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Intramyocardial injection of hypoxia-conditioned
extracellular vesicles increases myocardial perfusion in a
swine model of chronic coronary disease
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ABSTRACT

Objective: Coronary artery disease remains a leading cause of morbidity and mor-
tality worldwide. Patients with advanced coronary artery disease who are not
eligible for endovascular or surgical revascularization have limited options. Extracel-
lular vesicles have shown potential to improve myocardial function in preclinical
models. Extracellular vesicles can be conditioned to modify their components.
Hypoxia-conditioned extracellular vesicles have demonstrated the ability to reduce
infarct size and apoptosis in small animals. Our objective is to assess the potential
benefits of hypoxia-conditioned extracellular vesicles in a large animal model of cor-
onary artery disease.

Ameroid constrictor placement.

Methods: Coronary artery disease was induced in 14 Yorkshire swine by ameroid
constriction of the left circumflex coronary artery. Two weeks postsurgery, swine
underwent a repeat left thoracotomy for injections of hypoxia-conditioned extra-
cellular vesicles (n = 7) or saline (control, n = 7). Five weeks later, all animals un-
derwent terminal harvest for perfusion measurements and myocardial sectioning.

CENTRAL MESSAGE

Intramyocardial injection of
HEVs results in increased
myocardial perfusion in a swine

Results: Myocardial perfusion analysis demonstrated a trend toward increase at model of chronic myocardial

rest and a significant increase during rapid pacing (P = .09, P < .001). There  ic-hemia.
were significant increases in activated phosphorylated endothelial nitric oxide syn-
thase, endothelial nitric oxide synthase, phosphatidylinositol 3-kinase, phosphory- PERSPECTIVE

lated protein kinase B, and the phosphorylated protein kinase B/protein kinase B
ratio in the hypoxia-conditioned extracellular vesicles group compared with the
control group (all P <.os). Additionally, there was a significant decrease in the anti-
angiogenic proteins collagen 18 and angiostatin (P = .01, P = .01) in the hypoxia-
conditioned extracellular vesicles group.

Although there have been many advances in stan-
dard CAD therapeutics, patients with advanced
CAD who are not eligible for endovascular stent-
ing or surgical bypass have limited options. HEV
treatment results in increased myocardial perfu-

. N . . . . sion in our swine model, representing a potential
Conclusions: Intramyocardial injection of hypoxia-conditioned extracellular vesi- . R .
therapeutic strategy in patients with advanced

cles results in increased myocardial perfusion without a corresponding change in |
vessel density. Therefore, this improvement in perfusion is possibly due to changes
in nitric oxide signaling. Hypoxia-conditioned extracellular vesicles represent a po-
tential therapeutic strategy to increase myocardial perfusion in patients with
advanced coronary artery disease. (JTCVS Open 2024;20:49-63)
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Abbreviations and Acronyms

AKT = protein kinase B

CAD = coronary artery disease

CON = control

eNOS = endothelial nitric oxide synthase
EV = extracellular vesicle

HBMSC = human bone marrow—derived stem cells

HEV = hypoxia extracellular vesicles
LCx = left circumflex coronary artery
p-AKT = phosphorylated protein kinase B

p-eNOS = phosphorylated endothelial nitric oxide
synthase

PI3K = phosphatidylinositol 3-kinase

TBST = tris-buffered saline

TIMP-2 = tissue inhibitor of metalloproteinases 2

E' Video clip is available online.

Coronary artery disease (CAD) is the leading cause of
morbidity and mortality worldwide and a major contributor
to hospital cost and total health system burden.' Patients
with advanced CAD who are not eligible for endovascular
stenting or surgical bypass have limited options.™* This re-
sults in a significant subset of the population with end-stage,
no-option disease.” This group of patients often are placed
on maximal medical therapy to prevent further ischemic
injury. However, there is growing interest in technology
that not only prevents further injury but also restores
myocardial function.” Extracellular vesicles (EVs) have
emerged as a promising therapeutic modality to not only
prevent further injury but also potentially restore myocar-
dial function.’®

EVs, which carry multiple types of cargo including lipids,
proteins, and nucleic acids, are released into the extracel-
lular environment and play a crucial role in cell-to-cell
communication.”'” EVs have shown potential in the treat-
ment of multiple disease process, including trauma, limb
ischemia, and ischemic cardiovascular disease.””'''* Our
group has studied EVs derived from human bone marrow—
derived mesenchymal stem cells (HBMSCs) extensively in
our swine model of chronic myocardial ischemia.'*"’
Using our model incorporating intramyocardial injection,
we demonstrated several significant and clinically relevant
improvements, including improved cardiac performance,
augmented angiogenesis, and decreased inflammation.'*"”

Although this work was conducted through the use of
traditionally prepared EVs, it is possible to enhance the
characteristics and therapeutic capabilities of EVs through
additional environmental preconditioning.'*”' EVs are
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conventionally developed using serum deprivation and in
normal atmospheric oxygen levels; however, both
oxygenation and growth media can be altered to influence
ultimate EV phenotype.'® Hypoxia conditioning is espe-
cially noteworthy, because this modification may optimize
EVs to function in the ischemic myocardium found in
CAD. Additionally, our laboratory has shown using proteo-
mic analysis that nonstarved hypoxia-conditioned extracel-
lular vesicles (HEVs) express the largest and most diverse
quantity of sub-proteins when compared with serum-
starved HEV's, normoxic serum-starved EVs, and normoxic
nonstarved EVs.'® We have previously published electron
microscopy—generated morphologic data, immunoblotting,
and proteomic data profiling of our HEVs.'®

Given our prior success with standard EVs in conjunction
with the benefits of hypoxia preconditioning, our laboratory
has begun studying HEVs in a validated swine model of
CAD. We have previously demonstrated that myocardial in-
jection of HEVs results in reduced total apoptosis and that
this change in apoptosis is likely related to increases in
pro-survival pathways.”> We have further shown that
HEVs resulted in alterations in inflammatory signaling
and the myocardial response to oxidative stress.””* How-
ever, there was no change in studied functional parameters,
including in cardiac output, ejection fraction, or systolic/
diastolic ventricular function.”> With nonconditioned
EVs, we observed a significant increase in myocardial
perfusion, and this was linked to increased myocardial
angiogenesis.'* The goal of this study is to build on this
body of work to enrich our understanding of the effects of
HEVs on myocardial perfusion, angiogenesis, and nitric ox-
ide signaling.

MATERIAL AND METHODS
Animal Model

This study uses our previously published cohort of 14 Yorkshire swine
(Cummings School of Veterinary Medicine of Tufts University Farm).”**
All swine underwent left thoracotomy for placement of an ameroid
constrictor (Research Instruments SW) on the left circumflex coronary ar-
tery (LCx). After the 2 weeks allotted for ameroid closure, swine under-
went a redo left thoracotomy for intramyocardial injection of normal
saline (CON, n = 7, male = 3, female = 4) or HEVs (n = 7, male = 3,
female = 4).22'” Five weeks after injection, swine underwent a terminal
harvest procedure for perfusion measurement and tissue sectioning

(Figure 1).

Animal Care

This protocol was approved by the Institutional Animal Care and Use
Committee of Rhode Island Hospital (Approval Number: 1791190-26,
10/12/2021).>*** All animals received humane care as previously reported
and in compliance with the Principles of Laboratory Animal Care and the

Guide for the Care and Use of Laboratory Animals.

Ameroid Placement
Swine received preoperative cephalexin (30 mg/kg) for antimicrobial
prophylaxis and aspirin (10 mg/kg) orally 1 day preoperatively and
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FIGURE 1. Methods. Fourteen Yorkshire swine underwent left thoracotomy for placement of an ameroid constrictor around the LCx. After 2 weeks of

ischemic induction, swine underwent redo left thoracotomy with intramyocardial injection of normal saline (n = 7) or HEVs (n = 7). Five weeks after in-

jection, all swine underwent a terminal harvest procedure with perfusion measurement and tissue sectioning. EV, Extracellular vesicle.

5 days postoperatively for thrombosis prophylaxis. Anesthesia was induced
as previously reported with intramuscularly injected telazol (4.4 mg/kg)
and xylazine (2.2 mg/kg).”*** Swine were intubated, and general anesthesia
was maintained using inhaled isoflurane. Swine were placed in a modified
right lateral decubitus position with a slight tilt toward table left. Animals
were prepped with betadine, and a left thoracotomy was performed through
the second intercostal space. The pericardium was opened to expose the
heart, whereupon the left atrial appendage was retracted to expose the
LCx. Dissection of the LCx was carried back to its origin from the left
main coronary artery. Swine were heparinized (80 IU/kg), and the LCx
was encircled with a vessel loop. By using the vessel loop, the LCx was
occluded for a duration of 2 minutes while simultaneously injecting 5 mL
of gold microsphere solution (BioPal) into the right atrium to map the
area at risk for ischemia. An ameroid constrictor was then placed at the
base of the LCx as close to the left main coronary artery as possible to ensure
creation of a uniform ischemic region across animals. The pericardium was
then irrigated with saline to ensure hemostasis and subsequently closed with
absorbable sutures. The chest was closed in layers using absorbable suture
(Video 1). Postoperative pain control was the same as previously reported.”

Extracellular Vesicle Culture

EV culture was conducted identically to our previously reported proced-
ure.'® HBMSCs (Lonza) were cultivated in accordance with manufac-
turer’s recommendations in growth medium (MSCGM Bulletkit
PT-3001; Lonza) as previously described.'® Cells were cultured to passage
7 and 80% confluence. At this point, the culture medium was exchanged
with fresh MSCGM media.'® Hypoxia was then induced in the cells
through incubation in a humidified hypoxia chamber for 24 hours at
37 °C with an atmosphere composed of 5% carbon dioxide and 95% nitro-
genA18 After 24 hours, media were collected, centrifuged, and extracted as
previously described.'® HEVs were suspended in phosphate-buffered
saline with 1% dimethyl sulfoxide and stored at —80 °C."* Protein quanti-
fication was performed with a Pierce BCA Protein Assay Kit (Thermo
Fisher Scientific) to ensure a standardized quantity for injection."®

Extracellular Vesicle Proteomics

Proteomics was conducted on aliquots of HEVs in triplicate (n = 3).'®
The samples were prepared and then run on liquid chromatography with
tandem mass spectrometry as previously described.'® Peptide spectrum
matching was searched against the UniProt protein database using the

Sequest algorithm with Proteome Discoverer v. 2.3 software (Thermo
Fisher Scientific).'® Relative label-free quantitative analysis was then per-
formed using the Minora algorithm. ShinyGO 0.76 (South Dakota State
University) was used for pathway analysis.'®

Extracellular Vesicle Injection

On the day of injection, HEVs (50 ug) were thawed and suspended in 2 mL
of 0.9% sterile saline.”” According to our prior analysis, this 50 ug sample is
composed of 2 X 10° HBMSC-EV particles.'®** Anesthesia, preoperative
antimicrobial prophylaxis, and preoperative thromboprophylaxis were the
same as described in the “Ameroid Placement” section. The swine were again

VIDEO 1. Ameroid constrictor placement. A left thoracotomy was per-
formed through the second intercostal space. The pericardium was opened
to expose the heart. The left atrial appendage was retracted to expose the
LCx. Dissection of the LCx was carried back to the origin from the left
main coronary artery. The LCx was then encircled with a vessel loop.
The LCx was occluded for a duration of 2 minutes while simultaneously
injecting 5 mL solution of gold microspheres into the right atrium to
map the area at risk for ischemia. An ameroid constrictor was then placed
at the base of the LCx. The pericardium was irrigated with saline to ensure
hemostasis and subsequently closed with absorbable sutures. The chest was
closed in layers using absorbable sutures. LCx, Left circumflex coronary
artery. Video available at: https://www.jtcvs.org/article/S2666-2736(24)
00161-X/fulltext.
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placed in a modified right lateral decubitus position with a slight tilt toward
table left, prepped with betadine, and underwent left thoracotomy 1 inter-
costal space below the prior incision. Pulmonary adhesions were taken
down as necessary with a combination of sharp and blunt dissection. The peri-
cardium was reopened, and HEVs were injected into the myocardium in 10
locations adjacent to the LCx.”” The pericardium was irrigated with saline
to ensure hemostasis and then closed with absorbable sutures, after which
the chest was closed in layers using absorbable suture. Postoperative pain
management was the same as described above in “Ameroid Placement.”

Harvest and Perfusion

Anesthesia and preoperative care were the same as described in “Ameroid
Placement.” Swine were positioned supine and prepped with betadine. The
chest was opened through a median sternotomy, and the pericardium was
opened to expose the left atrium, right atrium, and apex.”® A right groin cut-
down was performed to access the right femoral artery. The Seldinger tech-
nique was used to place a 7F vascular sheath in the femoral artery, which
was attached to a withdrawal pump (Harvard Apparatus). Labeled micro-
spheres (BioPAL) were injected at rest and during rapid pacing at 150 beats
per minute, while simultaneously withdrawing 10 mL of blood from the
femoral artery to measure myocardial perfusion.”* A pressure-volume cath-
eter (Transonic) was advanced into the proximal aorta from the right femoral
artery; a second pressure-volume catheter (Transonic) was then placed
directly into left ventricle using the Seldinger technique.”” After the comple-
tion of physiologic measurements, the animal was euthanized. The heart was
removed and sectioned after removal based on the proximity of the tissue to
the left anterior descending and LCx arteries. Segments were individually
snap frozen in liquid nitrogen. Gold microsphere concentrations were used
to identify the most and least ischemic areas, with the former most commonly
originating from the free wall adjacent to the LCx.

Lysate Production

Lysates used in immunoblotting were produced from the ischemic and non-
ischemic myocardial tissue of 7 experimental and 7 control animals. Myocar-
dial tissue was lysed using the Halt Protease Inhibitor Cocktail (Thermo Fisher
Scientific), RIPA Lysis and Extraction Buffer (Boston Bioproducts), and an ul-
trasonic homogenizer. Protein concentration was measured with the Pierce
BCA Protein Assay Kit (Thermo Fisher Scientific).”

Immunoblotting

A total of 40 ug of protein lysate was run on a 4% to 12% Bis-Tris gel
(Thermo Fisher Scientific) and then transferred onto a nitrocellulose mem-
brane (Bio-Rad).”” Membranes were blocked in a 5% nonfat dry milk solu-
tion in tris-buffered saline (TBST, Boston BioProducts). Membranes were
incubated with primary antibody dilutions in 5% bovine serum albumin in
TBST for 24 hours (Table E1); washed with TBST and then incubated in
horseradish-peroxidase-linked secondary antibody dilutions in 5% bovine
serum albumin in TBST for 1 hour (Table El); washed again with TBST
and incubated with the Enhanced Chemiluminescence Western Blotting Sub-
strate (Thermo Fisher Scientific) developing agent; and finally imaged on a
ChemiDoc Imaging System (Bio-Rad).”> Repeat probing was conducted
following use of Restore PLUS Western Blot Stripping Buffer (Thermo
Fisher Scientific) as needed. Image J software version 1.54 (National Insti-
tutes of Health) was used to measure immunoblot band intensity.”*

Immunofluorescence

Arteriolar and capillary density were determined by immunofluorescent
staining of frozen sections from ischemic myocardial tissue as previously
described.” Frozen sections were thawed and fixed with 10% paraformalde-
hyde.”® The slides were blocked in 3% bovine serum albumin in phosphate-
buffered saline and incubated overnight in primary antibody to a-smooth
muscle actin or isolectin B4 (Table E1).*° Slides were then rinsed with
phosphate-buffered saline and incubated with secondary antibody for
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1 hour.” Slides were rinsed again and incubated in DAPI for 5 minutes and

then mounted for imaging using an Olympus VS200 Slide Scanner (Olympus
Corporation). QuPath software 5.0 was used for image analysis, with capillary
density determined by percent of tissue area stained with isolectin B4, and arte-
riolar count determined by counting the number of smooth muscle actin—
staining objects with a minimum size of 100 um? per area of tissue sections.”’

Statistics

Prism 10 (GraphPad Software) was used for data analysis. The Shapiro—
Wilk test was used to determine normality, and data that followed a normal
distribution were analyzed with the Student 7 test, and nonparametric data
were analyzed with the Mann—Whitney U test. Immunoblot data are repre-
sented as mean fold change normalized to the control group average as pre-
viously described. Protein expression was correlated to myocardial
perfusion using the Spearman rank correlation. Outliers greater than 2
SDs from the mean were excluded from analysis.

RESULTS
Hypoxia-Conditioned Extracellular Vesicle
Proteomics

We have previously demonstrated the absence of albumin
and the presence of the transmembrane proteins CD81 and
CD91 in HEVs using immunoblotting.'® HEVs were previ-
ously evaluated with electron microscopy and found to have
a mean particle size of 179.2 + 7.3 nm."" Proteomic anal-
ysis of HEVs identified 395 unique proteins, as previously
reported by our group. This included 15 proteins involved
in angiogenesis and AKT signaling (Table 1).

Hypoxia-Conditioned Extracellular Vesicles Improve
Myocardial Perfusion

Myocardial perfusion analysis showed a trend toward
increased myocardial perfusion at rest and a significant

TABLE 1. Protein kinase B signaling and angiogenesis proteomics

Log10 (abundance)

Protein name

14-3-3 Protein 7.2 (7.1-7.2)
Alpha-actinin-4 6.5 (6.5-6.6)
Cadherin-13 6.1 (6.0-6.1)
Fibronectin 7.7 (7.7-7.8)
GTPase KRAS 5.9(5.9-5.9)
GTP binding protein 6.0 (6.0-6.0)
Guanine nucleotide-binding protein 7.1 (7.0-7.1)
Heat shock protein 90 6.6 (6.6-6.7)
Integrin-alpha 5.8 (5.8-5.8)
Integrin-beta 7.8 (7.7-7.8)
Junction plakoglobin 5.0 (4.9-5.1)
Myosin heavy polypeptide 9 5.9 (5.8-5.9)
Ras homolog 6.3 (6.3-6.3)
Thrombospondin- 1 6.5 (6.5-6.5)
Tyrosine 3-monooxygenase 5.5(5.4-5.5)

The proteins identified in the HEV proteomics that contribute to angiogenesis and AKT
signaling. Data are displayed as the Log10 of the average protein abundance from the 3
samples used in this experiment along with the min and max Log10 of protein abun-
dance in parentheses. HEV, Hypoxia extracellular vesicles; AKT, protein kinase B.
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increase in ischemic myocardial perfusion while pacing the
heart at 150 bpm in the HEV group when compared with the
CON group (P = .09, P <.001, Figure 2, A, Table E2).

Hypoxia-Conditioned Extracellular Vesicles Do Not
Change Myocardial Vascular Density

No changes were observed in arteriolar density by a-
smooth muscle actin or capillary density by isolectin B4
in the ischemic myocardium between the HEV and CON

Blood Flow Rest
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groups (P = .56 and P = .14, respectively, Figure 2, B,
Table E2).

Hypoxia-Conditioned Extracellular Vesicles
Modulate Angiogenic Signaling

There was a significant decrease in antiangiogenic pro-
teins collagen 18 and angiostatin in ischemic myocardial ly-
sates from the HEV group (P = .01 and P = .01,
respectively, Figure 2). This tissue also exhibited a
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FIGURE 2. Myocardial perfusion and vascular density. A, Myocardial perfusion analysis showed a trend toward increased myocardial perfusion at rest and

a significant increase in myocardial perfusion while pacing the heart at 150 bpm in the HEV group compared with the CON group. B, No changes were
observed in arteriolar density by a-smooth muscle actin (yellow) or capillary density by isolectin B4 (magenta) between the HEV and CON groups. The
DAPI nuclear stain appears in blue. CON, Control; HEV, hypoxia extracellular vesicle; EV, extracellular vesicle.
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significant increase in the antiangiogenic mediators tissue Hypoxia-Conditioned Extracellular Vesicles

inhibitor of metalloproteinases 2 (TIMP-2), plasminogen, Augment Nitric Oxide Signaling

and cathepsin B compared with the CON group (all There were significant increases in phosphorylated-
P < .05, Figure 2). There was no significant change in endothelial nitric oxide synthase (p-eNOS), endothelial ni-
cathepsin D, cathepsin L, and endostatin (all P > .05, tric oxide synthase (eNOS), phosphatidylinositol 3-kinase

Figure 3, Table E2). (PI3K), phosphorylated-protein kinase B (p-AKT), protein
Angiostatin Cathepsin B Cathepsin D
1.4 q P=.01 4 - P=.03 2.0 - P=.20
1.2 4 : 3 ’ 1.5 4

Fold Change
5
4
L1
-
L]
Fold Change
n
L]
Fold Change
5
[]
i+

0.8 11 054 ° .
- +
06 ————— 0 -—|—:— 00 —F———+—
CON HEV CON HEV CON HEV
Control Hypoxia EVs Control Hypoxia EVs Control Hypoxia EVs
ANGIOSTAtiN S s e e e o = - - - = —38  Cathepsin B - =40 Cathepsin D s v v v v o o e e e aw —28
GAPDH = o o o o o o o o o 37 GAPDH “eesesesesesesesenenasanas —37 GAPDH e v v o v o v o o o v o 8 37
Cathepsin L Collagen 18 Endostatin
P=.01
P= 52 P=47
2.0 A =- 1.5 1 1.5+
L]
° [
o 1.5 ] [) ¢
4 210 D 10
© L [} © °
< 40 % £ <
o o| o . ° (8]
T S °
2 S 0.5 i 5 0.5 1 *
L 0.5 - I s o
00 —7F—7—— 00 —7——"—"1— 0.0 —7——7—
CON HEV CON HEV CON HEV
Control Hypoxia EVs Control Hypoxia EVs Control Hypoxia EVs
CathepsinL Tz o === cwoo .. 30 Coll-18 -178  Endostatn S gee@-s@eBe s 25
GAPDH weceeeee= e _37  GAPDH o o 37 GAPDH 0 o o o o o o w37
Plasminogen TIMP-2
_ P=.02
2.0 ’—‘P =04 31
° oo
g’ 1 5 i (] g 2 -
g [ O ° % °
5 1.0+ —E— 5
ke . . 3, |
I.Io. 0.5 4 LE ¢
°
0 +t——7—7

0.0 —7—""—"—7

CON HEV CON HEV
Control Hypoxia EVs Control Hypoxia EVs
Plasminogen . - - - c e —100 TIMP-2 e -2
GAPDH e s e s s s s o e e e e 37

GAPDH T wemememen e c o v em e 37
FIGURE 3. Angiogenic signaling. There was a significant decrease in antiangiogenic collagen 18 and angiostatin in the HEV group compared with the
CON group. The HEV group also exhibited a significant increase in antiangiogenic TIMP-2, plasminogen, and cathepsin B compared with CON. There
was no significant change in cathepsin D, cathepsin L, endostatin, and Tie 2. Immunoblot data are represented as mean fold change normalized to the
CON mean as previously described. All data are represented as mean plus or minus SD. CON, Control; HEV, hypoxia extracellular vesicle; TIMP-2, tissue

inhibitor of metalloproteinases 2; EV, extracellular vesicle.
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kinase B (AKT), and the ratio of p-AKT to AKT in the
ischemic myocardium of the HEV group when compared
with CON (all P <.05, Figure 4, Table E2).

Myocardial Perfusion Is Correlated With Protein
Expression

There was a significant positive correlation with
ischemic myocardial perfusion during pacing and protein
expression of p-eNOS, eNOS, TIMP-2, and PI3K (all

P <.05, Table 2). There was a significant negative corre-
lation with ischemic myocardial perfusion during pacing
and protein expression of collagen 18 and angiostatin
(P =.02, P =.008, Table 2). There was no significant cor-
relation with perfusion at rest and any of the tested pro-
teins (all P > .05, Table 2). There was no significant
correlation with ischemic myocardial perfusion while
pacing with AKT, p-AKT, and cathepsin B (all P > .05,
Table 2, Table E2).
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FIGURE 4. Nitric oxide signaling. There were significant increases in p-eNOS, the p-eNOS to eNOS ratio, PI3K, p-AKT, AKT, and the ratio of p-AKT to
AKT in the HEV group compared with CON. There was a trend toward decreased eNOS in the HEV group compared with CON. Immunoblot data are
represented as mean fold change normalized to the CON mean as previously described. All data are represented as mean plus or minus SD. p-AKT, Phos-
phorylated protein kinase B; CON, control; HEV, hypoxia extracellular vesicles; AKT, protein kinase B; p-eNOS, phosphorylated endothelial nitric oxide
synthase; eNOS, endothelial nitric oxide synthase; PI3K, phosphatidylinositol 3-kinase; E'V, extracellular vesicle.
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TABLE 2. Perfusion correlation

Rest Paced

Protein r P r P
AKT 0.15 .62 0.27 .37
p-AKT 0.22 49 0.49 11
Angiostatin 0.24 43 —0.69 .008
Cathepsin B 0.08 .36 0.20 .15
Collagen 18 —0.19 .51 —0.63 .02
p-eNOS —0.40 17 0.75 .003
eNOS —0.24 40 0.92 <.001
PI3K —0.40 .16 0.95 <.001
Plasminogen 0.09 .30 0.63 .02
TIMP-2 0.19 12 0.56 .04

The correlation (r) between myocardial perfusion and protein expression. Significant probability values are in bold. AKT, Protein kinase B; p-AKT, phosphorylated protein kinase
B; p-eNOS, phosphorylated endothelial nitric oxide synthase; eNOS, endothelial nitric oxide synthase; PI3K, phosphatidylinositol 3-kinase; TIMP-2, tissue inhibitor of metal-

loproteinases 2.

Hypoxia-Conditioned Extracellular Vesicles Produce
Minimal Changes in the Nonischemic Myocardium

There was no difference in nonischemic myocardial
perfusion at rest or while pacing the heart at 150 bpm be-
tween the HEV and CON groups (P = .66, P = .66,
Figure E1, A). There was no difference in expression of
collagen 18, angiostatin, plasminogen, TIMP-2, cathepsin
B, p-eNOS, eNOS, AKT, or p-AKT in nonischemic HEV
myocardium compared with CON (all P > .05, Figure El,
B, Figure E2). There was a significant increase in PI3K in
the nonischemic HEV myocardium compared with CON
(P <.001, Figure E2, Table E2).

DISCUSSION

Despite the multitude of therapeutic advances for patients
with CAD, patients with advanced disease who are not
eligible for revascularization have limited options.” There
is growing interest in EVs as a novel modality capable of
not only preventing further injury but also restoring previ-
ously lost myocardial function. Given this growing interest
and the corresponding need to cultivate a product with
maximal translational potential, we have developed HEVs
with the hope they will be optimized to function within
the hypoxic context of ischemic myocardial disease. We
have previously shown that HEVs express the greatest di-
versity of sub-proteins when compared with alternative
methods of EV conditioning.'® In this analysis, we
expanded our characterization of HEV-associated protein
content through identification of 15 markers that are
involved in AKT signaling and angiogenesis.

In addition to marker analysis, our blood flow assays
showed that the ischemic myocardium of the HEV group
exhibited a significant increase in myocardial perfusion dur-
ing rapid ventricular pacing, as well as a strong trend toward
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increased myocardial perfusion at rest. This increase in
perfusion was not related to an increase capillary or arteri-
olar density, but was accompanied by multiple notable pro-
tein expression changes elicited by immunoblotting of
ischemic myocardium. First, there was a combination of
both decreased expression of the antiangiogenic proteins
collagen 18 and angiostatin, and increased expression of
anti-angiogenic TIMP-2 and cathepsin B.”**' The
increase in plasminogen we also observed may reflect
decreased breakdown of plasminogen into angiostatin.’”
These findings are noteworthy not only for the account of
molecular correlates of increased perfusion that they pro-
vide but also for the lack of correlation they exhibit between
myocardial angiogenesis. The lack of microvascular
changes we observed suggests that the changes in perfusion
are related to changes in ischemic myocardium microvas-
cular reactivity, rather than to total vascular count.

This contention is supported by the modulation we also
showed of several proteins involved in vascular reactivity
in the ischemic myocardium. Specifically, the HEV group
exhibited a significant increase in vasodilatory p-eNOS, as
well as total eNOS.”>** This may be related to an increase
in the upstream signaling mediators p-AKT and PI3K; this
interaction is further validated by a significant positive trend
between p-eNOS, eNOS, and PI3K expression and perfu-
sion of the ischemic myocardium, as well as by the multiple
upregulated proteins related to PI3K/AKT signaling found
previously through proteomic profiling of HEVs.”
Conversely, we observed decreases in the vasoconstrictive
proteins collagen 18 and angiostatin, along with a signifi-
cant negative trend between expression of these proteins
and myocardial perfusion.”®*® Taken together, these find-
ings suggest changes in vascular reactivity related to both
increases in vasodilatory proteins and decreases in vasocon-
strictive counterparts as an account of the augmented
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perfusion observed in our study. This change in perfusion is
most notable with pacing, implying that the increase in
perfusion and release of nitric oxide are potentially related
to a myocardial stress response. The tissue collected in the
study was only collected after pacing the heart, however,
precluding comparison between stressed and unstressed tis-
sue in this study. Patients with refractory angina often expe-
rience symptoms with mild to moderate stress,”’
positioning this increase in perfusion with myocardial stress
as a clinically relevant consequence of HEV administration
in patients with refractory angina.

The results of this study differ from our previous results
using traditional, nonhypoxia-conditioned EVs.'* In this
previous work, EV treatment resulted in increased myocar-
dial perfusion; however, the increase in perfusion was
correlated with increases in arteriolar and capillary den-
sity.'"* The results of our previous study also showed
increased nitric oxide and AKT signaling similar to the cur-
rent study.'* These differences suggest that HEVs result in
changes in vascular reactivity, as opposed to the increased
angiogenesis seen with traditional EVs. A study comparing
HEVs with traditional EVs is necessary to further under-
stand this difference and any functional implications it
may confer.

Finally, EV-injected tissue in the nonischemic area did
not produce a significant change in myocardial perfusion
or protein expression, apart from in PI3K. This suggest
that HEVs have minimal impact on the surrounding healthy
tissue.

Our results demonstrate that HEVs produce a significant
increase in myocardial perfusion independent of myocar-
dial neovascularization and likely related to favorable alter-
ations in microvascular reactivity. Taken together with our

Intramyocardial Injection of Hypoxia Con

previously described decreases in myocardial apoptosis,
modulation of oxidative stress, and decreased cardiac
inflammation, this study indicates that HEVs may induce
pleiotropic tissue-level benefits for patients with advanced
ischemic myocardial disease (Figure 5).>** Further
studies are needed to delineate the optimal type of EVs
for use in human studies; the results of our study suggest
that follow-up experiments designed to evaluate the effects
of HEVs in conjunction with revascularization in anticipa-
tion of future human studies are warranted.

Study Limitations

Although these results substantially expand our mecha-
nistic understanding of the potential held by HEV therapy
to augment perfusion to the ischemic myocardium in
CAD, their accurate interpretation requires consideration
of several limitations. First, the sample size of 7 animals
per group could result in inadequate power to identify small
changes in myocardial function or protein signaling. We
have previously found changes in perfusion and angiogen-
esis with EVs using sample sizes of 8 to 10,'*'"~*% but the
slightly lower size of the current cohort likely limits the po-
wer of this study. Likewise, our study used a mixed cohort
with respect to sex, but is underpowered to conduct sex-
specific analysis given its small sample size. Additionally,
our methodology permits evaluation of only 1 dose of injec-
tion and 1 time point, whereas findings could be impacted
by different doses, additional time points, or different ana-
lytic durations. The lack of the ability to perform microvas-
cular studies at the time of this experiment prevented
inclusion in our dataset of additional corroborating evi-
dence of the dependence of perfusion changes on vascular
reactivity. Finally, EV studies in general are limited by

oned Extracellular Vesicles Increases

Myocardial Perfusion in a Swine Model for Chronic Myocardial Ischemia

| Myocardial Perfusion <€«———

Nitric Oxide Signaling

l Angiostatin Signaling

Capillary Density N

FIGURE 5. Graphical Abstract. Intramyocardial injection of HEVs results in increased myocardial perfusion without a corresponding change in myocar-

dial vascular density. This suggests modulation of vasodilatory nitric oxide signaling, as well as of vasoconstrictive mediators, may be responsible for the

observed change in perfusion.
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the reproducibility of EVs between laboratories. It has been
shown that different laboratories can use the same cell lines
and similar culture methods, and nevertheless produce
different EVs.”” This is a well-recognized issue among
EV researchers that requires further standardization in
anticipation of large-scale production. This, in turn, re-
quires specification of the optimal conditioning protocol,
and we hope our results will contribute to this effort.”

CONCLUSIONS

Intramyocardial injection of HEVs results in increased
myocardial perfusion, particularly in the setting of myocar-
dial stress, and without a corresponding change in myocar-
dial vascular density. This suggests that modulation of the
vasodilatory protein p-eNOS, as well as of the vasoconstric-
tive mediators collagen 18 and angiostatin, may account for
the observed change in perfusion through corresponding
modulation of microvascular reactivity. These results posi-
tion HEV treatment as a potential therapeutic strategy to in-
crease myocardial perfusion in patients with advanced
CAD.
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FIGURE E1. Nonischemic perfusion and angiogenic signaling. A, There was no difference in nonischemic myocardial perfusion at rest or while pacing the
heart at 150 bpm between the HEV group compared with the CON group. B, There was no difference in expression of collagen 18, angiostatin, plasminogen,
TIMP-2, or cathepsin B. Immunoblot data are represented as mean fold change normalized to the average control. All data are represented as mean plus or
minus SD. CON, Control; HEV, hypoxia extracellular vesicle; TIMP-2, tissue inhibitor of metalloproteinases 2.
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FIGURE E2. Nonischemic nitric oxide signaling. There was no difference in nonischemic myocardial expression of p-eNOS, eNOS, p-AKT, AKT, or the
ratio of p-AKT to AKT in the HEV group compared with CON. There was a significant increase in PI3K in the HEV group compared to CON. Immunoblot
data are represented as mean fold change normalized to the CON mean. All data are represented as mean plus or minus SD. p-AKT, Phosphorylated protein
kinase B; CON, control; HEV, hypoxia extracellular vesicle; AKT, protein kinase B; p-eNOS, phosphorylated endothelial nitric oxide synthase; eNOS, endo-
thelial nitric oxide synthase; PI3K, phosphatidylinositol 3-kinase; EV, extracellular vesicle.
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TABLE E1. Antibodies

Antibody Company Catalog no.
Primary antibodies
Alpha-smooth muscle actin Abcam 7817
Angiostatin/plasminogen Abcam 2904
Cathepsin B Cell Signaling 3178
Cathepsin D Cell Signaling 69854
Cathepsin L Cell Signaling 71298
Collagen 18/endostatin Abcam 275390
Phosphorylated-endothelial nitric oxide synthase Cell Signaling 9571
Endothelial nitric oxide synthase Cell Signaling 32027
Isolectin B4 Thermo Fisher Scientific 132450
Phosphatidylinositol 3-kinases Cell Signaling 4249
Phosphorylated-protein kinase B Cell Signaling 4060
Protein kinase B Cell Signaling 9272
Tissue inhibitor of metalloproteinases 2 Cell Signaling 5738
Secondary antibodies
Anti-mouse HRP-linked antibody Cell Signaling 7076S
Anti-rabbit HRP-linked antibody Cell Signaling 7074S
Anti-mouse Alexa Fluor 594 Cell Signaling 8890

The antibodies used in the experiment, along with manufacturers and catalog numbers. HRP, Horseradish peroxidase.
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TABLE E2. Data

Immunoblotting nonischemic

Control Hypoxia extracellular vesicles P
Perfusion data ischemic
Blood flow rest, mL/min/g 0.59 £0.21 0.84 £ 0.24 .09
Blood flow paced, mL/min/g 0.63 £0.11 1.00 £ 0.15 <.001
Perfusion data nonischemic
Blood flow rest, mL/min/g 0.86 &+ 0.32 0.94 +0.22 .66
Blood flow paced, mL/min/g 1.19 £ 0.45 1.33 £ 0.27 .66
Immunohistochemistry ischemic
Isolectin B4 staining, % positive 21.1 £2.2 192 +£1.9 .14
a-Smooth muscle actin, vessel count 11.7 £ 2.3 10.6 £ 3.5 .56
Immunoblotting ischemic
AKT 1.00 £ 0.19 1.34 £0.21 .009
pAKT 1.00 + 0.16 1.14 £ 0.13 .18
AKT ratio 1.00 £ 0.16 1.18 £ 0.11 .03
Angiostatin 1.03 [0.99-01.11] 0.94 [0.71-0.96] .01
Cathepsin B 0.65 £0.21 1.76 + 1.02 .03
Cathepsin D 1.00 £ 0.32 0.76 £ 0.13 .20
Cathepsin L 1.00 + 0.31 0.86 = 0.18 .52
Collagen 18 1.00 + 0.27 0.60 £ 0.11 .01
Endostatin 1.00 £ 0.25 0.89 + 0.34 A7
eNOS 1.00 £+ 0.20 0.78 £ 0.15 .08
p-eNOS 0.86 + 0.14 1.81 £0.32 <.001
eNOS ratio 0.74 £+ 0.20 1.98 + 0.76 .003
PI3K 1.00 £+ 0.18 1.35 £0.11 .002
Plasminogen 1.00 £ 0.19 1.31 £0.31 .04
TIMP-2 1.00 + 0.47 1.86 + 0.70 .02

AKT 1.10 [0.78-1.12] 0.97 [0.91-1.10] 71
pAKT 0.91 [0.82-1.24] 1.28 [0.92-1.33] .10
AKT ratio 1.00 + 0.27 1.13 +£0.18 31
Angiostatin 1.00 £ 0.10 1.05 £ 0.12 43
Cathepsin B 1.00 £ 0.39 2.04 £1.35 .09
Collagen 18 1.00 £ 0.23 0.89 £ 0.25 43
eNOS 1.00 & 0.61 0.67 £0.48 .33
p-eNOS 1.00 £ 0.74 1.31 £ 0.58 44
eNOS ratio 1.18 [0.04-1.93] 0.98 [0.93] 32
PIBK 1.00 &+ 0.23 1.60 + 0.23 <.001
Plasminogen 1.00 £ 0.19 1.07 £ 010 44
TIMP-2 0.76 + 0.18 0.92 £0.42 41

All of the data from the study. Data with a normal distribution are listed as mean + SD. Nonparametric data are listed as median [Q1-Q3]. AKT, Protein kinase B; p-AKT, phos-
phorylated protein kinase B; eNOS, endothelial nitric oxide synthase; p-eNOS, phosphorylated endothelial nitric oxide synthase; PI3K, phosphatidylinositol 3-kinase; TIMP-2,
tissue inhibitor of metalloproteinases 2.
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