486-5p in

human AKI.
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INTRODUCTION

Acute Kidney Injury: Definitions and Causes

Acute kidney injury (AKI) is a clinical syndrome defined as an abrupt reduction in kidney
function, generally within 24-48 hours, and can be measured through increases in serum
creatinine and/or a decline in urine output over a short period' . Factors such as sepsis and
nephrotoxicity can result in AKI, although renal ischemia/reperfusion (IR) injury is the most
common cause of AKI' . IR injury occurs when there is inadequate blood flow to the kidney,
resulting in a rapid decline in glomerular filtration rate (GFR) and, consequently, reduced
oxygen and nutrient delivery and the retention of nitrogenous wastes*. Reperfusion, or the
restoration of circulation, is then accompanied by inflammation and oxidative stress, rather than
normal function®. In humans, renal IR injury results in tubular cell necrosis and endothelial cell
dysfunction through intrinsic cellular responses, as well as the innate and adaptive immune
responses’® ®. Despite few advancements, AKI continues to be correlated with high morbidity and

mortality rates, which vary by institution and can be between 30 and 70%?.

Acute Kidney Injury: Structural damage and functional loss

Although AKI is given an explicit definition, it encompasses both structural damage and
functional impairment; rarely does it have a distinct pathophysiology case-to-case’. In the clinic,
AKI will often have multiple etiologies which overlap and co-exist to impede diagnosis and
treatment’. Proximal tubular cell damage is characteristic of AKI, however, renal endothelial
impairment and decreased microvascular flow are also features of AKI"Y. During ischemic AKI,

total renal blood flow is significantly reduced to the point where cellular ATP depletion leads to



cellular damage and dysfunction®. Immediately after reperfusion, continued hypoxia and the
inflammatory response define the extension phase of AKI, where blood flow to the
corticomedullary junction is even further decreased while inner medullary blood flow is
recovered!®!!. It is at this point where renal vascular endothelial cell damage significantly
contributes to the continued ischemia of the renal epithelium and the inflammatory response®.
Vessels which supply the renal endothelium undergo vasoconstriction in response to increased
tissue levels of vasoconstrictive agents, such as endothelin-1 and angiotensin II, and is amplified
in a positive feedback loop as more endothelial cells are damaged and reduce the release of nitric

oxide?.

Structurally, this causes swelling of endothelial cells, vacuolar degeneration, and coagulopathy
(Figure 1A). Endothelial cells lose cell-cell contacts leading to an increase in permeability and
loss of fluid into the interstitium!'>!'?. Endothelial cells increase their expression of the adhesion
molecules “intercellular adhesion molecule” (I-CAM) and “P- and E-selectin” which allow
enhanced endothelium-leukocyte interactions. Inflammatory cells migrate through the
endothelium and into interstitium, causing edema, which exacerbates vasoconstriction'?.
Microvessels in the medulla decrease in density due to injury, which is facilitated by inhibitors of
angiogenesis. Reduced vessels and lack of angiogenesis is linked with chronic hypoxia, and
promotes further tubular injury and tubulointerstitial fibrosis*!*. Tubular epithelium undergoes

dedifferentiation and death by apoptosis and/or necrosis.
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Figure 1 | Pathophysiology of
ischemia/reperfusion in AKI and
exosome behaviour. (A) Normal
healthy tubular epithelium and
endothelium separated by interst-
itium. (B)  Ischemia/reperfusion
injury causes swelling of endothelial
cells, vacuolar degeneration, and
coagulopathy. Endothelium lose cell-
cell contacts leading to an increase in
permeability.  Endothelial  cells
increase their expression of adhesion
molecules (I-CAM, P and E selectin)
and cause enhanced leukocyte
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epithelium undergoes dedifferent-
iation. (C) ECFC exosomes may
localize to endothelium (and possibly
tubular epithelium) post-injection.
Through inhibition of PTEN and
activation of the Akt pathway, they
inhibit apoptosis. Cells redifferentiate
and repolarize.



Endogenous Renal Repair after AKI: Maladaptive and Abnormal

Proximal tubule epithelium proliferates at a low rate under normal circumstances, however, this
changes quickly after ischemia, where the increase in cell death is balanced by cell
proliferation'>. These surviving epithelial cells dedifferentiate and migrate to the basement
membrane where they proliferate and differentiate to restore cell number and the function of the
nephron?. Renal blood flow can return to baseline levels within days, and histological structures
recover within weeks'®. Endogenous repair processes following AKI, however, are often
maladaptive or incomplete, and may result in renal fibrosis!’. There is often incomplete tubular
repair, interstitial inflammation, and deposition of extracellular matrix, which all contribute to
renal fibrosis? (Figure 1B). In many cases, AKI patients never fully recover!’. After AKI,
patients have a 9-fold increase in risk for chronic kidney disease (CKD), a 3-fold increase in risk
for developing end-stage renal disease (ESRD), cardiovascular disease (CVD), and all-cause

mortality®!”1°,

Despite medical advancements, AKI continues to affect up to 1 in 5 hospitalized patients and up
to 40% of intensive care unit patients’*!, Further, epidemiology studies have shown that the
percentage of hospitalized patients who are diagnosed with AKI is more than doubling every
decade’??. The most common cause of nephrology consultations in hospitalized patients remains
to be AKI, and currently there is no treatment to accelerate repair*S. New, effective therapeutics
must be developed to assist in kidney repair and regeneration. There is evidence to suggest that
the administration of endothelial progenitor cells (EPCs) may exert protective effects in AKI**~
25, Analyses of endogenous renal repair after IR have also shown that hematopoietic stem cells
exert paracrine effects on surviving cells that facilitate repair, an effect that may be mediated by

extracellular vesicles which can transfer materials from cell to cell?* 28,



Cell Therapies in AKI

Ischemia/reperfusion injury causes significant vascular injury which leads to capillary loss. The
administration of cells as therapies, specifically of endothelial lineage, have been studied as a
possible approach. In a seminal study by Brodsky et al. in 2002, HUVECs were transplanted into
mice post-IR which resulted in significant decrease in plasma creatinine and kidney injury
scores, as well as significant return of peritubular capillary blood flow?’. While this study does
not use EPCs, it does show that endothelial dysfunction is a key trigger in the pathophysiological
cascade resulting in AKI, and that targeting the repair of the endothelium post-IR is important to

recovery.

Human EPCs are circulating cells which express similar markers as vascular endothelial cells,
bind to the endothelium at sites of hypoxia or ischemia, and participate in vasculo- and angio-
genesis®. Asahara et al. were the first to describe the isolation process and function of EPCs
from human peripheral blood in 19973!. Briefly, cluster differentiation (CD) 34-positive and/or
fetal liver kinase 1 (Flk-1; also known as vascular endothelial growth factor (VEGF) receptor 2)
mononuclear blood cells were separated from whole human peripheral blood by magnetic
microbeads and were plated on fibronectin plates with VEGF, bovine brain extract, and
epidermal growth factor®!. EPCs differentiate into two major populations, early out-growth —
which express both stem cell and endothelial lineage markers — and late out-growth — which
express only endothelial markers — and are more commonly known as endothelial colony
forming cells (ECFCs)*. ECFCs are highly proliferative, are pro-angiogenic, anti-apoptotic, and
have the potential to form vessels in vivo, qualities which remarkably characterize this cell type
over other EPCs?*243032-34 The homing of progenitor cells to the kidney after ischemia has been

shown to play a vital role in mediating overall effects®>=°. Further, the chemokine stromal cell-



derived factor (SDF) la, released post-ischemia, has a major role in the recruitment and retention
of G protein-coupled protein receptor C-X-C chemokine receptor type 4 (CXCR4)-positive bone

marrow-derived cells and endothelial progenitor cells®>36-°,

Bone-marrow derived cells and endothelial progenitor cells such as ECFCs have been the focus
of many AKI studies as they do not directly replace lost cells, but exert paracrine effects on the
IR-injured vasculature to facilitate the reduction of the inflammation response, and do not require
cell engraftment for repair and post-ischemic revascularization®?”2%3240_In previous studies, the
Burns Lab has shown that isolated human cord blood ECFCs exerted protective effects against
injury in vivo®. In 2015, ECFCs isolated from human umbilical cord blood and administered to
male mice post-IR kidney injury were shown to significantly improve kidney function, defined
by plasma blood urea nitrogen (BUN) and serum creatinine, as well as decreased inflammation,
decreased apoptosis, and increased tubular and endothelial proliferation®®. A subtype of
extracellular vesicles (EV) isolated from ECFC conditioned media also demonstrated a similar
protective effect in culture and in a IR murine model of AKI®? (Figure 1C). From this, in
conjunction with hundred of other studies, EVs have emerged as important mediators of
intercellular communication, which may mediate the protective effects of EPCs in animal models

of IR injury.

Extracellular Vesicles: Background and Biogenesis

Extracellular vesicles (EVs) are a heterogeneous group of cell-derived, membrane-bound
vesicles shed from healthy cells which play crucial roles in intercellular communication,

physiologically and in disease pathogenesis*'**>. EVs contain an assortment of biomolecules



including microRNA (miRNA), long coding RNA (IcRNA), messenger RNA (mRNA), proteins,
lipids, and DNA which may be transferred from cell to cell. EVs are released by a cell into the
extracellular space and can enter bodily fluids to reach downstream cells and tissues*?. These
EVs, separate from their stem or progenitor cells, have been shown to act as the mediators of the
beneficial effects previously seen in cell therapies. EV therapies are advantageous over cell
therapies as they reduce the risk of cell rejection defined by immune activation, the presence of
differentiated cells, and neoplastic transformation. A major limitation of EV therapies is the
ability be scaled-up as a therapeutic while maintaining their therapeutic potency. EVs are
secreted at a relatively low rate in many cell types, which makes it difficult to separate enough to
produce an effect®.

Each type of EV follows a different pathway of production and may affect their target cell
through different pathways (Figure 2B). Exosomes (EX) are released into the extracellular space
when multi-vesicular bodies (MVB) fuse to the cell membrane, and are classified by their
diameter of 30-150 nm** (Figure 2A). Microparticles (MP), or microvesicles, undergo
membrane budding and have a diameter of 100-1000 nm**. With no scientific consensus for
specific markers for each EV subtype, it is difficult to explicitly assign a particular biogenesis
pathway for the EV sub-population being studied. EV populations in the literature, as described
by the International Society of Extracellular Vesicles (ISEV), are therefore described using
operational terminology, based on size, biochemical composition, or cell origin®’. In the
following studies, tumor suppressor gene (TSG)-101"and CD81" ECFC-derived small EVs are
referred to as ECFC-derived exosomes, while TSG-101"and CD81" ECFC-derived medium/large

EVs are referred to as ECFC-derived microparticles.
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Extracellular Vesicles: Therapeutic Applications

Exosomes have received the most attention in the growing EV field as they can be released by a
variety of cell types and have been implicated in immune responses and pathological

32:46-30 (Figure 2A). Exosomes may act upon a target cell through three different

conditions
mechanisms: 1) exosomes may activate a signalling pathway by binding a receptor on the surface
of the target cell, i1) they may transfer proteins, nucleic acids, or other signalling molecules

through membrane fusion, or iii) they may enter the cell through endo-, phago-, or

macropinocytosis and have their content processed by the target cell’! 3.

Various populations of EVs, including those derived from endothelium and their progenitors,
have been reported in the literature to attenuate IR injury. In 2012, Cantaluppi et al.
intravenously delivered a mixture of large and small EVs derived from peripheral blood EPCs to
Wistar rats after right nephrectomy and 45-minute left pedicle clamping. They were able to
demonstrate that their EV population increased tubular proliferation, increased angiogenesis,
decreased cell apoptosis, and less leukocyte infiltration*’. Following the animals long-term, they
were able to show reduced serum creatinine, tubulointerstitial fibrosis, and glomerulosclerosis in
the EV-treated group compared to untreated, suggesting a slowed progression toward CKD*’. In
vitro, hypoxia significantly enhanced EV internalization, suggesting that internalization may be
enhanced by injury*’. The same group, led by G. Camussi, also demonstrated the same effects
using mesenchymal stromal cell (MSC)-derived EVs in male severe combined immune
deficiency spontaneous mutation (SCID) mice after cisplatin-induced AKI. They followed up
this study in 2014, where they analyzed the biodistribution of intravenously injected MSC-
derived EVs in male CD1 nude mice after glycerol-induced AKI. In this study, they show the

ability of EVs to specifically accumulate in injured kidneys after 5 hours and were maintained up
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to 24 hours after injection®*. They speculate that MSC-derived EVs may exploit the same
receptor-mediated interactions MSCs use to accumulate to the site of injury, although they

present no hypothesis or data by which interactions.

Other studies have also shown similar beneficial effects using EVs from renal cells and their
progenitors. After demonstrating success attenuating IR injury by infusing normal adult rat renal
cells in female SD rats after bilateral renal clamping for 50 minutes, Dominguez et al. have also
shown that EVs derived from adult rat renal tubular cells improved renal damage, 4-
hydroxynanoneal adduct formation, neutrophil infiltration, fibrosis, and microvascular pruning.
Further, a 2017 study from the Camussi group also showed that glomerular MSCs, along with
their EVs, were able to improve kidney function and reduce damage post 35-minute renal
clamping and right nephrectomy>. By contrast, CD133" progenitor cells isolated from cortical

tubules and their EVs were unable to attenuate injury.

Upon comparative analysis of the contents of ECFC-derived exosomes and microparticles, it has
been shown that microRNA-486-5p (miR-486-5p) is almost 300-fold more abundant in ECFC-
derived exosomes than microparticles®. It has also been recently found that human bone marrow-
derived mesenchymal stromal cell-derived exosomes also contain highly enriched miR-486-5p
and protect against glycerol-induced AKI in mice’®*’. As miR-486-5p has been linked to activate
Akt and the cell-survival pathway, further studies have focused on the role of this specific

miRNA in AKI?3°,
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Role of micro-RNA transfer by exosomes

miRNAs are small RNA molecules of approximately 18-22 nucleotides which are found to be
abundant in extracellular vesicles, and are widely known for their role in the regulation of gene
expression at the post-transcriptional level®® %2, miRNAs are generated by the nucleus as primary
pri-miRNAs, split by Drosha to form precursor pre-miRNA, then exported from the nucleus as
mature miRNA®. Mature miRNA can then be processed by the target cell to lead to the
degradation of one or more mRNA(s) and/or suppression of protein translation by interacting
with the 3’-untranslated region (UTR) of mRNA®. Further, one gene can be regulated by
several miRNAs, and one miRNA can regulate several genes®>®°. In disease states, miRNA
expression patterns can be altered, which can contribute to pathogenesis®*. For example, miR-
486-5p has been recently found to be downregulated in glomeruli and proximal tubules in kidney
pathologies such as diabetic nephrophathy, focal segmental glomerulosclerosis, IgA
nephropathy, and membranoproliferative glomerulonephritis, suggesting a protective role which
is attenuated when not present®. miRNAs have also been implicated as possible therapeutics and

potential biomarkers for disease®*¢’.

EVs, whether circulating endogenous or administered exogenously can selectively transfer
various miRNAs to specific target cells to regulate both protein expression and signalling
cascades®. Circulating exosomes are shown as key mediators of intercellular transfer of uniquely
packaged miRNA, a process which is regulated by ceramide, and its biosynthesis which is
regulated by neutral sphingomyelinase 2 (nSMase2)®®%. Further, miRNAs may be selectively
incorporated into EVs, as studies have shown many miRNAs to be enriched within miRNAs

isolated from EVs relative to their parent cell’”’. Exosome-mediated transfer of miRNA has been
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defined as a novel therapeutic technology in many disciplines such as immunotherapy,

cardiovascular disease, ischaemic retinopathy, and cancer’>%%70-72,

A study by Collino et al. shows that a global downregulation of miRNA by Drosha knockdown
in MSCs can inhibit the efficacy of renal recovery by MSC-derived EVs after rhabdomyolysis-
induced AKI°®. In these animals, miR-483—5p, miR-191, miR-28-3p, miR-423—5p, miR-744,
miR-129-3p, miR-24, and miR-148a families were found after MSC-EV treatment, and are
associated with kidney repair and mitogen activated protein kinase (MAPK) signaling. In murine
kidney IR, it has been shown that EPC-derived EVs decreased serum creatinine, BUN, renal cell
apoptosis, and leukocyte infiltration, as well as increased tubular cell proliferation and
angiogenesis*’. Further, depletion of EPC-derived exosomal miR-126 and miR-296 by specific
antagomiRs suppressed post-injury recovery*’. miR-126-based therapies have been widely
studied in the context of IR for its proliferative and pro-angiogenic properties®’. miR-21 has also
been implicated in mediating the effect of delayed ischaemic preconditioning against future IR
events’. As a result of the success of EVs and their miRNA as therapeutics, studies with miRNA
as therapeutic solutions are extending outside the EV realm to use nanotechnology to deliver
endogenous miRNA in situ. The use of miRNA alone, or miRNA packaged in a synthetic

vesicle, are becoming more popular as therapeutics in research.

The Burns Lab has demonstrated that post-IR protection and recovery by ECFC-derived
exosomes was attenuated after the inhibition of exosomal miR-486-5p with antagomiR to miR-
486-5p°. Therefore, the transfer of miRNA mediated by EVs may be responsible for much of the
reparative activity seen by the administration of EVs post-injury. In recent studies, the Burns Lab

has shown that ECFC exosomes, which are enriched with miR-486-5p, act by targeting the 3’
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UTR and decreasing phosphatase and tensin homolog (PTEN) expression, stimulating the

phosphorylation of proteins involved in the Akt pathway and subsequently blocking apoptosis®.

Targeting of EV’s to ischemic kidney

ECFC-derived exosomes play a vital role in the transfer of miR-486-5p to injured tissues, and
therefore the in vivo localization of these exosomes is an important step in determining their
therapeutic capacity. Little is known concerning EV biodistribution, and even less concerning the

biodistribution of endothelial cell-derived exosomes specifically in the AKI model.

EVs, much the same as cell types, can accumulate in injured tissue due to increased permeability
at the site of injury, as well as through receptor mediated interactions>*. The transduction of a
signal, however, is the responsibility of cell receptors and adhesion molecules**’*. EVs and their
parent cell share many of the same membrane receptors, proteins, and ligands*>’>. Targeting of
specific EVs requires migration and adhesion, which is mediated by chemokines and receptors*>.
SDF-1a, a C-X-C type chemokine and a ligand for CXCR4, is a well known and widely
expressed chemokine involved in vascular repair and retention of endothelial stem cells to the
site of injury®>’°. After vascular injury, such as limb ischemia, toxic liver damage, total body
irradiation, and AKI, it has been found that SDF-1a is increasingly secreted from injured
tissues*®377780 CXCR4 is the most prevalent chemokine receptor found in endothelial cells®'.
SDF-1a has been shown to increase the adhesion and migration of EPCs to injured tissue®?. E-
selectin, another adhesion molecule found to regulate endothelial progenitor homing, is produced
by endothelial cells post-injury to attract ECFCs*-®3. Studies have found that E-selectin and the

SDF-10/CXCR4 axis exist co-operatively to assist in the adhesion and migration of ECFCs to
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the site of injury®>. A potential mechanism for homing of ECFC-derived exosomes could

therefore include a variety of pathways, including SDF-10/CXCRA4.

The comparison between male and female differences in AKI studies are gaining interest in
recent years. In 2014, Kang et al. showed that female mice were more resistant to bilateral renal
clamping IR AKI compared to male mice®*. It has been long studied and reviewed that male
mice are more prone to AKI, but Kang et al. showed that estrogen was the mediator of this
protective effect in female mice. Historically, the Burns Lab studied exclusively male mice for
this reason: IR injury was easier to produce in male mice. Whether female mice respond to

therapies against IR is unknown.
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RESEARCH PROJECT

Studies have shown that ECFCs do not directly replace lost cells but exert paracrine effects on
the IR-injured vasculature to facilitate the reduction of the inflammation response, and do not
require cell engraftment for repair and post-ischemic revascularization. Paracrine factors, such as
ECFC- derived exosomes and their enriched miR-486-5p, have been attributed to their
therapeutic potential in ischemia/reperfusion injury. To evaluate whether ECFC-derived
exosomes represent a therapeutic tool for AKI, the mechanism of action of ECFC-derived
exosomes must be determined, and it is essential to investigate in vivo their biodistribution and
recruitment mechanisms within the injured kidneys and other tissues. Further, stem cell therapies
rely on targeting pathways involving chemokines and receptors to home to the site of injury,
although EVs such as exosomes lack flexibility and motility as seen in their parental cells.
Whether a chemokine axis is utilized by ECFC-derived exosomes, such as the SDF-10/CXCR4

axis used in ECFC-cell targeting to the ischemic kidney, is unknown.

The ability of exosomes to be scaled-up as a therapeutic while maintaining their therapeutic
potency is unknown. Therefore, investigation into other methods of administration to achieve
similar effects, such as the administration of encapsulated miR-486-5p, must be performed

before continuing to push forward towards a clinical setting.

Male mice have historically been the only sex of study for AKI therapies. Whether female mice
respond to the delivery of miR-486-5p alone or via enriched exosomes remains unknown. A
differential investigation into the therapeutic potency of ECFC-derived exosomes and
encapsulated miR-486-5p was performed in order to determine variability between the two

sexes. This study must be performed before either therapy can be pursued in a clinical setting.
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The aim of the present study was to investigate the biodistribution and homing of ECFC-derived
exosomes, determine the therapeutic potential of ECFC-derived exosomes and miR-486-5p, and
determine sex differences in response to treatments, in immunocompetent FVB mice with AKI.
With optical imaging, labelled exosomes were tracked during their systemic travel and eventual
target. By in vitro assay, immunoblotting, and microscopy, study into the targeted site and
mechanisms was performed. Investigation into the targeting and transfer mechanisms of ECFC-
derived exosomes was done. The effect of protective miR-486-5p alone was determined, as well
as any variability between the sexes. Results may help explain how ECFC-derived exosomes
direct their proliferative and anti-apoptotic effects towards both local endothelium and tubular

epithelium in the murine model of ischemic AKI.
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Objectives

Aim 1 | Investigate the biodistribution and targeting of ECFC-derived exosomes and localization
of miR-486-5p after delivery to mice with ischemia/reperfusion AKI.

Aim 2 | Study the targeting and transfer mechanisms of ECFC-derived exosomes and miR-486-
5p to ischemic tissue and investigate the role of the CXCR4/SDF-1a axis.

Aim 4 | Investigate the effect of direct administration of encapsulated miR-486-5p to male and
female mice with ischemia/reperfusion AKI and compare therapeutic efficacy to ECFC-derived

exosomes. Determine sex differences in response to treatment.
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Hypotheses

Hypothesis 1 | ECFC-derived, miR-486-5p-enriched exosomes will distribute preferentially to
the kidney, and not to other organs after ischemia/reperfusion AKI. Without injury, exosomes
will have a non-specific biodistribution. As ischemic injury mainly affects the proximal tubule
S3 segment, in addition to the endothelium, ECFC-derived exosomes will localize to renal

endothelial cells and tubular epithelium at the corticomedullary junction.

Hypothesis 2 | CXCR4, present on ECFC-derived exosomes, and SDF-1a, released from the
ischemic kidney, will mediate the targeting of exosomes to the site of injury. The inhibition of

CXCR4 or SDF-1a will attenuate the targeting of exosomes and the therapeutic potential.

Hypothesis 3 | Administration of miR-486-5p alone will be associated with the localization to
the kidney, but not preferentially as no targeting or mediation is present. If miR-486-5p alone
localizes to the kidney, its protective and reparative properties will be comparable to exosomes.
Male and female mice will both respond to ECFC-derived exosomes and miR-486-5p alone
equally, however, the level of injury in female mice will be less than as seen in male mice.

Therefore, female mice will require less repair than male mice.
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METHODS

Cell culture

Endothelial Colony Forming Cells (ECFCs) were isolated from human umbilical cord blood
units obtained at The Ottawa Hospital following written informed consent in accordance with
protocols approved by the Ottawa Hospital Research Ethics Board, as described®*-*°. Briefly,
mononuclear cells (MNCs) from human umbilical cord blood were isolated by Ficoll density
gradient centrifugation. 1.0 x 107 MNCs were plated on Costar Cell-BIND Surface plates
(Corning, Corning, New York, USA) with Endothelial Basal Cell Growth Medium 2 with
SingleQuots supplements (EGM-2) (Lonza, Basel, Switzerland) and 10% Fetal Bovine Serum
(FBS). Non-adherent cells were discarded with every media change. Then, colonies with
cobblestone morphology which appeared between days 9 and 16 were isolated and re-plated with
the same conditions. Flow cytometry was used to phenotype ECFCs using the CyAn ADP9
analyser (Beckman Coulter Inc, Brea, CA, USA) and interpreted using Kaluza software
(Beckman Coulter Inc)*. Human Umbilical Vein Endothelial Cells (HUVECS) were obtained
from the American Type Culture Collection (Manassas, VA, USA). Isolated ECFCs (passages 3-
5) and HUVECs (passages 3-7) were cultured in EGM-2 and 10% FBS. 2.1 x 10° cells were
seeded onto T-75 BioLite Cell Culture Treated Flasks (Thermo Fisher Scientific, Waltham,
Massachusetts, USA) at 37°C and 5% CO; in a humidified incubator (Thermo Fisher Scientific).
Media was changed the next day, and every other day following. In cell culture experiments,
cells were used at confluence. In some experiments, cells were exposed to 24 hours of hypoxia
(0.5% O2) in the H35 Hypoxystation HypO2xygen humidified hypoxic chamber (Don Whitley

Scientific, Shipley, West Yorkshire, UK).



20

Exosome and microparticle separation

Exosomes and microparticles were isolated from ECFC conditioned medium by serial

6.85.86 after 24-48 hours of culture in vesicle-

centrifugations, as described with modification
depleted FBS (Wisent, Saint-Jean-Baptiste, QC, Canada). After an initial centrifugation to
discard cells and debris (2500 x g for 10 min), microparticles were isolated after two
centrifugations (10,000 x g for 30 min and 20,000 x g for 20 minutes) at 4°C using a type SS-34
rotor in a Sorvall RC6 Plus Centrifuge (Thermo Fisher Scientific). The supernatant was then
used to pellet exosomes after two centrifugations at 100,000 x g for 90 min at 4°C using type 45-
Ti rotor in the Optima L-100 XP Ultracentrifuge (Beckman Coulter, Inc) and 100,000 x g for 90
min at 4°C using type TLA-55 rotor in the Optima MAX Ultracentrifuge (Beckman Coulter,
Inc). Exosome and microparticle fractions were then diluted in sterile PBS and protein was
quantified using Bio-Rad DC Protein Assay (Bio-Rad Laboratories, Hercules, California, USA)
and Biotek ELx808 Absorbance Reader & KC4 Data Analysis (BIO-TEK Instruments, inc.

Winooski, Vermont, USA) and are expressed as pg/pL. Microparticles were used as controls in

exosomal characterization.

Nanoparticle tracking analysis

Size and purity investigation of extracellular vesicle preparations was performed by nanoparticle
tracking analysis (NTA) with the ZetaView instrument (Particle Metrix, Meerbusch, Germany).
NTA determines the size of particles based on Brownian motion and was used in the analysis of
vesicles®’. Diluted extracellular vesicle preparations in ice-cold filtered and sterile PBS (1:100)
were tracked. A frame rate of 30 frames per second and shutter speed of 70 ms was used with a

brightness of 30 lumens.
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Kidney Ischemia/Reperfusion Model

Isoflurane was used to anesthetize 7-10-week-old male and female FVB mice (Charles River, St
Constant, QC, Canada). Baseline weight was established, and buprenorphine was given 1-hour
pre-surgery. Ophthalmic ointment was given to protect the cornea from desiccation. 0.5-1 mL
warmed saline was injected subcutaneously as fluid therapy. On a warm water blanket, the dorsal
area was shaved using an electric clipper. The surgical site was prepared using a chlorhexidine
scrub and ethyl alcohol. 1.5 cm bilateral incisions were made to expose the kidneys, followed by
bilateral renal artery clamping for 30 min, and then release of the microclamps, as described®>%,
Tail vein injection of either vehicle (200 pL PBS), exosomes (20 pg in 200 pL. PBS) or mimic-
invivofectamine complex (20 pg in 200 uL. PBS) was then performed, at the time of reperfusion.
The incisions were closed with sutures and/or silk stiches when required. Hot beads were used to
sterilize the instruments between surgeries. Animal wellness was assessed, and buprenorphine
was given every 12 hours post-surgery. For further experiments, mice were euthanized via CO>
narcosis, followed by decapitation. In optical imaging experiments. Mice were euthanized by
cervical dislocation while anesthetized, followed by the removal of all organs. Protocols were
approved by the Animal Ethics Committee at the University of Ottawa and were performed

according to the recommendations of the Canadian Council for Animal Care®.

Immunoblots

Exosomes, microparticles, or kidney protein lysate were suspended and homogenized in radio
immunoprecipitation assay (RIPA) buffer with a protease and phosphatase inhibitor cocktail
(Aprotinin, Bestatin, E64, and Leupeptin against proteases, and sodium fluoride, sodium
pyrophosphate, B-glycerophosphate, and sodium orthovanadate against phosphatases; Cell

Signaling, Danvers, MA, USA). Homogenized tissue was then incubated at 4°C on a shaker for 2
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hours, followed by a 20-min centrifugation at 4°C and 13,400 x g. Supernatant or exosomal and
microparticle suspensions were combined with 6x Laemmli loading buffer (375mM Tris-HCI
(pH 6.8), 9% SDS, 50% glycerol, 9% beta-mercaptoethanol, 0.03% bromophenol blue; Alfa
Aesar, Haverhill, Massachusetts, USA). Samples were boiled at 100°C for 5 min, cooled on ice,
and loaded onto 10% sodium dodecyl sulfate polyacrylamide (SDS-PAGE) gels. Molecular
weight marker (Precision Plus Protein Dual-Colour Standards, Bio-Rad Laboratories) was used
in all gels. Gels ran at 150 V for 1 hour in running buffer. Proteins on the gel were transferred to
nitro-cellulose membranes using the Bio-Rad Criterion system for 1 hour at 100 V. The
membranes were blocked with a 5% milk solution in tris-buffered saline-polysorbate 20 (TBS-T)
at room temperature for 1 hour with gentle shaking. Membranes were washed 3 times for 5 min
each with TBS-T. Membranes were then incubated with antibodies against Tumor Susceptibility
Gene (TSG) 101 (1:1000, Abcam Inc, Toronto, ON, Canada) and CD81 (1:1000, Abcam Inc) in
TBS-T for 16 hours at 4°C. Washed membranes were then incubated with horseradish
peroxidase-conjugated secondary antibodies (1:2000, Cell Signaling) and incubated at room
temperature for 1 hour. Membranes were then washed 3 times at 5 min with TBS-T. Membranes
were incubated for 1 min in Amersham enhanced chemiluminescence reagents (GE Healthcare,
Buckinghamshire, UK). Blots were developed using Konica Minolta SRX 101 A Tabletop
Medical Film Processor (Konica Minolta Medical Imaging USA, Inc., Wayne, NJ, USA) or
Alpha Innotech FluorChem HD2 (Alpha Innotech, San Leandro, CA, USA) corrected for loading

controls, and analyzed using ImageJ software (NIH, Bethesda, MD, USA).

miRNA isolation and real-time PCR

Total miRNA from extracellular vesicle preparations or homogenized tissue was extracted using

the miRNeasy Micro Kit (Qiagen Inc., Toronto, ON, Canada), according to the manufacturer’s
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protocol. Isolated RNA was quantified using Spectronic Genesys 5 Spectrophotometer
(Spectronic Instruments, Fitchburg, WI, USA). TagqMan MicroRNA Reverse Transcription Kit
(Life Technologies, Inc., Carlsbad, CA, USA) was used to create cDNA. Real-time PCR
reactions were performed in an Applied Biosystems 7000 sequence detection real-time PCR
system (Applied Biosystems, Foster City, CA, USA) as described®. Both reverse transcription
and real-time PCR experiments used primers specific to hsa-miR-486-5p (5> UCCUGUACUG
AGCUGCCCCGAG 3’) and mamm-U6 (5 GTGCTCGCTTCGGCAGCACATATACTAAAAT
TGGAACGATACAGAGAAGATTAGCATGGCCCCTGCGCAAGGATGACACGCAAATTC
GTGAAGCGTTCCATATTTT 3’) (Thermo Fisher Scientific). The relative amount of miRNA

to U6 RNA was expressed using the 2-AACt method’!.

Optical Imaging

Biodistribution of exosomes after tail vein injection was studied using the /n Vivo Imaging
System (IVIS; Perkin Elmer, Waltham, MA, USA) spectrum as described**. IVIS spectrum is an
instrument that contains a high-sensitive charged coupled device (CCD) camera, which enables
both fluorescence and luminescence measurements**°2, Exosomes were labeled with 1.7 pL 1,1'-
Dioctadecyl-3,3,3',3"-Tetramethylindotricarbocyanine Iodide (DiR) dye and incubated at room
temperature for 15 minutes, followed by a centrifugation at 100,000 x g for 90 minutes as per the
manufacturer. Mice either received a vehicle (100 pL phosphate buffered saline; PBS), DiR dye
alone (1.7 pL in 100 uL PBS), or 100 puL of DiR-dyed exosomes at the time of reperfusion by
tail vein injection. Sham mice were subjected to surgery without renal vascular clamping.
Fluorescence imaging used the excitation filter at 710 nm and the emission filter at 760 nm. The
intensity of the region of interest (ROI) was drawn freehand and was plotted as

photons/second/centimeter/ steridian (p/s/cm?/sr). The mice were sacrificed, and organs were
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harvested for further fluorescence analysis. Background fluorescence obtained from mice that
had not been infused with DiR or exosomes was subtracted from experimental values. Images

and data were obtained using IVIS Spectrum software (Living Image 4.3.1; Perkin Elmer).

Isolation of kidney cortices, medullae, proximal tubules, and glomeruli

24 hours post-reperfusion, kidneys were removed, decapsulated, and kept in ice-cold PBS until
isolations. Cortices and medullae were surgically separated. Further dissection of cortices was
performed to isolate proximal tubules and glomeruli. Cortices were minced in a glass dish kept
on ice. Minced tissue was suspended in a solution containing: 105 mM NaCl, 24 mM NaCOs, 5
mM KCI, 1.5 mM CaCl,, 1.0 mM MgSOs4, 2.0 mM NaH>PO4, 5.0 mM glucose, 1.0 mM
alanine, and 10.0 mM HEPES, pH 7.4, as well as 0.1% collagenase (type IV, Millipore Sigma).
The tissue suspension was bubbled with 95% 02-5% CO; for 30 min in a 37 °C water bath. After
digestion, the kidney cortex suspension was strained through a 250-pum brass sieve (mesh no. 60,
Newark Wire Cloth, ESBE Scientific, Markham, ON, Canada) and flow-through was centrifuged
for 1 min at 1,000 x g. The pellet was then resuspended in the same digestion solution without
collagenase and centrifuged for 1 min, repeated once. The tissue was then strained through a
106-pum brass sieve (mesh no. 150). Proximal tubules were microdissected from the tissue which
did not pass through the sieve, and glomeruli were microdissected from the tissue which passed
through. The purity of the tubular and glomerular preparations (>99%) was determined by light

microscopy.

Isolation of kidney endothelial cells

24 hours post-reperfusion, kidneys were removed, decapsulated, and kept in ice-cold PBS until

isolations. Kidneys were dissected into quarters and added to a GentleMACS C tube (Miltenyi
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Biotech) along with the enzyme mixture in MACS Multi Tissue Dissociation Kit 2 (Miltenyi
Biotech). C tubes with digestion mixture were then placed on the GentleMACS Dissociator
(Miltenyi Biotech) which ran at 37°C for 31 min. After the digestion, the single cell suspension
was passed through a 100 um strainer and incubated with CD3 1" microbeads for 20 min at 4°C,
to bind the endothelial cells. After incubation, the labeled suspension was applied to LS columns
(Miltenyi Biotech) on a separator magnet, washed, and flushed out in 5 mL of buffer. To verify
the contents of the CD31" rich fraction, some cells were subjected to primary culture and

immunocytochemistry with CD31 antibodies (Abcam Inc).

Histology

Mice were sacrificed twenty-four hours post-reperfusion and kidneys were fixed in 4% formalin,
dehydrated, embedded in paraffin, and stained. Tissues were cut into sections (5 um thick) and
stained with hematoxylin and eosin (H+E) and periodic acid-Schiff (PAS). All histological
analyses were performed in a blinded manner by a renal pathologist (Dr. Alexey Gutsol). The
extent of tubular injury was semi-quantified using a scoring system ranging from 0 to 4334,
Briefly, scoring was performed by randomly scanning each section for the outer stripe of the
outer medulla (at least 40 fields at x200 magnification). Signs of tubular injury were identified as
tubular dilatation, loss of brush border, nuclear loss, sloughing of tubular cells, or cast formation.
The scoring system was as follows: 0 indicates no tubular injury; 1,<25% of tubules injured; 2,
26% to 50% of tubules injured; 3, 51% to 75% of tubules injured; and 4, >75% of tubules
injured. Neutrophil infiltration was assessed on kidney sections by quantitation of
myeloperoxidase staining (polyclonal rabbit myeloperoxidase antibody, 1:200, Neomarker,
Fremont, CA, USA)®. Tubular apoptosis was assessed using the terminal deoxynucleotidyl

transferase-mediated dUTP nick-end labeling (TUNEL) Apoptosis Detection Kit (Genscript,
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Piscataway, NJ. USA), according to manufacturer’s instructions, and expressed as the number of
TUNEL-positive nuclei per corticomedullary field, as described?’. Images were acquired at room
temperature on a Zeiss Imager Al with a Zeiss AxioCam HRc using Axiovision version 1.6

(Carl Zeiss AG, Oberkochen, Germany).

Immunohistochemistry

Presence of megalin was evaluated in the corticomedullary regions of kidney sections. After
deparaffinization, kidney sections were placed in sodium citrate (pH 6.0) and microwaved for 20
min for antigen retrieval. Sections were treated with 0.3% H202-H2O for 30 min, to inhibit
endogenous peroxidase activity. Sections were blocked in 10% goat serum for 30 min and
incubated with antibodies to megalin (1:500; Santa Cruz Biotechnology, Inc., Dallas, TX, USA)
overnight at 4°C. Sections were probed with Alexa 594 (Molecular Probes, Burlington, ON,
Canada). For immunofluorescence microscopy, slides were mounted using Vectashield
mounting medium (Vector Laboratories, Burlingame, CA, USA). 10 images were acquired at
room temperature on a Zeiss Axioscop2 with a Zeiss AxioCam using Axiovision 3.1 (Carl Zeiss
AQ). Areas of red fluorescence were measured after background subtraction and counted as the

sum of intensities per field area of view.

miRNA-invivofectamine complex preparation

Invivofectamine (Invitrogen) was used according to the manufacturer’s protocol. Thus, miRNA
stock solution containing miR-486-5p or scrambled miRNA (2.4 pg/ul) was combined with
complexation buffer (25 pl) to create a 1.2 pg/ul solution. This was then added 1:1 to the
invivofectamine 3.0 reagent (Thermo Fisher Scientific), vortexed, and incubated at 50°C for 30

minutes. After complexation, the complex preparation was diluted 6-fold in sterile PBS.
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Localization of PKH26-labeled exosomes

ECFC-exosomes were labeled with PKH26, a red lipophilic membrane dye (Millipore Sigma),
according to the manufacturer’s instructions. Briefly, the exosomal pellet was resuspended in
500 uL of Diluent C (from the manufacturer), and 500 uL prepared dye (0.4% dye v/v in Diluent
C) was added. The sample was incubated for 10 min. To stop the reaction, 8 mL of 10% vesicle
depleted FBS in EBM-2 media was added. Labeled exosomes were pelleted, resuspended in
PBS, and stored at -80°C. 20 ng PKH26-labeled exosomes were delivered via tail vein to mice
with or without ischemia reperfusion injury. Within 30 min post-injection, mice were euthanized,
and the lungs, heart, liver, spleen, and kidneys were extracted. Tissue was embedded in optimal
cutting temperature (OCT) compound and frozen in liquid nitrogen. 20 um sections were cut
using the Leica CM3050 S freezing microtome (Leica Biosystems, Wetzlar, Germany). Sections
were then fixed in in 3% paraformaldehyde for 10 min, and mounted in VectaShield (Vector
Labs, Burlingame, CA, USA). Sections were analyzed in a blinded manner by a renal
pathologist (Dr. Alexey Gutsol) using a Zeiss AxioObserver Z1 fluorescent microscope (Carl

Zeiss AQG).

Internalization of exosomes by HUVECS

PKH26-labeled ECFC-exosomes were administered to normoxic or hypoxic HUVECsS in culture
and cytoplasmic fluorescence was measured after 6 hours. In some groups, HUVECs were
treated with 100 uM plerixafor (AMD3100, Millipore Sigma), a CXCR4 bicyclic reversible
inhibitor, 10 pg/mL neutralizing antibody against SDF-1a (R&D Systems, Minneapolis, MN,

USA), or 10 pg/mL of a control IgG isotype antibody (R&D Systems).
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Exosomes and the transfer of miR-486-5p

In some experiments, Label IT siRNA Tracker Cy3 (Mirus Bio, Madison, WI, USA) was used to
label pre-miR-486-5p before being transfected into ECFC cells using Lipofectamine RNAIMAX
Reagent (Invitrogen). After 24 hours incubation at 37°C, conditioned medium containing ECFC-
exosomes with Cy3-labeled miR-486-5p was applied to cultured HUVECs for 16 hours.
GW4869 (10 uM, Cayman Chemical, Ann Arbor, MI, USA) was used in the ECFC culture to
inhibit exosome release®®’!, while 5-(N-Ethyl-N-isopropyl) amiloride (EIPA; 10 uM, Sigma) was

used in the HUVEC culture to inhibit micropinocytosis’>?>%,

SDF-1 Alpha Assay

Secreted SDF-1a in conditioned media from cultured HUVECs was quantified using an ELISA
kit (RayBiotech, Norcross, GA, USA) following the manufacturer’s guidelines. Briefly, 100 pL
of sample was added to microplate wells coated with anti-human SDF-1a, followed by a 2.5-
hour incubation at room temperature. Following incubations with a biotinylated anti-human
SDF-1a antibody and HRP-conjugated streptavidin, a 3,3,5,5’-tetramethylbenzidine (TMB)
buffer solution was applied, incubated for 30 min, followed by 0.2 M sulfuric acid to stop the
reaction. The concentration of SDF-1a was then calculated by reading the absorbance of the

microplate at 450 nm.

Plasma Biochemistry

Plasma creatinine and BUN levels were analyzed by IDEXX Laboratories (Markham, ON,

Canada).
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Caspase-3 Activity Assay

Caspase-3 activity was measured using the Caspase-3 Assay Kit (Fluorometric) (Abcam Inc).
Briefly, 5 mg of kidney tissue was homogenized in 300 uL of Cell Lysis Buffer. Using BioRad
DC Protein Assay, protein concentration was standardized at 5 pg/uL. 100 pg of sample was
added to a 96-well plate, and 50 pL of Reaction Buffer-Dithiothreitol (DTT) was added to each
sample. 5 uL of an ImM DEVD-7-amino-4-trifluoromethyl coumarin (AFC) substrate was
added to the sample and the plate was incubated at 37°C for 4 hours. Free-AFC was read at 400-

nm excitation and 505-nm emission. Activity was recorded as relative fluorescence units.

Statistical analysis

Results are expressed as means + standard error of the mean and were analyzed using a one- or
two-way analysis of variance with a Bonferonni post-test as appropriate, or students t-test.
Statistical analyses were performed using GraphPad Prism 5.0 (GraphPad Software, Inc., San

Diego, CA, USA). p <0.05 was considered significant.
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RESULTS

Characterization of ECFC-derived exosomes

ECFCs were isolated from human umbilical cord blood, grown in culture, and characterized by
flow cytometry®>. ECFC exosomes were isolated from ECFC cultured media through a
differential centrifugation technique after 24-48 hours of incubation.

To determine the purity of the exosome separation, immunoblotting was used to classify
exosomes from larger extracellular vesicles, such as microparticles. Two exosomal markers,
TSG101 and CD81 were used. TSG101 is an exosomal protein which has a role in the secretion
of exosomes, and CD81 is a membrane-bound tetraspanin known to play a role in protein
trafficking and sorting to exosomes’’. By immunoblot, both TSG101 and CD81 were present in

the exosome samples, but not in the microparticle fraction (p<0.001 vs MP, n=3) (Figure 3).

In some studies, both DiR and PKH26 dyes were used to visualize exosomes. To verify that the
labeling of exosomes with either DiR or PKH26 did not impact exosome size, NTA was used.
Fresh exosomes had a mean diameter of 88 nm, and the size distribution of exosomes after either
dyeing procedure remained unchanged (Figure 4). All size distributions measured using NTA
were consistent with the accepted literature definition of exosomes in which exosomes are
vesicles with a diameter of 30-150 nm. All preparations showed that more than 80% of the

vesicles were within the accepted size range.

To verify that the contents of the isolated ECFC exosomes were similar to those previously
reported, a PCR experiment was performed on isolated miRNA from both ECFC and HUVEC

exosomes to determine whether the relative levels of miR-486-5p were consistent and much
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Figure 3 | ECFC-derived exosomes, but not microparticles, express both TSG101
and CD81. Graph depicts immunoblot analysis for exosomal markers Tumor
Susceptibility Gene 101 (TSG101, left) and Cluster Differentiation 81 (CD81, right)
present in ECFC-derived exosomes (EX), but not in ECFC-derived microparticles
(MP). Representative immunoblots are shown below. Data are mean = SEM; n = 3.
*#%P<0.001 vs MP.
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Figure 4 | DiR- and PKH-labeled exosomes, as well as unlabeled exosomes, have similar size
distributions by nanoparticle tracking analysis. Nanoparticle analysis shows the absolute count
and size distribution of vesicles within the exosomal fraction isolated by differential centrifugation.
Exosomes are loosely categorized by their size interval of 30-150 nm. Data are mean = SEM; n=3.
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more abundant in ECFC exosomes (Figure 5). HUVECs have been used as a model for the
function and pathology of mature endothelial cells*®. Exosomes from HUVECs had significantly

less miR-486-5p present when compared with ECFC exosomes (p<0.01, n=3).

Biodistribution of ECFC-derived exosomes in vivo

Optical images taken using IVIS showed both a ventral and dorsal view of the biodistribution of
ECFC-derived exosomes in live mice. An increase in fluorescence was observed in the ventral
and dorsal views of the animal treated with 10 pL containing 15-20 pg DiR-labeled exosomes
post-IR injury in the region of the kidneys after 30 min, and little change was found 4- or 24-
hours post-reperfusion (Figure 6). This increase of fluorescence was not present in sham mice,
nor was it found when DiR alone was injected post-reperfusion. This shows that the exosomes
may selectively target the kidney after IR compared to sham. To better conclude from which
organ fluorescent signal was originating, mice were sacrificed and the lungs, heart, liver, spleen,
vena cava (in IR group only) and kidneys were harvested, and ex vivo optical imaging was
performed. When comparing dye alone vs DiR-exosomes administered to sham animals in ex
vivo studies, little difference was noted (Figure 7A). The sham experiments also showed low to
moderate distribution to the lungs and kidney, and no distribution to the heart. While the
biodistribution of DiR alone post-IR injury lacked significant change compared to sham, the
biodistribution of DiR-exosomes after 30 min and 4 hours showed significant fluorescent levels
in injured kidney, but not after 24 hours (Figure 7A). The DiR-only treated mice post-
reperfusion showed very similar distributions as sham animals, in which there was significant
fluorescence in the liver and low to moderate fluorescence in the lung and kidneys. DiR-

exosomes, however, demonstrated a decrease in the fluorescent signal to the lung or spleen,
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Figure 5 | ECFC-derived exosomes have significantly elevated miR-486-5p levels
compared to other human endothelial cells. gPCR of miR-486-5p in HUVEC and
ECFC exosomes using specific primers. miRNA isolation from fresh exosomes
followed by miRNA quantification, reverse transcription, and qPCR. Data are mean +
SEM; n = 3. ** P<0.01 vs HUVEC exosomes.
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Figure 6 | | ECFC-exosome delivery after IR injury significantly increases biodistribution to the
kidney by in vivo optical imaging. (a) Representative IVIS image of a live mouse injected 1.v. with 10
uL DiR-exosomes or equal volume DiR alone. N, no surgery no injection negative control. Sham, 30-
minute sham surgery without bilateral renal clamping. Ischemia/Reperfusion, surgery with bilateral
renal clamping. DiR, DiR alone 30 minutes post-injection. DiR-EX, DiR-exosomes. (b) Quantification
of fluorescence intensity in regions of interest (ROI) drawn free hand in the region of each organ,
normalized to sham. Data are mean = SEM; N=4. *P<(.05 vs Sham + DiR-EX.
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Figure 7 | ECFC-exosome delivery after IR injury significantly increases biodistribution to the kidney by ex
vivo optical imaging. (a) Representative IVIS image of dissected organs 30 minutes, 4 hours, or 24 hours post
injection of a mouse injected i.v. with 10 pL DiR-exosomes or equal volume DiR alone. N, no surgery no injection
negative control. Sham, 30-minute sham surgery without bilateral renal clamping. Ischemia/Reperfusion, surgery
with bilateral renal clamping. DiR, DiR alone 30 minutes post-injection. DiR-EX, DiR-exosomes. N=4. (b)
Quantification of fluorescence intensity in regions of interest (ROI) drawn free hand in the region of each organ,
normalized to sham. Sham + DiR-EX, sham animal treated with exosomes. IR + DiR-EX, surgery with bilateral
renal clamping treated with exosomes. Data are mean = SEM; N=4. **P<0.01 vs Sham + DiR-EX.
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decreased liver fluorescence, and significantly increased fluorescence in both kidneys after 30
min and 4 hours (p<0.01, n=4). At 24 hours post-reperfusion, however, the DiR-exosomes

distribution returned to that of a sham animal. (Figure 7B).

miR-486-5p distribution mimics exosome distribution

qPCR was used to determine the effect of exosomes on tissue levels of miR-486-5p, and to
identify whether the tissue levels of miR-486-5p follow a similar distribution as exosomes post-
IR injury (Figure 8). After IR alone, all tissues showed a non-significant increase of miR-486-
5p, although a significant increase was seen in lung tissue after 24 hours (p<0.05, n=4). After 30
min, 4 hours, or 24 hours, only kidneys showed a significant increase in miR-486-5p after
exosome infusion (p<0.01, n=4). Comparing the data from the IR alone group and with the
increase seen after ECFC-exosome delivery showed that the significant difference was

dependent on exosomes and was not simply the innate response caused from the injury itself.

ECFC-exosomes are visualized in the kidney and liver

PKH26-labeled exosomes were injected at the time of reperfusion and the lung, heart, liver, and
kidney were sectioned to investigate the cellular localization of the injected exosomes. After 30
min of reperfusion, exosomes were found in the tubulointerstitium of the kidney and the Kupffer
cells in the liver, but not in the heart or lungs (Figure 9). In the images, produced with the help
of Dr. Alex Gutsol, high background fluorescence was found in the heart and lung (red) and in

the liver and kidney (green and yellow).
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Figure 8 | Exosome delivery significantly increases miR-486-5p levels only in the kidney. Semi-quantitative
analysis of miR-486-5p levels in the organs of interest (a) 30 minutes, (b) 4 hours, or (¢) 24 hours post-reperfusion,
normalized to sham. Sham; sham surgery, no exosomes. IR; ischemia reperfusion, no exosomes. IR+EX; ischemia
reperfusion with exosome administration. Data are mean + SEM; N=4. **P<(0.01 vs sham, *P<0.05 vs sham.
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Figure 9 | PKH26-labeled ECFC-exosomes localize to the kidney interstitium within 30 minutes
after injection. All micrographs show organs after ischemia reperfusion, while only the images on the
right show the injection of PKH26-exosomes. Exosomes found in the kidney are found primarily in
the tubulointerstitial space (arrows). Exosomes found in the liver are found within Kupffer cells
(arrows). Exosomes are not found in the heart or lung. Images are representative of data from 6 mice.
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ECFC-exosomes are delivered to cortical structures

The renal cortex, medulla, proximal tubules, glomeruli, and endothelial cells were isolated, and
the tissue was subjected to miRNA isolation and qPCR (Figure 10). When comparing whole
kidney (Figure 10A), cortex (Figure 10B), and medulla (Figure 10C), levels of miR-486-5p
were elevated in the whole kidney (p<0.05 vs IR, n=4), while only the kidney cortex-rich tissue
showed a significant increase in miR-486-5p 30 min after reperfusion (p<0.05 vs IR, n=4). The

medulla-rich tissue did not have a significant increase in miR-486-5p.

The kidney cortex was then subjected to collagenase digestion and microdissection of both
proximal tubule segments (Figure 10D) and glomeruli (Figure 10E). Proximal tubule segments
or glomeruli subjected to IR showed a non-significant increase of miR-486-5p compared to sham
surgery after 30 minutes, however, the injection of exosomes led to a significant increase in
proximal tubules (2-fold, p<0.05 vs IR alone, n=4) and glomeruli (3-fold, p<0.05 vs IR alone,

n=4).

Kidneys were also subjected to an endothelial cell sorting technique using enzymatic digestion
and magnetic bead sorting using CD31-labeled beads. miR-486-5p levels from isolated renal
endothelial cells were only increased 30 min post-reperfusion with the injection of exosomes (2-
fold, p<0.01 vs IR, n=4) (Figure 10F). This is consistent with the other segment data, as the
cortex (including the glomeruli and proximal tubule) is home to much of the renal vasculature.
This, together with data suggesting that miR-486-5p levels in the cell correlates with protective
effects against IR and suggests that miR-486-5p is being transferred via exosomes to specific

cells in the kidney.
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Figure 10 | ECFC-exosome injection after IR injury increases miR-486-5p levels in the
kidney cortex, proximal tubule segments, glomeruli, and endothelium 30 minutes post-
reperfusion. Depicted are results for real-time PCR of miR-486-5p in whole kidney (A), renal
cortex (B), and medulla (C), dissected proximal tubules (D) and glomeruli (E), and isolated
kidney endothelial cells (F). Sham (untreated mice), IR (mice with 30 min of bilateral kidney
ischemia) and IR+EX (mice with 30 min of bilateral kidney ischemia followed by infusion of
20 pg of exosomes). *P<0.05 vs IR, **P<0.01 vs IR by one-way ANOV A, N=4 for each panel.
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Exosomal transfer of miR-486-5p to target cells in vitro

ECFCs were transfected with previously labeled Cy3-pre-miR-486-5p and were cultured to
produce exosomes containing Cy3-pre-miR-486-5p. Then, these exosomes (present in the
cultured media) were delivered to a HUVEC culture to observe the transfer of miR-486-5p from
ECFC-derived exosomes to their target cell (Figure 11A, B). When cultured media was given
alone (CM), we observed the presence of miR-486-5p in the cytosol surrounding the nucleus
(p<0.001 vs control, n=4). When the ECFC culture was previously incubated along with
GW4869, an exosome release inhibitor, no miR-486-5p was present (p<0.001 vs CM, n=4).
Therefore, when exosomes were not present to mediate a transfer, no miR-486-5p localized to
the HUVECs. Additionally, when the culture of HUVECs and ECFC cultured media was
accompanied by EIPA, an exosome uptake inhibitor, miR-486-5p was also not present (p<0.001
vs CM, n=4). By inhibiting both release and uptake mechanisms, we can verify that the exosome

is responsible for the transfer of miR-486-5p to the target cells.

CXCR4/SDF-1a axis plays a role in exosomal targeting

To test the hypothesis that CXCR4 and SDF-1a play a role in mediating the uptake of exosomes
in vitro, an SDF-1a neutralizing antibody and plerixafor, a CXCR4 bicyclic reversible inhibitor,
were used in culture with HUVECs treated with exosomes. By immunoblot, it was first
confirmed that CXCR4 is present on the membrane of both ECFCs and their exosomes (Figure
12C). The exosome uptake experiment confirmed the hypothesis that exosomes administered to
cells cultured under hypoxia had a significantly higher uptake than exosomes administered to
normoxic cells (p<0.001 vs normoxic control, n=4) (Figure 12A, B). Further, when exosomes
were treated with the CXCR4 antagonist, or when the cultured cells were treated with a

neutralizing antibody to SDF-1a under hypoxia, exosome uptake was completely blocked
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Figure 11 | Exosomes are required for the transfer of miR-486-5p to target human
umbilical vein endothelial cells (HUVECS) in vitro. (a) Representative micrographs and (b)
graph showing the uptake of Cy3-labeled pre-miR-486-5p (red) in HUVECs after16 hour
incubation with cultured media (CM) from ECFCs. C; control. CM; cultured media from
ECFCs previously transfected with Cy3-labeled pre-miR-486-5p. CM+EIPA; cultured media
with 5-(N-Ethyl-N-isopropyl)amiloride (EIPA, 10 uM), an inhibitor of macropinocytosis.
CM+GW4869; cultured media with exosome release inhibitor GW4869 (10 uM). HUVEC
nuclear counterstaining was performed using Hoescht stain (blue). Data are mean + SEM; N=4.
*#%P<0.001 vs all other groups, by one-way ANOVA.
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Figure 12 | Internalization of ECFC-derived exosomes by hypoxic HUVECs is blocked by
plerixafor and neutralizing antibody to SDF-1a. (A) Representative images and graphs (B) of
HUVECs incubated for 6 hrs with 20 pg/ml of PKH26-labeled exosomes (red) in normoxia (C),
hypoxia (C*), hypoxia with 100 uM plerixafor (Plerix), hypoxia with 10 pg/ml of neutralizing
antibody to SDF-1a (SDF-1a) and Isotype control (IgG). HUVEC nuclear counterstaining was
performed using Hoescht stain (blue). +++P < 0.001 vs C, ***P < 0.001 vs C*, by one-way ANOVA,
n =4. (C) Immunoblot shows expression of CXCR4 in ECFCs and their derived exosomes (EX).
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(p<0.001 vs ischemic control, n=4). These data reinforced the impact of the CXCR4/SDF-1a

axis as a key mediator in the uptake of exosomes, at least in endothelial cells.

Plerixafor attenuates the protective effect of ECFC exosomes in vivo

To test the hypothesis that CXCR4 and SDF-1a play a role in mediating the protective effect of
exosomes in vivo, ECFC-derived exosomes were preincubated with plerixafor and administered
to IR mice to determine whether the inhibition of CXCR4 at the exosomal level impacts the
function of the exosome. To compare the function of ECFC-derived exosomes in our in vivo
model, either saline, 20 ug exosomes, or 20ug exosomes preincubated with plerixafor were
injected into mice with IR. Their organs and serum were then isolated 24 hours after reperfusion.
When comparing the protective effects using either serum creatinine or blood urea nitrogen
(BUN), administration of exosomes consistently lowered creatinine and BUN levels, but this
protective effect was attenuated if the same exosomes were preincubated with plerixafor (p<0.05
vs IR + EX, n=5) (Figure 13A, B). These data give compelling evidence towards the
CXCR4/SDF-1a axis and its importance in the targeting of exosomes and the mechanism of

action.

Histological analyses were performed with the help of Dr. Alex Gutsol to determine the injury
scores and neutrophil counts 24 hours after injury. IR was associated with significant histologic
injury, as shown, as well as significant neutrophil infiltration due to acute inflammation. When
treated with exosomes, these negative effects were reduced, however, exosomes preincubated

with plerixafor had no protective effect (p<0.001 vs IR + EX, n=4) (Figure 14A, B).
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Figure 13 | Effect of exosomal CXCR4 on serum creatinine and blood urea nitrogen after
ischemic injury. Graphs depict data obtained 24 hrs after reperfusion in mice subjected to ischemic
kidney injury (IR), with or without i.v. administration of endothelial colony forming cell exosomes
(IR+EX), or exosomes pre-incubated with the CXCR4 antagonist plerixafor (IR+EX+Plerixafor). (A)
Serum Cr and (B) Blood Urea Nitrogen (BUN) levels 24 hrs after reperfusion. *P < 0.05 vs IR+EX.
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miR-486-5p is increased in liver, spleen, and kidney post-mimic injection

Following previous data suggesting that miR-486-5p is the mediator of the therapeutic efficacy
of ECFC-exosomes, coupled with the difficult scalability of exosomes, we began to investigate
the effects of the administration of encapsulated miR-486-5p. qPCR was used to comparatively
quantify miR-486-5p levels in each ex vivo organ to determine whether the amount of miR-486-
S5p in the organs follows a similar distribution to that after exosome treatment. It was
hypothesized that since there is no CXCR4 to guide the mimic-invivofectamine complex to the
kidney specifically, there might be increases in other organs as well, such as the liver and spleen.
The data show that there was an increase in miR-486-5p levels in both male and female kidney
(p<0.01 vs IR, n=3-5) (Figure 15F, 16F), even more than after exosome treatment, but there is
also non-specific distribution to the liver and spleen (p<0.001 vs IR, n=3-5) (Figure 15D, E,

16D, E).

miR-486-5p mimic increases miR-486-5p levels in endothelium

The kidney cortex was again subjected to enzymatic digestion and magnetic bead sorting of
endothelial cells (Figure 17 A, B) and collagenase digestion and microdissection of proximal
tubule segments (Figure 17 C, D) 24 hours post-IR. After 24 hours, we observe no significant
increase in miR-486-5p after exosome injection in endothelium nor proximal tubule segments.
Interestingly, after IR and miR-486-5p-invivofectamine injection alone, we observed a
statistically significant increase in miR-486-5p in isolated endothelial cells (p<0.001 vs IR, n=3)

and in proximal tubule segments (p<0.01 vs IR in male, p<0.05 vs IR in female, n=3).
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Figure 15 | miR-486-5p levels increase in male mouse liver, spleen, and kidney post- miR-486-5p
injection. Depicted are g-PCR results for miR-486-5p in brain (A), lungs (B), heart (C), liver (D),
spleen (E) and kidney (F) from IR kidneys, 24 hours after either ECFC-exosome injection (20 pg, IR
+ EX) or Invivofectamine-mimic complex containing miR-486-5p (1 mg/kg, IR + mimic) at the time
of reperfusion. Sham (untreated mice), IR (30 minutes of ischemia) and IR + scramble (AKI mice
injected with 1 mg/kg of Invivofectamine-scrambled miRNA complex at the beginning of
reperfusion). *P<0.05 vs IR, **P<(.01 vs IR, ***P<(.001 vs IR. N=5.
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Figure 16 | miR-486-5p levels increase in female mouse liver, spleen, and kidney post- miR-486-
Sp injection. Depicted are g-PCR results for miR-486-5p in brain (A), lungs (B), heart (C), liver (D),
spleen (E) and kidney (F) from IR kidneys, 24 hours after either ECFC-exosome injection (20 pg, IR
+ EX) or Invivofectamine-mimic complex containing miR-486-5p (1 mg/kg, IR + mimic) at the time
of reperfusion. Sham (untreated mice), IR (30 minutes of ischemia) and IR + scramble (AKI mice
injected with 1 mg/kg of Invivofectamine-scrambled miRNA complex at the beginning of
reperfusion). **P<0.01 vs IR, ***P<0.001 vs IR. N=3.
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Figure 17 | Only miR-486-5p injection, and not exosome injection, after IR injury increases miR-
486-5p levels in the endothelium and proximal tubule segments 24 hours post-reperfusion.
Depicted are results for real-time PCR of miR-486-5p in isolated renal endothelial cells (A, B) or
proximal tubule segments (C, D) from male (A, C) or female (B, D) in FVB mice 24 hours after either
ECFC-exosome injection (20 pg, IR + EX) or Invivofectamine-mimic complex containing miR-486-
5p (1 mg/kg, IR + mimic) at the time of reperfusion. Sham (untreated mice), IR (30 minutes of
ischemia) and IR + scramble (AKI mice injected with 1 mg/kg of Invivofectamine-scrambled miRNA
complex at the beginning of reperfusion). *P<0.05 vs IR, **P<0.01 vs IR, ***P<0.001 vs IR. N=3.
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miR-486-5p mimic is as effective as exosomes in preventing injury post-IR

To determine whether miR-486-5p alone is as effective at preventing injury as exosomes are,
serum was isolated from male and female mice 24 hours after IR injury and the injection of miR-
486-5p-invivofectamine or exosomes to compare serum creatinine and serum BUN levels. miR-
486-5p alone was just as effective as exosomes at preventing injury, measured by significantly
lower BUN (p<0.05 vs IR and IR + scramble, n=3-5) and serum creatinine (p<0.05 vs IR and IR
+ scramble, n=3-5) levels compared to those after IR alone (Figure 18). This effect of preventing
injury, by contrast, was not present when mice were treated with the scramble-invivofectamine
complex. The data were supported by histological injury scores (Figure 19), where lower injury
scores were attributed to exosome and miR-486-5p-invivofectamine groups compared to IR
(p<0.001 vs IR and IR + scramble, n=3-5). Megalin staining also showed injury recovery post-IR
in the exosome and miR-486-5p-invivofectamine groups (p<0.001 vs IR and IR + scramble, n=3-
5), however it did not reach significance in the female group treated with miR-486-5p-
invivofectamine (Figure 20). Neutrophil infiltration was also decreased significantly in the
exosome and miR-486-5p-invivofectamine groups (p<0.05 vs IR and IR + scramble, n=3-5)
(Figure 21). By contrast, histological evidence of apoptosis by TUNEL was decreased
significantly only in mice treated with exosomes (p<0.001 vs IR and IR + scramble, n=3-5), and
not miR-486-5p-invivofectamine alone (Figure 22). Using Caspase-3 activity as a more sensitive
method to measure apoptosis, caspase-3 activity significantly decreased in both the exosome
(p<0.01 vs IR and IR + scramble male, p<0.05 vs IR and IR + scramble female, n=3-5) and miR-
486-5p-invivofectamine (p<0.05 vs IR and IR + scramble male, p<0.01 vs IR and IR + scramble
female, n=3-5) treated groups (Figure 23). These data support the hypothesis that miR-486-5p is
the key mediator of the protective effect of ECFC-exosomes, and that miR-486-5p alone can

target the kidney and have the same effect.
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Figure 18 | miR-486-5p injection protects against IR injury by functional assessment in both
male and female mice. Depicted are serum creatinine (A, B) or blood urea nitrogen (C, D)
measurements from male (A, C) or female (B, D) in FVB mice 24 hours after either ECFC-exosome
injection (20 pg, IR + EX) or Invivofectamine-mimic complex containing miR-486-5p (1 mg/kg, IR
+ mimic) at the time of reperfusion. Sham (untreated mice), IR (30 minutes of ischemia) and IR +
scramble (AKI mice injected with 1 mg/kg of Invivofectamine-scrambled miRNA complex at the
beginning of reperfusion). *P<0.05 vs IR + EX and IR + mimic. N=5 for male mice, n=3 for female
mice.



54

"90IW 9[BWIdJ 10J
€=U ‘Q0IW J[BW IO} G=U "YAONYVY ABM-0UO Y[ SA [00°0>d s SSO Jed[onu 3101dop speaymolie pue ‘uoreje[ip Jeynqny srewey 3o1dop
SMOLIR ‘UOIIBWIO] }sed Jenqn} 191dap () SYS110)SY "uorsnj1adal Jo Suruurdaq ay) Je xo[dwod y NI PI[qUIBIIS-UIUIEBIOJOAIAU] JO I /3w
[ M pa3odfur 01w [3V) S[quIeIds + Y[ pue (BIWAYISI JO sanuiw ()¢) Y[ ‘(9d1wu pajeanun) weys ‘SIPI[S Ay} 03 papurq ist3ojoyred
B AQ PIe[No[ed 219M $3109s Anfuy ‘uorsnjradar Jo awn 3yl 18 (XA + YI ‘81 07) uonoalur awosoxa-H)4DH 10 (orwrw + Y[ ‘Sy/8Sw )
dg-9g -y 1w ururejuod x[dwod IWIW-UIRIIJOATAU] JOYIID JdYJe SINOY 7 01 gA J (g) drewdy 10 (V) d[ew woly sa109s Amnlur are
P3o1do( *9d1W J[BWIdY PUB I[BW YJOq Ul JUIWSSISSE [BI130[0Is1Y Aq Aanfur YT jsurede s33330ad uonddfur dg-9gp-yru | g1 31n31q

.V/
‘%.v x
~ &

. ro
Wj\l‘ Fuy _
» 3
M o, =
f B 2
la. . w
[ e Lz 8
. 8 he - S
s R&Ve
L T
abi 4

1dW\d- .l L]

N & e ,_m‘.a iy

') lhltn-. s ol

o.ﬁ—ag.—r ..TE&.._ Eh.— N P .oQ.., 1
\_ hat ._..mh'a o m I rin
1® " 4

B
'

T

= e -l - TS T
Eﬂw—m . stul. .la-‘ :
o4 ‘ \ o
4 y By _o-c

S|ewa



55

"90IW J[BWIFJ JOJ €=U ‘QOIW J[BW J0J G=U "YAONY ABM-3UO0 Y[ SA 100°0>d sx% PIPY paromod-y3y ¢ JdH ‘uorsnyradar jo Suruurdoq
oY) 18 Xo[dwod YR IW PO[qUIBIIS-OUIIUEIIIJOAIAU] JO 3/SW | YaIm pajoafur oot [ V) S[qUIBIOS + M.H pue ASEB.EE Jo moﬁ::E. 0 .v
‘(901w pajeanun) weys ‘SIS oy} 01 papur(q isidojoyred e Aq powrorod sem Jururels ure3opN ‘uorsnjrodar mm own o.ﬁ 1® Omm. + MM Mﬂ
07) uonaalur awosoxd-)JDH 10 (drwrw + Y[ ‘y/w [) dg-98p-yYrw Sururejuod xddwod oMEME-o?ESo&S\/SE. IOUJI0 I9)Je SInoY 4
01w A 9[eWIdJ puk d[ew W0y Surure)s urfedow st pajordo( 91w djewr ur SSof urfe3aw mom@ouoov. :cﬁoo.::. nm-owv-.m:: | 0T P:.w—rm

2

>
9%_. @«HW 3 «% .zva.w
x & m
skwuv o.a.ﬂ .f& 3 bvev hvb @« -ﬂ‘v 4V/
_ To g © §
nﬂw mﬂm
E : :
& = 0k o
g 3 28
L28 a2
I 55
Vs 33
«3s 0z 3
> =
¢ 8§ kA

ajquesns +y| wroz — ajquens +y| wroz —

DWW + yj wrl gz — slwiw + Y| wr 0Z

9|ewa4



56

"O0IW O[BWIJ JOJ €=U ‘Q0IW J[eW 10J G=U "VAONY LBM-0UO0 Y[ SA [000 0>d
wgese UOISNJIdAAI JO Suruurdaq oy 1 xd[dwod YN IW PA[qUIBIIS-JUIWEBIIJOAIAU] JO S/SW [ 1M P3oafur 01w [HV) S[qUIBIOS + Y]
pue (erwayost Jo spnuIw ()¢) Y[ ‘(201 pajeanun) weys ‘SAPI[Ss Ay} 03 papur|q ist3ojoyied e £q pourojaad sem (proyy 1ad spiydonnau jo
Ioqunu) uonenyyur rydonnau Jo juawssasse dAaneInuenb oy uorsnyradar Jo awn 3yl e (XH + MI ‘Sr () uonoafur awosoxa-H 10
Jo (o + I ‘Sy/8w 1) dg-9gp-yrw Jurureuod xd[dwod dTWIW-JUIEBIOIJOAIAU] JOYII Id)Je SINOY §7 d0TW A ] d[BWJ IO dJew
woJy syunod [rydonnau ore pajordo(] ~d1w Jfewdy pue dpew ul uone.nyul [rydosyndu sased1ddp uonddlur dg-9gp-y1u | 7 3an3siy

un-e, .VI
== %«% avbvx x.V/ ﬁvﬂu > bt

m ¥3 + Yl wr.gz — i 2 X3 + YI . w0z —
g : s - | 8 ; g ——
° a ’ =
Z i & o = . =
(2] ; O % ¥,
e ® f — : g y

» y & . 3 L] £
= & P o ~+
= s 5 I : s « ¢ -
o 12 £ ’.
= » i @_.m..ll o b
I : 09 T ey
3 . 3 5 7’ JNI
— b LY P

==y A nt % [ . [—= o~ 3 .= = -, g ) _,.PA Ur‘.-......v 2] . = o .u‘u.."-. \ E.:
“squensty wdpoz — HE wrl gz —. s|quens+y -~ wjo— ¥ ¢ S 07 —
ﬁ!’o s v - 5 o ..D.“* oo Mp— & 2 “..o 1_« RS ....’ ¢~ » ] ; &
3 . 5 . . 7 s " —— > f—
4 ‘I.\. A, & . e * uw.lloﬂ.. & M | s ! » Dy | A
@ ] oy g b, T o~ 5o .,w...r..t 3 : Jcﬁ : .uw....,..\. — . 4 R $
-...‘ & St 7 2 - A A L -b~u\ _“c.r b & v o g 4 } A -
: v : % e ¥ gir . 4 A F
it e AP S T R O LA Y e
e ¢ 5. HEohg : 7 L] : _.._.K \e
L ﬁ. = S > ; Pol,) 8 .r\. ¥ #
a : ¥y o -
m - = 1 3 S [ =] 2 = -t w....,w_. i g - .‘..n
dlwiw + yj wrd gz — . weys . wrdpg — dlwiw + Y] wr 07 — weys © = - wr oz —
3 , N ; [ . e i ;
2 e ...., ® T .w i % +
G SR e 2 7 o —
| 5 bi » < E o? P n
- : r I &M&&S L ,r.l&nl ' ;
- . & !
L] o
- “ ‘-
» b ]

9lewa 9leW



57

"90IW J[BWIRJ JOJ €=U “DITW J[BW I0J G=U "YAONYVY ABM-3UO Y[ SA [0000>d sxx
NI SA 10°0>d s PIRY paiamod-y31y < JdH ‘stsordode Jo aanearpur ‘1o1onu dAnIsod-TAN L edIpul smoiry ‘uoisnjrodar Jo Suruurdaq
ot Je Xo[dwod YNYIW PIqUIBIIS-OUIUIBIOJOAIAU] JO F/BW | Yim pojddfur 901w [3[Y) S[qQUEBIDS + Y[ pue (BIWIYDSI JO soynurwa
0€) I ‘(901w pajeanun) weys "sapIs Ay} 03 papurq isidojoyred e Aq pawojrad sem (proy paromod y3iy 1od wponu aanisod-TANNL
se pajordop) Juowssasse TN ‘uorsnjradar Jo own oyl 18 (X + I ‘31 07) uonoslur awosoxa-H 4D 10 (drwurw + YT ‘3y/8w 1) dg
98- TW SurureIuod Xo[dwod SIIW-IUIEIIJOAIAU] YIS JOJJe SIN0Y 7 91w gA J (g) oreway 10 (V) [ew woij sAoupry ur Jurure)s

(TANNL) Suroqe] Surpud-3o1u J1. NP PIIEIPOW-ISLIJSuRI} [APIIOI[ONUAXO0IP [BUILI) JO JUIWSSISSE dAneIuenb-1ruas oy st pajordoq
*J1W J[ewdy pue dpewr ul Aanfur drwdYdSI Jdjje sisoydode Jo IUIPIAI IIS0[0ISIY ISBAIIP SAWOSOXI-DADH A[UQ | 77 9In31yg

S .
a|quie.ns + Y|
he ‘b\l v

Sl

wil 0z — |

(4dH/ieyol) 18jonN
aAlIsod T3NNL

=~ we >

LS i

E_._ 174 I,_n‘

olewa

8AlIsOd TINNL

(4dHner01) 192NN

113

m._n_Em._um..r. dl ...E.._ndm |h

i AN

v

-k ..

== m./rvu e

ok -




58

A Male
T
= 800
<
28
S & 600
'5 =L
<8
‘;.‘: T 400-
¢8| T
i 8
M v 2““‘
op
S
T 0
&
,_.f*
Female
T
= 1000-
<
£ 6 800
Z o
'5 =L
g 2 600+
©
e 8
EE 400 .
[T LY —
o o ——
S 8 200
S
E 0 T T

& & <r O &
=° < &S

Figure 23 | miR-486-5p injection decreases Kidney caspase-3 activity after ischemic injury in
male and female mice. Depicted are caspase-3 activity assessments from male (A) or female (B)
measurements in FVB mice 24 hours after either Invivofectamine-mimic complex containing miR-
486-5p (1 mg/kg, IR + mimic) or ECFC-exosome injection (20 pg, IR + EX) at the time of reperfusion.
Sham (untreated mice), IR (30 minutes of ischemia) and IR + scramble (AKI mice injected with 1
mg/kg of Invivofectamine-scrambled miRNA complex at the beginning of reperfusion). *P<0.05,
**P<0.01 vs IR. n=5 for male mice, n=3 for female mice.
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Female mice are less susceptible to IR injury

A key finding in these results is the sex differences between serum creatinine and BUN levels.
When comparing each of the sexes explicitly for each experimental group by two-way ANOVA,
we observed that females had a much lower serum creatinine (p<0.01 vs male) and BUN
(p<0.001 vs male), even in sham mice (Figure 18, S1). Female injury scores (p<0.0001 vs male)
(Figure 19, S2), neutrophil infiltration (p<0.0001 vs male) (Figure 21, S4), and TUNEL-
positive nuclei (p<0.0001 vs male) (Figure 22, S5), are also much lower, except for sham.
Megalin staining (p<0.0001 vs male) (Figure 20, S3) showed significantly lower loss in the

female IR and IR-scramble groups.
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Supplemental Figure 1 | Female mice have significantly lower serum creatinine and BUN across
experimental groups. Depicted are serum creatinine (A) or blood urea nitrogen (B) measurements
from male and female FVB mice 24 hours after either Invivofectamine-mimic complex containing
miR-486-5p (1 mg/kg, IR + mimic) or ECFC-exosome injection (20 pg, IR + EX) at the time of
reperfusion. Sham (untreated mice), IR (30 minutes of ischemia) and IR + scramble (AKI mice injected
with 1 mg/kg of Invivofectamine-scrambled miRNA complex at the beginning of reperfusion). Male
is significantly different than female by two-way ANOVA, P<0.01 creatinine, P<0.001 BUN. *P<0.05
vs Male, **P<0.01 vs Male. n=5 for male mice, n=3 for female mice.
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Supplemental Figure 2 | Female mice have significantly lower injury scores across experimental
groups. Depicted are injury scores from male and female FVB mice 24 hours after either
Invivofectamine-mimic complex containing miR-486-5p (1 mg/kg, IR + mimic) or ECFC-exosome
injection (20 pg, IR + EX) at the time of reperfusion. Injury scores were calculated by a pathologist
blinded to the slides. Sham (untreated mice), IR (30 minutes of ischemia) and IR + scramble (AKI
mice injected with 1 mg/kg of Invivofectamine-scrambled miRNA complex at the beginning of
reperfusion. Male is significantly different than female by two-way ANOVA, P<0.0001. *** P<0.001
vs Male, one-way ANOVA. n=5 for male mice, n=3 for female mice.
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Supplemental Figure 3 | Female mice have significantly less megalin loss across experimental
groups. Depicted is megalin staining from male and female FVB mice 24 hours after either
Invivofectamine-mimic complex containing miR-486-5p (1 mg/kg, IR + mimic) or ECFC-exosome
injection (20 pg, IR + EX) at the time of reperfusion. Megalin staining was performed by a pathologist
blinded to the slides. Sham (untreated mice), IR (30 minutes of ischemia) and IR + scramble (AKI
mice injected with 1 mg/kg of Invivofectamine-scrambled miRNA complex at the beginning of
reperfusion. HPF; high-powered field. Male is significantly different than female by two-way
ANOVA, P<0.0001.*** P<0.001 vs Male, one-way ANOVA. n=5 for male mice, n=3 for female mice.
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Supplemental Figure 4 | Female mice have significantly lower neutrophil infiltration counts
across experimental groups. Depicted are neutrophil infiltration counts from male and female FVB
mice 24 hours after either Invivofectamine-mimic complex containing miR-486-5p (1 mg/kg, IR +
mimic) or ECFC-exosome injection (20 pg, IR + EX) at the time of reperfusion. Counts were
performed by a pathologist blinded to the slides. Sham (untreated mice), IR (30 minutes of ischemia)
and IR + scramble (AKI mice injected with 1 mg/kg of Invivofectamine-scrambled miRNA complex
at the beginning of reperfusion. Male is significantly different than female by two-way ANOVA,
P<0.0001. *** P<0.001 vs Male, one-way ANOVA. n=5 for male mice, n=3 for female mice.
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Supplemental Figure S | Female mice have significantly lower histologic evidence of apoptosis
across experimental groups. Depicted are TUNEL-positive nuclei counts from male and female FVB
mice 24 hours after either Invivofectamine-mimic complex containing miR-486-5p (1 mg/kg, IR +
mimic) or ECFC-exosome injection (20 pg, IR + EX) at the time of reperfusion. Counts were
performed by an independent pathologist. Sham (untreated mice), IR (30 minutes of ischemia followed
by 30 minutes of reperfusion) and IR + scramble (AKI mice injected with 1 mg/kg of Invivofectamine-
scrambled miRNA complex at the beginning of reperfusion. HPF; high-powered field. Male is
significantly different than female by two-way ANOVA, P<0.0001. *** P<0.001 vs Male, one-way

ANOVA. n=5 for male mice, n=3 for female mice.
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DISCUSSION

The purpose of this study was to investigate the biodistribution, cellular localization, and
targeting mechanisms of ECFC-derived exosomes and miR-486-5p after delivery to both male
and female mice with ischemia/reperfusion AKI. The major finding of this study is that ECFC-
derived exosomes selectively target the kidney post-IR, which leads to increased miR-486-5p in
glomeruli, proximal tubule segments, and the endothelium of the injured kidney. The data also
suggests that CXCR4, present on ECFC-derived exosomes, and SDF-1q, released from the
ischemic kidney, mediates the targeting of the exosome to the site of injury. The interaction
between CXCR4 and SDF-1a is also required for miR-486-5p transfer from the exosome to the
injured tissue. Finally, encapsulated miR-486-5p can reach the injured kidney endothelium and

proximal tubular segments and can attenuate injury just as efficacious as exosomes.

ECFC-derived Exosomes as a Biotherapeutic in AKI

Our current study uses exosomes, or TSG101"and CD81" ECFC-derived small EVs as a
potential biotherapeutic in IR AKI. While absolute purification and isolation of this subset of
EVs is not a feasible goal, the separation of EVs from other non-EV components from cultured
cell medium and other cellular components is much more practical in EV research®. The choice
of separation technique must be informed by the specific study. In this study, a differential
centrifugation technique was chosen based on previous studies with this ECFC-EV
population®?>3?. After the initial removal of contaminants (apoptotic bodies and medium/large
EVs), the cultured media is subjected to a 90-minute 100,000 x g ultracentrifugation, where the
pellet (containing SEV population) is resuspended and washed with EV-free buffer, and then

subjected to a repeated 90-minute 100,000 x g ultracentrifugation. This allows better specificity
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of sEV separation®. Even still, contamination by other non-small extracellular vesicles and/or

macromolecular aggregate in the sEV fraction can occur®®.

Many experimental methods have been proposed to assess the purity of EVs, and ISEV has
recommended multiple, complementary techniques to assess the results of separation
techniques*>”. EVs must be defined by the source of EVs, characterized to determine the
abundance of EVs, and tested for the presence of components associated with EV subtypes and
for the presence of non-vesicular co-isolated contaminants. In this study, we define our EVs by
the presence of exosome-specific markers TSG101 and CD81 (Figure 3). Further, we quantify
the EV abundance by both total protein and absolute particle number by nanoparticle tracking
analysis (Figure 4). In our sEV population, we found that 91% of the particles registered by light
scatter NTA were within the exosomal size distribution (30 - 150 nm). Further, by total protein
quantification, approximately 1.5 ng of protein was present after the SEV separation per 1 mL of
ECFC conditioned media. This quantification was used to normalize the SEV dose per animal in
the in vivo studies (the SEV population separated from approximately 14 mL of cultured ECFC
media, or 20 pg of protein, was administered per animal). Both quantification techniques have
limitations; nanoparticle tracking analysis may overestimate EV counts as the light scatter
technique may also register other contaminant particles, such as lipoproteins and other types of
EVs, while total protein quantification will overestimate due to protein aggregates and other co-
isolated proteins. Unique to this study, we also characterized the separated ECFC-derived sEV
population as enriched in miR-486-5p, in contrast to other endothelial cell line SEVs, such as
HUVEC:s (Figure 5). A limitation of this study is the absence of non-vesicular marker studies to

determine the presence and/or absence of non-vesicular contaminants.
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In this study, we demonstrated that ECFC-derived sEVs (as referred in this study as exosomes)
may selectively target the injured kidney as of 30 minutes post-injection, remain at the site of
injury past 4 hours, but are no longer found in the kidney at 24 hours (Figure 6, 7). This may
suggest that the exosomes are selectively homing to the injured kidney before 30 minutes post-
reperfusion and are either degraded or excreted. It may also be possible that, after 24 hours, the
dye itself is no longer able to produce a signal. The comparison between the labelled exosomes
and DiR alone post-reperfusion is necessary to show that the fluorescent dye doesn’t itself
selectively home to the region of interest post-IR. Biodistribution of DiR alone is nonselective,

whereas the labeled exosome distribution shows the increased targeting to the kidney.

Further, miR-486-5p levels were quantified relative to U6 in each organ, which shows a
significant increase in miR-486-5p in the kidney at up to 24 hours after injection (Figure 8). This
data differs from the ex vivo OI data, which shows lack of exosomes in the kidney after 24 hours.
It can be hypothesized that by 24 hours post-reperfusion, the exosomes have successfully
delivered their cargo to the ischemic cells, and the exosomes themselves have been removed,
degraded, or excreted. Both in vivo and ex vivo images were taken, as the level of detail from the
whole mouse imaging did not present enough accuracy to definitively conclude the exact
location from which the signal was originating. This experiment used a lipophilic near infrared
(NIR) dye, DiR, which has a potential pitfall; the dyes have a much longer half-life compared to
exosomes. This becomes a risk when imaging after 24-48 hours, as the fluorescence being
analyzed may just be remaining dye and not the exosomes in question. After between 5 and 30
minutes, however, other studies have shown that injected exogenous extracellular vesicles reach

their final destination**. A study by Grange et al. used OI to show that their EV population from
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MSCs accumulate specifically in the glycerol-induced AKI-injured kidney after 5 and 24 hour
post- intravenous injection, although an earlier timepoint was not investigated>*. They also noted
some uptake to the liver and spleen. Grange et al. was also able to show that direct labeling of
EVs post-production and separation was more sensitive and intensity than using EVs which are

obtained from previously labeled cells.

In the current study, fluorescence in the kidney returns to the level of the negative control after
24 hours, although the lung, liver, and spleen still show fluorescence past 24 hours. The
fluorescence in the liver and spleen is likely due to non-specific accumulation of EVs in these
organs, as seen in other studies**>*. When compared to the miR-486-5p levels in those organs,
however, miR-486-5p is not increased in any other organ after exosome delivery at any time
point. Therefore, this fluorescent signal may be attributed to degraded exosomes being processed

and excreted in these organs.

Delivery routes other than intravenous were not analyzed in this study. It is hypothesized that
despite the lack of delivery routes tested, the results of this study may not have been affected. A
previous study by Wiklander et al. showed the change of distribution based on different injection
routes of exosomes from a variety of cell-lines, inferring that the exosomes derived from
different cell lines which wouldn’t preferentially home in a specific organ**. The study presented
that different injection routes change the distribution of exosomes to different organs - mostly in
the liver, spleen, pancreas, and gastrointestinal tract. Notably, however, they reported little
distribution to the kidney no matter the injection route and reported little to no change in

distribution to the kidney when the injection route was changed. In the current study, very
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similar data are seen in which there are high levels of distribution to the liver and spleen after
injection of ECFC exosomes (Figure 7). We specifically note differential targeting to the injured
kidney. This does not negate the need for trials in the current study with the investigation into

various injection routes and must be taken into consideration for future studies.

Exosomes were also labeled with PKH26 and injected immediately post-reperfusion, and the
animals were sacrificed 30 minutes post-injection to determine histological localization. PKH26-
labeled exosomes were found primarily in the tubulointerstitium of the kidney and were present
in the Kupffer cells of the liver but were not localized in heart or lung tissue (Figure 9). In other
studies of IR injury, PKH26-labeled EVs were identified by confocal microscopy in large vessel
and peritubular capillary endothelium, tubular epithelium, and glomeruli in as little as 2 hours
post-injection*’-!®, While the current study was unable to colocalize the PKH26-labeled
exosome with other endothelial structures, it was able to show that ECFC-derived exosomes are
able to target the kidney and traverse the endothelial cell barrier into the tubulointerstitium in as
little as 30 minutes post-injection, which may be due to increased vascular permeability in the IR
injured kidney. With this data, it is possible to hypothesize that the exosomes may be targeted to
the tissue, dumping their contents into the surrounding cells, and collecting in the
tubulointerstitium. While this data was unable to specifically narrow in on the exosome to the
sub-cellular level, we can conclude that ECFC-derived exosomes are able to travel through the

vasculature and into the tissue.

As shown in this study, ECFC-derived exosomes have enriched miR-486-5p, and through the

relative quantification after injection vs after IR alone, we are able to determine to which tissue
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segments the injected ECFC-derived exosomes are delivering their cargo. Injection of miR-486-
5p enriched ECFC-exosomes demonstrate selective increases in the kidney cortex after injury,
but more specifically within proximal tubule segments, glomeruli, and endothelium (Figure 10).
Studies from the Camussi group using MSC-derived EVs in cisplatin-induced AKI have also
showed the delivery of EVs to tubular epithelial cells and the renal vasculature*®!°!. This is also
very consistent in other disease models. Wu et al. used EPC-derived exosomes in a model of
acute lung injury, which was able to enhance proliferation, migration, and tube formation in
vitro, while restoring pulmonary integrity in vivo'%%. They were also able to track miR-126,
which was enriched in their EPC-derived exosomes, and show delivery of EPC-exosome cargo
to the pulmonary endothelium. Dellett et al. also showed delivery of ECFC-derived EVs, also

enriched in miR-486-5p, to retinal endothelium after ischemic retinopathy’®.

EVs contain an assortment of biomolecules including miRNA and have been shown to act as the
mediators of the beneficial effects previously seen in cell therapies. Studies have shown that
ECFCs do not directly replace lost cells but exert paracrine effects on the IR-injured vasculature
to facilitate the reduction of the inflammation response, and do not require cell engraftment for
repair and post-ischemic revascularization. The transfer of information from cell to cell may be
dependent on EVs and their subsequent attachment or internalization into the target cell. Here,
we show that the use of EIPA as an inhibitor of macropinocytosis attenuates the ability of ECFC-
derived exosomal transfer of Cy3-labeled miR-486-5p, which suggests a major role for the
macropinocytosis pathway (Figure 11). In exosome biogenesis, nSMase2 and ceramide plays a
key role in creating the invaginations in the MVB and in the packaging miRNA and other

biomolecules into exosomes!®. In this study, we show that inhibiting exosome formation and
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packaging using GW4869, an inhibitor of nSMase2, also attenuates the ability of ECFC-derived
exosomal transfer of Cy3-labeled miR-486-5p. Together, these data demonstrate the importance

of exosomes and macropinocytosis in the transfer of miR-486-5p from ECFCs to target cells.

As mentioned, cells isolated from different tissues have been previously shown to target in
various locations in vivo. Similarly, EVs are also shown to have different homing capacities
based on the cell origin**. It is possible that, as EVs are shed from their parent cells, they acquire
a subset of the same surface receptors and binding proteins. If this is in fact that case, it is
obvious that EVs from a specific type of cell are more likely to home to a similar tissue as the
cells which they were shed from. When applied to AKI, we can assume that exosomes shed from
ECFCs possess surface receptors and binding proteins similar to those on ECFCs and other more
mature endothelial cells, and that these may assist the ECFC-derived exosome to localize to the
tissue. Previous studies have shown that EVs from EPCs are able to be effectively delivered to
both tubular epithelial and endothelial cells*>*°. This may help to localize the exosomes to their
tissue of origin or a similar tissue, but this still doesn’t explain how these exosomes are able to,

in the current model, localize specifically to the point of injury over tissue elsewhere.

SDF-1a, a C-X-C type chemokine and a ligand for CXCR4, is a well known and widely
expressed chemokine involved in vascular repair and retention of endothelial stem cells to the
site of injury®>’%. The interaction and signaling between SDF-1a, which is upregulated in
ischemic tissue, and its receptor CXCR4 have been implicated as having a major role in the

homing of EPCs and ECFCs to injured tissue post-ischemia. In EVs, the mechanisms
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of targeting to specific tissues remain poorly understood. In animal models of IR AKI, renal
expression of SDF-1a increases throughout ischemia, and the gradient produced allows homing
and migration of CXCR4 expressing EPCs to the injured tissue ***’. In vivo, EVs are thought to
interact with the plasma membrane of cells'**. Through dynamic interactions, vesicles roll across
the plasma membrane, which is followed by the binding of specific membrane proteins to their

cell receptors, fusion, and release of EV cargo into the target cell’s cytoplasm'®.

In the current study, PKH26-labeled ECFC-derived exosomes were delivered to normoxic and
hypoxic HUVECs to demonstrate the importance of hypoxia to the retention and internalization
of delivered exosomes (Figure 12). CXCR4 was expressed in both ECFCs and exosomes.
Importantly, exosome uptake into HUVECs exposed to hypoxia was increased compared to
normoxic cells and was inhibited by incubation with the CXCR4 inhibitor plerixafor, or by a
neutralizing antibody to SDF-1a. From this, the CXCR4/SDF-1a axis is shown to be necessary
for the delivery of ECFC-derived exosomal cargo. This is also supported by functional
experiments in vivo, where serum creatinine, BUN, renal injury scores, and neutrophil infiltration
are all decreased post-exosome injection 24 hours post-reperfusion, while treating IR AKI mice
with ECFC-derived exosomes previously incubated with plerixafor eliminated the protective
effects of exosomes (Figure 13, 14). It was chosen to preincubate the exosomes with plerixafor
rather than administer in conjunction with exosomes at the time of reperfusion to avoid any
confounders through the action of plerixafor on murine CXCR4%. Therefore, it can be
interpreted that the effect seen is due to the inhibition of exosomal CXCR4, and not CXCR4

present in the mouse.
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While many studies indicate a role for the CXCR4/SDF-1a axis in cell therapies using EPCs and
MSCs, fewer studies indicate a role in EV therapies!'® 1%, In 2015, Kang et al demonstrated that
MSC-derived EVs expressing CXCR4 could reduce left ventricular remodeling after myocardial
infarction in mice, and that overexpressing CXCR4 had increased protective effect'®. In 2019,
Milano et al. replicated the results in a similar study, while concluding that overexpressing
CXCR4 in cardiac-resident progenitor cell-derived exosomes increased both their
cardioprotective effects as well as targeting and bioavailability to the ischemic heart!!®. While
the exact mechanism behind the increased exosome mobilization is unclear, these studies
continue to point towards the CXCR4/SDF-1a axis as a key targeting axis for cells and their EVs
to ischemic injury. Not to be forgotten, other mechanisms and pathways may also play a role in
the selective targeting of ECFC-derived EVs to the ischemic kidney, such as exosomal integrins,

tetraspanins, and target cell adhesion molecules, among others*!%,

miR-486-5p as a Biotherapeutic in AKI

Previous data from the Burns Lab shows that ECFC cells transfected with antagomir to miR-486-
5p create exosomes with lower exosomal miR-486-5p, and FVB mice after IR injury treated with
antagomir-ECFC exosomes do not induce an increase in kidney miR-486-5p levels, nor does it
prevent injury through the PTEN/Akt pathway®. The Burns Lab has also shown that a miR-486-
5p mimic can be given to HUVEC cells and can enter the cell in small amounts even without
lipofectamine (data not published). These data, combined with previous data showing the
importance of miR-486-5p to the exosome’s therapeutic effect, led us to the hypothesis that
delivering miR-486-5p alone in vivo could potentially offer a similar protection to IR as the

injection of ECFC-derived exosomes. Invivofectamine, a nanoparticle technology that can
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encapsulate and protect nucleic acids for delivery, was complexed with miR-486-5p mimic in
this experiment to test the hypothesis. Further, in the following studies, both male and female

mice were used and separated for analysis.

In the current study, delivery of miR-486-5p using the invivofectamine-mimic complex led to
significantly increased levels of miR-486-5p in the liver, spleen, and kidney over IR alone as
well as with exosome treatment 24-hours post-injection in both male and female mice (Figure
15, 16). 24 hours post-invivofectamine-mimic injection, miR-486-5p was significantly increased
in male and female endothelium and tubular segments over IR alone or treatment with exosomes
(Figure 17). This may indicate that miR-486-5p alone is somewhat protected when complexed
with invivofectamine in the cell and can withstand 24 hours. These data also compare miR-486-
5p levels post-exosome delivery at 30 minutes and 24 hours post-reperfusion. While exosomes
significantly raised endothelial and proximal tubule miR-486-5p levels after 30 minutes post-
injection (Figure 10), this increase returns to baseline after 24 hours. Further, we show that miR-
486-5p levels remain elevated in the whole kidney 24 hours after exosome injection (Figure 8).
While exosome injection does not increase miR-486-5p levels in the endothelium nor proximal
tubular segments as shown, it can be hypothesized that the miR-486-5p is elsewhere in the
kidney, perhaps the interstitium, and have moved out of the endothelium and proximal tubular

segments after 24 hours.

While we have no earlier comparison for miR-486-5p levels post-invivofectamine-mimic
delivery, the highly elevated levels which remain after 24 hours lead to the hypothesis that the

miR-486-5p level has increased over time. It cannot be determined, however, how long it took
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the invivofectamine-mimic complex to be delivered to the kidney. Without CXCR4 acting to
target the complex to the site of ischemic injury, we can hypothesize that it may have taken

longer for the levels to increase in the kidney compared to ECFC-derived exosomes.

Previous studies with invivofectamine have shown its effectiveness in delivering
immunostimulatory RNA (isSRNA) and miRNA to targets within various organs. In 2012, Inaba
et al. show that their isSRNA-invivofectamine complex increases iSRNA levels in the liver,
spleen, kidney, lung, and heart, while atelocollagen as a vehicle did not!!!. Further, they were
able to show that invivofectamine can deliver iSRNA post-intravenous injection to the kidney to
harbour an effect, second only to the liver. Another more recent study by Schlosser et al. in 2018
demonstrated that delivery of a synthetic miRNA mimic with no mammalian homologue could
be delivered intravenously to the liver, spleen, kidney, heart, and lung in as little as 2 hours, and
remain past 24 hours'!2. Interestingly, both subcutaneous and intraperitoneal injections also
delivered equal amounts to the kidney as compared to intravenous. Intratracheal and intranasal
were also studied, however, these methods of delivery were less effective for delivery to the
kidney. In addition to the current study, these studies demonstrate the effectiveness of

invivofectamine as a delivery method for RNA.

In the current study, analysis of the invivofectamine-mimic complex as a delivery method for
miR-486-5p in comparison to exosomes was performed to demonstrate potential differences in
therapeutic potential. The invivofectamine-mimic complex yielded similarly significant results
compared to exosomes in many functional aspects. Invivofectamine-mimic was able to
significantly reduce serum creatinine and BUN compared to IR alone, but were insignificant

compared to ECFC-exosome treatment (Figure 18). Invivofectamine-mimic was also able to
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significantly decrease injury scores (Figure 19), neutrophil infiltration (Figure 21), and
apoptosis by caspase-3 activity (Figure 23). To our knowledge, this is the first study to

comparatively analyse exosomes and mimic delivery as potential biotherapeutics in IR AKI.

Sex Differences in Response to ECFC-derived Exosomes and miR-486-5p

A surprise finding in these results is the sex differences between serum creatinine and BUN
levels. When comparing each of the sexes explicitly for each experimental group by two-way
ANOVA, we see that females have a much lower serum creatinine and BUN, even in sham mice
(Figure S1). It is widely known that male mice are more susceptible to IR injury than female
mice, but these data show that even baseline functional tests are lower in females than in males.
This could be due to an increased muscle mass, increased protein catabolism, and/or increased
GFR, but can also be due to kidney and glomerular injury. Female injury scores are also much
lower (Figure S2), and female mice have significantly less megalin shedding (Figure S3), lower
neutrophil infiltration (Figure S4), and less apoptosis (Figure S5), except for sham. While
female mice show significantly less injury across experimental groups, the ECFC-exosome and
invivofectamine-mimic treatments still show significant protection against kidney ischemic
injury in females. The high creatinine and BUN levels seen in the experimental groups must be
due, in some part, to IR injury. Using the same IR model as the current study, Kang et al. showed
that female mice were more resistant to bilateral renal clamping IR AKI compared to male
mice®*. They also demonstrated that castration of male mice reduced injury, while
supplementation with testosterone to castrated male mice reversed the protective effect. Further,
ovariectomized female mice were no longer resistant to injury, while estrogen supplementation

to ovariectomized female mice attenuated injury. While the current study was only able to show
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the protective effect of female mice against IR injury, in combination with the literature we can

hypothesize that the effects seen in the current study may be due to hormone differences.

In order to continue towards the development of a therapeutic tool for AKI treatment, further
studies must be performed. Route of administration studies, along with dosage, toxicity, and
long-term effects of the use of both ECFC exosomes and invivofectamine-mimic must be
investigated. Previous studies have shown the acute use of exosomes in the proliferation and
repair of the kidney®**#1%!1 but many studies lack data showing full renal recovery or the
complete reversal of fibrosis. Dose, therapy regiment, and length of treatment are questions
which still require answers before ECFC exosomes can be considered as a therapy for AKI.
Further, ECFCs only secrete a very small number of exosomes. For use as a therapeutic tool, an
immense volume of cultured media and improved isolation techniques would be needed. An
alternate technique to improve yield of exosomes would be to engineer novel exosomes to mimic
the properties of ECFC exosomes. This can be done through various methods: exosomes could
be fully engineered from generic liposomes and vital membrane proteins as found on the ECFC
exosome membrane could be added!'*; ECFCs could be used and the endosomal release pathway
could be manipulated to secrete exosomes which can be then loaded with miR-486-5p'!3; or a
hybrid technique in which ECFC exosomes are fused with liposomes to form bigger exosomes to
increase the dosage!'*. In the current study, work with the invivofectamine complex began these
studies to attempt to mimic the properties of exosomes, however, future studies will involve a
synthetic nanoparticle enriched in miR-486-5p. Further, attempts will be made to adhere CXCR4
and other necessary integrins to increase targeting and cellular uptake. These techniques will

assist in the production of a viable biotherapeutic for future human studies.
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Taken together, the current study strongly suggests the protective and reparative pathway for
ECFC-derived exosomes, but more importantly, their miR-486-5p. These data help explain how
the beneficial effects of ECFC-derived exosomes influence the recovery of local endothelium

and tubular epithelium in post-ischemic AKI.
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