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Small Extracellular Vesicles From Infarcted and
Failing Heart Accelerate Tumor Growth

Tal Caller®, MSc; Itai Rotem, PhD; Olga Shaihov-Teper, MSc; Daria Lendengolts, DVM; Yeshai Schary, MSc; Ruty Shai®®, PhD;
Efrat Glick-Saar, PhD; Dan Dominissini, PhD; Menachem Motiei, PhD; Idan Katzir, MSc; Rachela Popovizer, PhD; Merav Nahmoud;
Alex Boomgarden®, MSc; Crislyn D'Souza-Schorey, PhD; Nili Naftali-Shani®, PhD; Jonathan Leor, MD

BACKGROUND: Myocardial infarction (MI) and heart failure are associated with an increased incidence of cancer. However,
the mechanism is complex and unclear. Here, we aimed to test our hypothesis that cardiac small extracellular vesicles
(sEVs), particularly cardiac mesenchymal stromal cell~derived sEVs (cMSC-sEVs), contribute to the link between post-MI left
ventricular dysfunction (LVD) and cancer.

METHODS: We purified and characterized sEVs from post-MI hearts and cultured cMSCs. Then, we analyzed cMSC-EV cargo
and proneoplastic effects on several lines of cancer cells, macrophages, and endothelial cells. Next, we modeled heterotopic
and orthotopic lung and breast cancer tumors in mice with post-MI LVD. We transferred cMSC-sEVs to assess stV
biodistribution and its effect on tumor growth. Finally, we tested the effects of sEV depletion and ipironolactone treatment
on cMSC-EV release and tumor growth. |

RESULTS: Post-MI hearts, particularly cMSCs, produced more sEVs with proneoplastic cargo than nonfailing hearts did.
Proteomic analysis revealed unique protein profiles and higher quantities of tumor-promoting cytokines, proteins, and
microRNAs in cMSC-sEVs from post-MI hearts. The proneoplastic effects of. cMSC-sEVs varied with different types of
cancer, with lung and colon cancers being more affected than melanoma and breast cancer cell lines. Post-MI cMSC-
sEVs also activated resting macrophages into proangiogenic and protumorigenic states in vitro. At 28-day follow-up, mice
with post-MI LVD developed larger heterotopic and orthotopic lung tumors than did sham-MI mice. Adoptive transfer of
cMSC-sEVs from post-MI hearts accelerated the growth of heterotopic and orthotopic lung tumors, and biodistribution
analysis revealed accumulating cMSC-sEVs in tumor cells along with accelerated tumor cell proliferation. sEV depletion
reduced the tumor-promoting effects of MI, and adoptive transfer of cMSC-sEVs from post-MI hearts partially restored
these effects. Finally, spironolactone treatment reduced the number of cMSC-sEVs and suppressed tumor growth during
post-MI LVD.

CONCLUSIONS: Cardiac sEVs, specifically cMSC-sEVs from post-MI hearts, carry multiple protumorigenic factors. Uptake of
cMSC-sEVs by cancer cells accelerates tumor growth. Treatment with spironolactone significantly reduces accelerated
tumor growth after MI. Our results provide new insight into the mechanism connecting post-MI LVD to cancer and propose
a translational option to mitigate this deadly association.
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Clinical Perspective

What Is New?

* Post-myocardial infarction hearts secrete small
extracellular vesicles with proneoplastic properties.

e Cardiac mesenchymal stromal cells are a rich
source of extracellular vesicles that accelerate
tumor growth.

* Administration of spironolactone reduces the num-
ber of cardiac extracellular vesicles and tumor
growth in mice with post—-myocardial infarction left
ventricular dysfunction.

What Are the Clinical Implications?

» Cardiac extracellular vesicles may be used for risk
stratification and identifying therapeutic targets in
patients with heart disease and cancer.

* Spironolactone mitigates the harmful interaction
between post—-myocardial infarction left ventricular
dysfunction and cancer.

* Our results may apply to the association between
other cardiovascular diseases and cancer.

Nonstandard Abbreviations and Acronyms

cEV cardiac extracellular vesicle

cMSsC cardiac mesenchymal stromal cell

cMSC-sEVs cardiac mesenchymal stromal cells
small extracellular vesicles

COL1a collagen 1 alpha

EC endothelial cell

EV extracellular vesicle

HF heart failure

IL interleukin

LLC Lewis lung carcinoma

Lv left ventricle

LvVD left ventricular dysfunction

mi myocardial infarction

NT-proBNP N-terminal pro-brain natriuretic
peptide

miR microRNA

sEVs small extracellular vesicles

TAM tumor-associated macrophage

TGFB transforming growth factor §

TNFa tumor necrosis factor a

TSG101 tumor susceptibility gene 101

VEGF vascular endothelial growth factor

ancer and heart failure (HF) are common dis-
eases with shared risk factors, mechanistic
similarities, and lethal interactions.”™ Although
anticancer therapies accelerate HF, the presence of HF
may increase cancer incidence."®” The coexistence of
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these diseases worsens patients’ prognoses and nega-
tively affects therapeutic options.>"®

The association between HF and cancer is complex
and not entirely clear. It is attributed in part to shared
risk factors."? However, recent studies have suggested
a more causal explanation: circulating factors released
from injured hearts accelerate tumor growth, indepen-
dent of risk factors.®~'® However, the link between HF
and cancer is not fully understood.'?

A potential unexplored mechanism that may link heart
disease to cancer is small extracellular vesicles (sEVs).
sEVs (<200 nm) have emerged as a new and power-
ful mechanism of communication between cells and their
environment through the ability of sEVs to transmit mul-
timolecular biological messages with much greater com-
plexity than a single factor.*'7 sEVs exert their function
by altering recipient cells through the delivery of RNA,
cytokines, chemokines, growth factors, or surface pro-
tein signaling.’*"'" sEVs play a role in disease processes
like heart disease and cancer.'®'® sEVs may mediate the
communication between the heart and other organs.’®
However, whether and how sEVs from the failing heart
promote tumor growth remains unknown.

Given the central role of sE\'fEl’H cell-to-cell communi-
cation, we hypothesized that cardiac sEVs contribute to
the association between post-MI HF and tumor growth.
Here, we tested our hypothesis in a mouse model of post-
MI left ventricular dysfunction (LVD) and cancer. Under-
standing how post-MI LVD may promote cancer could
help develop treatments simultaneously targeting both
diseases. In addition, understanding the mechanism link-
ing LVD to cancer could help identify patients with cardio-
vascular disease at higher risk of cancer. It may allow for
early risk stratification, prevention, and treatment.

METHODS

Detailed methods are provided in the Supplemental Material.
All data that support our findings are available within the arti-
cle, the Supplemental Material, and on reasonable request.
Animal experiments were conducted according to the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals and complied with the standards and approval of
the Sheba Medical Center institutional animal care and use
committee.

We purified and characterized sEVs from the whole heart or
isolated cardiac mesenchymal stromal cells (cMSCs). We ana-
lyzed cMSC-sEV size distribution, markers, cargo, and effects
on cancer cells, endothelial cells (ECs), macrophage activation,
and tumor growth. We modeled post-MI LVD in mice, along with
heterotopic and orthotopic lung and breast cancer tumors. To
monitor LVD, we used a small-animal echocardiography system.
To assess tumor growth, we used ultrasound, bioluminescent
IVIS Spectrum imaging, and microcomputed tomography. We
also used cMSC-extracellular vesicle (EV) transfer to assess
sEV biodistribution, uptake, and effects on tumor growth. Finally,
we tested the effects of EV depletion and spironolactone treat-
ment on cMSC-EV release and tumor growth.
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Statistical Analysis

Data are expressed as mean£SD. Specific statistical tests are
detailed in the figure legends. Statistical analyses were per-
formed with GraphPad Prism v9.6.0 unless otherwise stated.
Statistical analyses of the identification and quantification of
the proteomic analysis (proteomics) were performed using
Perseus 1.6.7.0, and statistical analysis for nanoparticle track-
ing analysis data was performed using STATA BE v17.

A 2-tailed Student t test was used to compare normally dis-
tributed continuous variables, and a 2-tailed Mann-Whitney U
test was used for nonnormal distribution. When t tests were
performed multiple times, multiple testing correction was per-
formed. For experiments with >2 groups, a comparison was
performed with 1- or 2-way ANOVA with the Holm-Sidak
post test. To test the hypothesis that changes in measures
(eg, tumor volumes) over time varied among the experimen-
tal groups, a general linear model repeated-measures 2-way
ANOVA was used. The Holm-Sidék post hoc test assessed the
significance of predefined group comparisons at specific time
points. We also used repeated-measures 2-way ANOVA to
assess changes in cell migration, left ventricle (LV) remodeling,
and function over time. To compare 2-frequency distribution, we
used zero-inflated negative binomial regression.

RESULTS

Post-MI LVD Accelerated Heterotopic Tumor
Growth

Lung cancer is a frequent and leading cause of death
in patients with LVD.58'® To generate a mouse model of
post-M| LVD and cancer and to reproduce previous re-
ports,’®'" we created a mouse model of heterotopic lung
cancer (Figure STA). First, we inoculated Lewis lung can-
cer (LLC) cells in the dorsal aspect ofi a limb of a female
CB7BL/6 mouse. Then, 10 days later, we randomly as-
signed mice bearing LLC tumors to MI'or sham-MI (Figure
S1A). The MI mortality rate was 11% (1 of 9) or null after
sham-MI. We confirmed post-MI LVD by echocardiography
(Figure 1A; Figure S1B), plasma NT-proBNP (N-terminal
pro-brain natriuretic peptide; Figure 1A), and lung conges-
tion (Figure S1C) 10 days after ML. In line with previous
reports,’®'" we found that post-MI LVD accelerated tumor
growth and weight (Figure S1D and S1E).

The Infarcted and Failing Heart Generated sEVs
With Proneoplastic Properties

To determine the role of cardiac sEVs in tumor growth,
we first assessed production of sEVs in the entire myo-
cardium 10 days after MI (Figure S2A). We subjected
female C57BL/6 mice to Ml or sham-MI. Post-MI LVD
in Ml mice was confirmed by echocardiography, plasma
NT-proBNP (Figure 1A), and lung congestion (Figure
S2A). Our method of isolating and purifying whole-heart
EVs was inspired by the work of Loyer et al?® and we
purified sEVs by size exclusion chromatography (Figure
S9B).2122 To characterize sEVs, we used transmission
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electron microscopy (Figure S2C) and Western blot for
the sEV markers: CD81 and TSG101 (tumor susceptibil-
ity gene 101; Figure S2D). Next, we used nanoparticle
tracking analysis to determine the morphology and size
distribution of sEVs (Figure S2E and S2F). We found that
post-MI hearts generated >2-fold the number of sEVs
than sham-Ml hearts (Figure S2F). Overall, we found that
in the early phase of post-MI LVD, the myocardium pro-
duced more sEVs.

Next, we assessed the proneoplastic properties of
sEVs from post-MI LVD. Compared with sham M, cEVs
from post-MI LVD heart accelerated the proliferation of
LLC cells (Figure S2G). The proliferative effects of cEVs
followed a dose-response pattern (Figure S1H). More-
over, sEVs from post-MI LVD heart accelerated the migra-
tion of LLC cells compared with sham-MI sEVs (Figure
S1l), again, with a dose-response pattern (Figure S2J).
Post-MI hearts collectively generated a high number of
sEVs with proneoplastic properties. However, our experi-
ment neither differentiated between cellular and extra-
cellular vesicles nor identified the cell source of sEVs.

Mesenchymal Stromal Celis from.Post-M|
Failing Heart Are a Rich Source of sEVs

The heart contains many types and subtypes of cells?324;
all are potential sources of sEVs. We focused on cMSCs,?®
because MSCs are activated during tissue injury, re-
pair, and cancer. MSCs have pleiotropic effects, includ-
ing proinflammatory,2627 fibrotic,?® and tumor-promoting
functions.??® Activated cMSCs, particularly fibroblasts,
maintain their in vivo signature through at least 4 pas-
sages and are therefore suitable for in vitro studies.®

First, we isolated and cultured cMSCs 10 days after
Ml or sham-M], after resolution of the acute inflammatory
phase (Figure 1B).2° Flow cytometry showed that cMSCs
expressed the fibroblast markers COL1a (collagen 1a
[94%)], CD9O [76%], and mEF-SK4 [98%]; Figure S3A
through S3C).8" The resident fibroblast marker, PDGFRa
(platelet-derived growth factor receptor a),*' was down-
regulated after Ml compared with sham-MI (36% ver-
sus 48%; FP=0.02; Figure S3D). cMSCs did not express
markers of macrophages or ECs (Figure S3E and S3F).
Next, after 72 hours of incubation, we collected the
serum-free conditioned medium. The viability of cMSCs
at the time of medium collection was 90.5% and 86.7%
for post-MI and sham-MI cMSCs (Figure S3G). Then, we
used size exclusion chromatography to isolate and purify
sEVs from the cMSC-conditioned medium (Figure 1B
and 1C)2

Purified cMSC-sEVs showed typical EV morphology
with a double-layer membrane and normal appearance
in cryogenic or negative staining transmission electron
microscopy (Figure 1D). Western blot confirmed sEV
membranous markers CD81 and CD9 and cytosolic
markers TSG101 and HSP70 (Figure 1E). Like the
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Figure 1. cMSC-sEVs from post-MI failing hearts harbored tum
A, Ml-induced LVD resulting in elevated plasma NT-proBNP. To monitor

or-promoting factors.
cardiac function after M| or sham-MI, we performed serial

echocardiography measurements. We calculated LVEF at baseline, day 2, and day 9 after MI. Data are expressed as mean+SD. Pvalues were

calculated using repeated-measures 2-way ANOVA with the Holm-Sid4

k post test. Pfor Ml, P for time, and P for interaction were all <0.0001. P

values for comparisons for Ml vs sham-MI are displayed on the graph. Next, we used ELISA to measure plasma NT-proBNP of mice 10 days after
Ml or sham-MI. The data passed the normality test by D'Agostino-Pearson, and the P value was calculated using a 2-tailed unpaired t test with
Welsch correction for unequal variance. B, To isolate cMSC-sEVs, female C57BL/6 mice were randomly assigned to either Ml or (Continued)
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Figure 1 Continued. sham-MI operation. At day 10, hearts were harvested, and cMSCs were isolated by enzymatic digestion and cultured in
vitro. At 85% confluence, the medium was replaced by a serum-free medium for 72 hours. Then, EVs were purified from the conditioned medium
using size exclusion chromatography. C, Size exclusion chromatography successfully separated cMSC-sEVs from soluble proteins. D, Typical sEV
morphology confirmed by negative staining TEM (left) and cryo-TEM (middle and right). Scale bars from left to right=500 nm, 100 nm, and 50
nm. E, The expression of typical EV markers CD81, CD9, TSG101, and HSP70 were determined by a Western blot. F and G, To assess cMSC-
sEV secretion, we used nanoparticle tracking analysis. The post-MI| hearts secreted twice as many sEVs as sham-operated hearts. P values were
calculated using zero-inflated negative binomial regression, and percent change (MI/sham-MI) was calculated using the ratios of the area under
the curves. H and |, To determine the differences in protein expression between cMSC-sEVs from post-MI and sham-M| hearts, we performed

a comparative proteomic analysis. The volcano plot showed a statistically significant change in 114 proteins and a unique profile of cMSC-

sEVs from post-MI hearts (H). Analysis of EV-free conditioned medium from cMSCs (1) revealed modest changes in protein profile compared
with the changes observed in cMSC-sEVs. EV-free conditioned medium from cMSCs from the post-MI heart differentially (q<0.05) expressed

4 proteins compared with sham-MI. Pvalues were determined by using a t test multiple times with multiple testing corrections (false discovery
rate correction). J, To investigate cMSC-sEV—encapsulated cytokines, we used ELISA assays. Data are expressed as meanSD. Pvalues were
determined by multiple, 2-tailed, unpaired Mann-Whitney U test with the Holm-Sid4k post test to account for multiple comparisons. K, To identify
miRs within cMSC-sEVs that could influence tumor progression, we used reverse transcription polymerase chain reaction. Compared with sham-
M, we found that cMSC-sEVs from the post-MI heart encapsulated more tumor-promoting miRs, such as miR-21, which promotes digestive
system cancers by supporting cell survival, proliferation, migration, and immunomodulation. Other miRs, more abundant in cMSC-sEVs from the
post-MI hearts, include miR-24-1, which is associated with ovarian cancer cell proliferation, and miR-24-2, which acts as a tumor suppressor

or oncogenic miR, depending on the cancer type, and promotes breast cancer by inducing cell proliferation and lung cancer by supporting
angiogenesis. cMSC-sEVs from post-MI hearts also harbored more miR-221, which stimulates tumor development, cancer cell proliferation, and
migration, and miR-214, which is upregulated in the lung, breast, prostate, and several other cancer types and may drive tumor development by
promoting angiogenesis, cell division, invasion, and metastasis. Other tumor-promoting miRs were detected in similar amounts in cMSCs-EVs from
and sham MI: miR-34a, associated with increased cancer cell proliferation and survival, and miR-219-5p, associated with metastasis and growth
of gastric and colon cancer, but suppression of ovarian cancer. In addition, miR-208a, associated with tumor cell proliferation and invasion, was
undetectable in cMSC-sEVs. Data are expressed as mean+SD. Pvalues were calculated by multiple, 2-tailed, unpaired Mann-Whitney U test with
the Holm-Sidak post test to account for multiple comparisons. cMSC indicates cardiac mesenchymal stromal cells; EV, extracellular vesicle; sEVs,
small extracellular vesicles; GAL, galectin; IL, interleukin; IFN, interferon; LVD, left ventricular dysfunction; LVEF left ventricular ejection fraction;
MI, myocardial infarction; miR, microRNA; NT-proBNP, N-terminal pro-brain natriuretic peptide; OPN, osteopontin; rE'" , transmission electron
microscopy; TGF, transforming growth factor; TNF, tumor necrosis factor; and VEGF, vascular endothelial growth faetor. lllustration created with

BioRender.com.

entire heart, cMSCs from the failing heart secreted twice
as many sEVs as cMSCs from sham-MI (Figure 1F and
1G). The size distribution pattern in size exclusion chro-
matography fractions revealed that most of the sEVs
were between 100 and 200 nm (Figure 1G). Overall,
we showed that isolating cMSC-sEVs by size exclusion
chromatography produces a pure and enriched popula-
tion of sEVs without contaminated proteins. cMSCs from
the failing heart produced more sEVs, mirroring the situ-
ation in the whole heart after MI.

Distinct Proteomic Profile of cMSC-sEVs From
the Infarcted and Failing Heart

To explore the cargo of cMSC-sEVs, we conducted com-
parative proteomic profiling and identified 931 cMSC-
EV—encapsulated proteins. Comparing cMSC-sEVs from
the post-MI heart with those from sham-MI, we found
64 upregulated and 50 downregulated proteins (Fig-
ure TH). For example, osteopontin, a reparative, tumor-
promoting protein, was 5.4x higher in cMSC-sEVs from
post-MI hearts than from sham-MI hearts. In addition,
174 proteins were detected exclusively in cMSC-sEVs
from post-MI hearts, and 31 were absent from cMSC-
sEVs from post-MI hearts (Figure S4A). Thus, cMSC-
sEVs from the post-MI LVD heart presented a distinct
proteomic profile.

To further characterize the proteins from cMSC-sEVs,
we analyzed biological pathways using the functional

Circulation. 2024;149:00—00. DOI: 10.1161/CIRCULATIONAHA.123.066911

enrichment tool (FunRich) of VesiclePedia using the
gene ontology biological processes database.®? We found
that cMSC-sEVs from the failing heart were enriched in
pathways related to the development and progression
of cancer (Figure S4B).*® Pathways such as vascular
endothelial cell proliferation and mitotic cell cycle phase
transition were enriched exclusively in post-MI cMSC-
sEVs. Overall, post-MI LVD altered the proteomic profile
of cMSC-sEVs toward a reparative and tumor-promoting
repertoire.

Analysis of EV-free conditioned medium from cMSCs
revealed modest differences in protein profile between
cMSCs from failing versus sham-MI hearts (Figure 11).
Thus, our results suggest that the protein cargo of
cMSC-sEVs better reflects the environment of the post-
MI heart compared with the cMSC-EV—free conditioned
medium.

cMSC-sEVs From Post-MI Heart Carry
Cytokines With Protumorigenic Properties

EVs encapsulate various cytokines that might contrib-
ute to neoplastic growth.3*® Compared with cMSC-
sEVs from sham-MI hearts, cMSC-sEVs from post-MI
hearts carried higher amounts of cytokines involved
in the pathogenesis of cardiovascular diseases and
cancer®® including periostin (3%), osteopontin (2.7x),
interleukin-6 (IL-6; 4x), galectin-3 (6.2x), TNFa. (tumor
necrosis factor a; 1.4x), and VEGF (vascular endothelial
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Figure 2. Effects of cMSC-sEVs from post-MI failing hearts on cancer cell proliferation and migration.

cMSC-sEVs were purified 10 days after Ml or sham-MI using size exclusion chromatography. The effects of cMSC-sEVs on cancer cell lines were
evaluated by colorimetric cell proliferation and cell migration (scratch) assays. A, cMSC EVs (108 EVs/mL) from post-MI hearts facilitated LLC
cancer cell proliferation. P for cMSC-sEVs <0.0001, P for time <0.0001, and P for interaction=0.0001. cMSC-sEVs from post-MI hearts doubled
lung cancer cell migration compared with sham-MI cMSC-sEVs. P for cMSC-sEVs=0.0002, P for time <0.0001, and P for interaction=0.0001.
Data are expressed as mean£SD. All samples were assayed in duplicate. B, cMSC-sEVs (10° EVs/mL) from post-MI hearts facilitated MC38
cancer cell proliferation. P for cMSC-sEVs <0.0001, P for time <0.0001, and P for interaction <0.0001. cMSC-sEVs from the post-MI hearts
increased MC38 migration compared with sham-M| cMSC-sEVs. P for cMSC-sEVs=0.0003, P for time <0.0001, and P for interaction=0.0001.
C, cMSC-sEVs accelerated migration but not the proliferation of B16 Melanoma cells. A colorimetric proliferation assay showed that cMSC

EVs (10° EVs/mL) from post-MI hearts did not facilitate B16 cell proliferation. P for cMSC-sEVs=0.8473, P for time <0.0001, and P for
interaction=0.6641. For migration assay: P for cMSC-sEVs=0.0059, P for time <0.0001, and P for interaction=0.0001. D, The effect of cMSC-
sEVs (10° EVs/mL) on proliferation (modest) and migration (no effect) of EO771 breast cancer cells: P for cMSC-sEVs=0.0211, P for time
<0.0001, and P for interaction=0.0164; and scratch (migration) assay with 10° EVs/mL. P for cMSC-sEVs=0.0952, P for time (Continued)
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Figure 2 Continued. <0.0001, and P for interaction=0.5765. All samples were assayed in duplicate. Data are expressed as mean£SD. P

values were calculated using 2-way ANOVA with the Holm-Sidak post test for proliferation assays and repeated-measures 2-way ANOVA with
the Holm-Sidak post test for migration assays. P for left ventricular dysfunction cMSC-sEVs vs sham-M| cMSC-sEVs is indicated on the graph.
cMSC indicates cardiac mesenchymal stromal cells; EV, extracellular vesicle; LLC, Lewis lung cancer; MI, myocardial infarction; and sEVs, small

extracellular vesicles.

growth factor; 1.7x; Figure 1J). The concentration of
sEV-encapsulated galectin-3, a protein implicated in the
pathogenesis of cardiovascular disease and cancer
was 3.5 times higher than that of soluble galectin-3
(Figure 1J; Figure S5B). Post-MI LVD did not affect the
amount of IL-1a, IL-1B, IFNy (interferon-y), and TGF-$
(transforming growth factor ) within cMSC-sEVs (Fig-
ure 1J; Figure SBA and S5B). However, the concentra-
tion of TGF- within cMSC-sEVs was 31x higher than
that of free TGF-B (Figure 1J; Figure S5B). This find-
ing is noteworthy because TGF-§ has been implicated
in cancer cell invasion, dissemination, and recruitment of
tumor-associated macrophages (TAMs) 5738

In parallel, analysis of soluble cytokines in the cMSC-
conditioned medium revealed higher quantities of soluble
cytokines than cMSC-sEVs (Figure SEB). However, only
periostin and IL-6 maintained a higher profile, similar to
cMSC-sEVs from post-Ml hearts. Our results collectively
indicated that cMSC-sEVs from post-MI hearts carried
a unique tumor-promoting cytokine signature. Compared
with soluble cytokines, the cargo of cMSC-sEVs better
reflected the pathological processes within post-MI fail-
ing myocardium.

cMSC-sEVs Encapsulated MicroRNAs With
Protumorigenic Properties

Protumorigenic microRNAs (miRs) are significantly-en-
riched in sEVs.'® To determine whether cMSC-EVs carry
tumor-promoting miRs, we first analyzed the proteomic
profile of LLC tumors from mice with and without post-
MI LVD. On day 30 after tumor inoculation, tumor tissues
were processed for proteomics. We identified 4909 tu-
mor proteins, of which 101 were differentially expressed
in the post-MI LVD group (Figure S6A). Using the Tar-
getScan tool* we identified 48 genes encoding proteins
with a known miR binding site in their 3’-untranslated
region and a total of 70 miRs that can bind to those sites.
Then, to filter for miR with reported involvement in can-
cer, we used the miRBase tool. We filtered the list for
miR involvement in cardiovascular diseases and found
17 potential tumor-promoting miRs (Figure SEB).

We next extracted and analyzed total RNA from
cMSC-sEVs. Compared with sham-MI sEVs, cMSC-sEVs
from the failing heart contained more tumor-promoting
miRs, such as miR-221, that stimulate tumor develop-
ment, cancer cell proliferation, and migration (Figure 1K).
Other miRs that were found more abundantly in cMSC-
sEVs from the failing hearts included miR-21, miR-24-1,
and miR-214 (Figure 1K). Other tumor-promoting miRs

Circulation. 2024;149:00—00. DOI: 10.1161/CIRCULATIONAHA.123.066911

that were detected in similar amounts in cMSCs-EVs
from post-MI LVD and sham-MI included miR-34a and
miR-219-bp. Overall, cMSC-sEVs from the failing heart
carry higher amounts of specific tumor-promoting miRs.

cMSC-sEVs From Post-MI Heart Accelerated
Proliferation and Migration of Cancer Cells

Activated MSCs possess proneoplastic properties.?’°
To evaluate the proneoplastic properties of cMSC-sEVs,
we added cMSC-sEVs (108 EVs/mL) or saline to vari-
ous cultured cancer cells: LLC lung cancer, MC38 colon
cancer, EO771 breast cancer, and B16 melanoma cell
lines. Colorimetric-based proliferation assay showed that
cMSC-sEVs from post-MI hearts stimulated the prolifer-
ation of LLC and MC38 cells by 1.5 and 1.2x more than
cMSC-sEVs from sham-MI hearts or saline (Figure 2A
and 2B, left column). The proﬁel'ative. effect of cMSC-
sEVs corresponded to a dose-response pattern (Figure
S7A and S7B). Overall, the effects of cMSC-sEVs were
tumor-specific: significant on lung and colon cancer cells
and modest or null with breast and melanoma cancer
cells (Figure 2A through 2D, left column).

Next, using a scratch assay, we assessed the effect
of eMSC-sEVs on_migration of cancer cells (Figure 2,
middle column). Administration of cMSC-sEVs (107 EVs/
mL) from post-M| hearts accelerated migration of LLC
cells compared with cMSC-sEVs from sham-Ml or saline
(Figure 2A, right column). The magnitude of the effect
increased as the concentration of EVs increased (Figure
S7C and S7D). It is surprising that the migratory effect
on LLC cells decreased with the highest concentration of
cMSC-sEVs. Next, we found that cMSC-sEVs from the
post-MI hearts accelerated migration of MC38 (colon)
and B16 (melanoma), but not EO771 (breast) cancer
cell lines (Figure 2B through2D, right column). Overall,
compared with lung and colon cancers, melanoma and
breast cancer cell lines were less affected by post-Ml
cMSC-sEVs.

Finally, ECs have been implicated in the development
and progression of tumors.® We found that cMSC-sEVs
from the post-MI heart (10° EVs/mL) promoted C166
EC permeability and migration (Figure S7E and S7F).

cMSC-sEVs Switched Macrophages Into a
Protumorigenic Phenotype

Monocytes and macrophages, whose functions could
be regulated by sEVs,* have both tumor-promoting and
tumor-suppressive effects.?*° To determine the effect of
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Figure 3. cMSCs from post-MI failing hearts switched macrophages into a tumor-promoting phenotype.

A, To study the effect of cMSC-sEVs on macrophage activation, we isolated peritoneal macrophages from female C57BL/6 mice using a
resistance to trypsinization assay. The purity of isolated macrophages reached 96% by staining for F4/80 and DAPI. Scale bars=60 nm. B,

To assess the activity of INOS (inducible nitric oxide synthase) in cMSC-sEV—treated macrophages, we incubated macrophages with cMSC-
sEVs (10° EVs/mL) from the post-MI heart, sham-operated heart, or saline for 24 hours in serum-free conditions. Then, cells were washed and
incubated for another 24 hours in a serum-free medium. After 24 hours, we collected the macrophage-conditioned medium and isolated total
macrophage RNA. We used reverse transcription polymerase chain reaction to determine the expression iNOS in isolated (Continued)
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Figure 3 Continued. macrophages and measured the total concentration of nitrite and nitrate in the conditioned medium of incubated
macrophages. Expression of both iNOS was upregulated after incubation with cMSC-sEVs from post-MI hearts and the concentration of nitrites
and nitrates in conditioned medium. Data are expressed as mean+SD. P values were determined by the Kruskal-Wallis test with the Dunn post
test. P for NOS=0.0003 and P for nitrites and nitrates=0.004. P values for specific comparisons are displayed on the graph. C and D, We
incubated macrophages with cMSC-sEVs (109 EVs/mL) from the post-MI heart, sham-operated heart, or saline for 24 hours in serum-free
conditions. Then, cells were washed and incubated for another 24 hours in a serum-free medium. After 24 hours, we collected the macrophage-
conditioned medium and lysed the macrophages. The proteomes of macrophages lysate (C) and conditioned medium (D) were analyzed to assess
cellular and extracellular proteome. Pvalues were determined by using a ¢ test multiple times with multiple testing corrections (false discovery

rate correction). E, We used ELISA assays to determine whether cMSC-sEVs from post-MI LVD modulate macrophage cytokine secretion. P
values were determined by 1-way ANOVA with the Holm-Sidk post test to account for multiple comparisons. Data passed the D'Agostino-
Pearson normality test. F and G, cMSC-sEVs from post-MI mice (10° EVs/mL) switched macrophage into a proangiogenic phenotype. To

assess the proangiogenic properties of conditioned medium from cMSC-EV-treated macrophages, we conducted a tube formation assay. C166
endothelial cells were stained with Cell TrackerTM Red CMTPX Dye according to the manufacturer protocol. First, the conditioned medium from
macrophages treated with post-MI cMSC-sEVs accelerated migration of the C166 endothelial cell line, compared with cMSC-sEVs from sham-MI,
demonstrated by a scratch closure assay (E). Pvalues were calculated using repeated-measures 2-way ANOVA with the Holm-Sidék post test. P
for LVD cMSC-sEVs <0.0001, P for time <0.0001, and P for interaction <0.0001. P for post-MI cMSC-sEVs vs sham-MI cMSC-sEVs is displayed
on the graph. Next, cMSC-sEVs from post-MI mice (10° EVs/mL) stimulated macrophages to induce tube formation in angiogenesis assay with
C166 endothelial cells (G). Scale bar=750 pm. Data are expressed as mean+SD. P values were determined by 1-way ANOVA with the Holm-
Sidak post test (P<0.0001). Data passed the D'/Agostino-Pearson normality test. P values for specific comparisons are indicated on the graph.
cMSC indicates cardiac mesenchymal stromal cell; DAPI, 4,6-diamidino-2-phenylindole; EV, extracellular vesicle; IFNy, interferon-vy; IL, interleukin;

LVD, left ventricular dysfunction; MI, myocardial infarction; sEVs, small extracellular vesicles; and TNFa, tumor necrosis factor a.

cMSC-sEVs on macrophage activation and function, we
isolated peritoneal macrophages from naive mice (96%
purity; Figure 3A).4" Adding cMSC-sEVs from post-MI
failing heart, sham-operated heart, or saline, we found
that cMSC-EVs from the post-MI heart upregulated
the expression of iINOS (inducible nitric oxide synthase;
Figure 3B, top). Moreover, concentrations of nitrite and
nitrate, indirect products of iNOS, were higher in the con-
ditioned medium of macrophages treated with sEVs from
post-MI heart (Figure 3B, bottom). These findings are
significant because TAMs are characterized by producing
NO and reactive oxygen intermediates that can cause
DNA damage and genetic instability during the initiation
phase of tumors.®’

To further characterize the changes in macrophages
after cMSC-sEVs exposure, we analyzed cellular and
extracellular macrophage proteins (Figure 3C and 3D).
Comparative proteomics of cellular macrophage pro-
teins revealed that cMSC-sEVs from the post-MI heart—
enriched pathways related to inflammation, immune
modulation, angiogenesis, and remodeling of the extra-
cellular matrix (Figure 3C; Figure S8A through S8H).
Activated macrophages upregulated the expression of
the immune-checkpoint molecule PD-L1 (programmed
death-ligand 1) at mRNA (Figure S8I) and proteomic
levels (Figure S8E). PD-L1 induces inactivation and
apoptosis of cytotoxic T lymphocytes and thus promotes
immune suppression and tumor growth. It is significant
that PD-L1 expression is an established characteristic
of TAMs.372

Proteomics of macrophage-conditioned medium
revealed that cMSC-EVs from post-MI LVD induced sig-
nificant changes in the profile of macrophage-secreted
proteins (Figure 3D; Figure S9A and S9B). These
changes included upregulation of proinflammatory cyto-
kines and chemokines, proangiogenic mediators, and

Circulation. 2024;149:00—00. DOI: 10.1161/CIRCULATIONAHA.123.066911

downregulation in antiangiogenic proteins (Figure S9C
and S9E). Biological pathway analysis revealed enrich-
ment in processes related to tumor formation, inflamma-
tion, angiogenesis, and extraoglllvdar matrix remodeling,
and depletion in processes related 10 the regulation
of proliferation and cell death (Figure S9F and S9G).
Together, macrophage proteome indicated that cMSC-
EVs from post-MI heart educated.macrophages into a
protumorigenic state with many characteristics of TAM."”

Cytokines are among the most significant messengers
and effectors in executing macrophage functions.*%°
Cytokine array revealed that macrophages exposed to
post-Ml cMSC-sEVs secreted higher amounts of cyto-
kines implicated in the pathogenesis of cardiovascular
diseases and cancer, namely IL-1a and {3, IL-6, IL-10,
and TNFa (Figure 3E).%® Thus, cMSC-sEVs from post-MI
LVD educated macrophages to express a unique cyto-
kine profile with protumorigenic properties.

Proangiogenic macrophages contribute to tumor
angiogenesis, growth, and metastasis.*” We found that
conditioned medium from post-MI cMSC-sEV—-educated
macrophages stimulated EC migration (Figure 3F) and
enhanced angiogenesis by EC tube formation assay
(Figure 3G).

Finally, we studied whether macrophages educated by
cMSC-EVs from post-MI hearts modulate proliferation or
migration of lung (LLC) and colon (MC38) cancer cells.
We found that conditioned medium from educated mac-
rophages did not affect the proliferation and migration of
LLC cells in vitro (Figure STOA and S10B) but slightly
reduced MC38 cell proliferation and did not affect migra-
tion (Figure S10C and S10D). cMSC-sEVs originating
from post-MI cardiac tissue collectively induce macro-
phages to adopt proangiogenic, proinflammatory, and
immune-modulating characteristics that could, in turn,
support tumor growth.
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Figure 4. Biodistribution and uptake of cMSC-sEVs.

A, To evaluate the biodistribution of cMSC-sEVs, we used IVIS Lumina LT for both in vivo and ex vivo imaging. We isolated cMSC-sEVs from
donor mice 10 days after M|, labeled them with near-infrared dye, and injected them into the LV cavity of tumor-bearing recipient mice after either
Ml or sham-MI. We used the same amount of dye for control in a sample without sEVs. B, Size distribution of injected cMSC-sEVs from post-M|
LVD mice was in the small EV range. C, Representative image for echocardiography-guided LV cavity injection of labeled EVs. The red arrow
points to the needle. We confirmed the success of the injection by echocardiography imaging of a bubble jet in the LV cavity during injection. D,
Quantification of the fluorescence activity of cMSC-sEVs in vivo. We quantified the radiance of the chest and the tumor area 1, 12, and 24 hours
after injection. We found that post-MI LVD enhanced the retention of cMSC-sEVs in the area of the lungs. In addition, we found (Continued)
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Figure 4 Continued. fluorescence activity in the tumor area of both post-MI LVD and sham-MI mice. Data are expressed as mean+SD. P
values were calculated using repeated-measures 2-way ANOVA with the Holm-Sidak post test. For the retention in the lungs: P for post-MI
LVD=0.0001, P for time=0.0785, P for interaction=0.1357. For the retention in the tumors: P for post-MI LVD=0.0003, P for time=0.2685, P

for interaction=0.9263. P for post-MI LVD vs sham-Ml is displayed on the graph. E, Representative images of fluorescence activity in mice with
and without post-MI LVD after injection of labeled cMSC-sEVs from post-MI LVD mice. Post-MI LVD facilitated the distribution and retention of
cMSC-sEVs in the lungs, and we detected fluorescence activity in the tumor area of both post-MI LVD and sham-MI mice. Outlines of the lungs,
liver, bladder, and tumor are depicted in dotted light blue lines. F, To reduce background fluorescence, enhance fluorescence signal, and evaluate
the distribution of cMSC-sEVs from post-MI LVD mice to specific organs, we performed ex vivo analysis 24 hours after cMSC-sEVs injection. The
highest signal was detected in the liver and kidneys, and an intermediate signal was detected in the tumor and spleen. Furthermore, we confirmed
our in situ findings and showed that post-MI LVD promoted cMSC-sEV distribution to the lungs. G, Quantification of the fluorescence activity

of cMSC-sEVs ex vivo. We quantified the radiance of the heart, lungs, tumor, liver, kidneys, spleen, sternum, and femur 24 hours postinjection.
Pvalues were calculated using Kruskal-Wallis with the Dunn post test. Data are expressed as mean®SD. P for heart=0.024, lungs=0.003,
tumor=0.008, liver=0.002, kidneys=0.002, spleen=0.009, sternum=0.017, and femur <0.0001. Pvalues for post test comparisons are displayed
in the graph. cMSC indicates cardiac mesenchymal stromal cell; EV, extracellular vesicle; HF, heart failure; LV, left ventricle; LVD, left ventricular
dysfunction; MI, myocardial infarction; ROI, region of interest; and sEVs, small extracellular vesicles. lllustration created with BioRender.com.

Biodistribution and Uptake of cMSC-sEVs

Tracking in vivo destination of cEVs is essential for un-
derstanding their contribution to tumor growth. To assess
the distribution of cMSC-sEVs in vivo, we used a mouse
model of adoptive transfer. We first labeled cMSC-sEVs
from MI hearts with a near-infrared spectroscopy fluo-
rescent dye. Next, we injected the labeled cMSC-sEVs
systematically into the LV cavity of mice 10 days after Ml
or sham-Ml, bearing heterotopic LLC tumors (Figure 4A
through 4C) and assessed the distribution of cMSC-sEVs
by bioluminescent IVIS Spectrum imaging. We found in-
creased fluorescent activity in situ in the chest of post-MI
mice compared with sham-MI| mice (Figure 4D and 4E).
Next, to improve the signal and reduce interferences, we
ex vivo scanned the internal organs, including tumors, 24
hours after injection.(Figure 4F and 4G). We found en-
hanced fluorescent activity of sEVs in the liver, kidneys,
lungs, spleen, bones, and tumors (Figure 4F and 4G).
After MI, the accumulation of post-M| LVD cMSC-
sEVs in the congested lungs was greater than in the
lungs of sham-MI mice (Figure 4F and 4G). Together,
our biodistribution studies indicated that cMSC-sEVs
biodistributed to various organs and tumors. Post-MI LVD
promoted cMSC-sEV accumulation in congested lungs.

cMSC-sEVs From the Post-MI Heart
Accelerated the Growth of Heterotopic Lung
Tumor

To dissect the effect of cMSC-sEVs from other factors
released from the post-MI failing heart, we used a model
of adoptive transfer of cMSC-sEVs to LLC tumor-bearing
mice with normal hearts (Figure 5A). We subcutaneously
injected cMSC-sEVs (2 pg of EV protein; Figure S11A)
or saline into the cancer cell inoculation site. We found
that transfer of cMSC-sEVs from failing hearts promoted
the appearance of visible tumors (Figure S11B). More-
over, cMSC-sEVs from the failing heart accelerated
tumor growth compared with sham-MI| EVs or saline
(Figure 5B). This was confirmed by the heavier tumors
in mice treated with cMSC-sEVs from post-MI hearts

Circulation. 2024;149:00—00. DOI: 10.1161/CIRCULATIONAHA.123.066911

(Figure S11C). Finally, histological analysis for expres-
sion of Ki67, a marker of cell cycle activity and tumori-
genesis, revealed a higher percentage of Ki67 in tumors
treated with cMSC-sEVs from the post-MI heart at 16
days, before differences in tumor volumes accelerated
(Figure S11C through S11E), and 28 days after tumor
inoculation (Figure 5C and 5D; Figure S11C and S11D).
We found mechanistically that the percentage of Ki67
correlated with tumor volume atiday 28, but not at day
16 (Figure S11F and S11G). Truﬂ, changes in tumor cell
proliferation preceded the acceleration in tumor growth.
Overall, cMSC-sEVs from the post-MI heart stimulated
tumor cell proliferation and growth.

EV Depletion Reduced the Tumor-Promoting
Effects of Post-MI'LVD

Interfering with EV secretion and uptake reduces tumor
growth, impedes metastatic progression, and inhibits
the systemic effects of cancer.!® To determine whether
EV depletion would reduce the effects of post-MI LVD
on tumor growth, we used GW4869, an inhibitor of the
enzyme that converts membrane sphingomyelin into
ceramide, which is required for the formation of EVs.*®
LLC cells were inoculated to the hindlimb of mice, and
10 days later, mice were randomly assigned for Ml or
sham-MI. Starting 3 days after M| or sham-Ml, mice from
each group were further randomly assigned to receive
intraperitoneal injections of GW4869 or dimethyl sulfox-
ide (vehicle) every 48 hours (Figure 6A). We confirmed
effective EV depletion in isolated sEVs from the whole
heart tissue at the end of the experiment (20 days after
MI; Figure 6B). EV depletion significantly attenuated tu-
mor growth after MI (Figure 6C) and, to a lesser extent,
after sham-MI (Figure 6C; Figure S12A), suggesting that
GW4869 also affects protumorigenic sEVs from sources
other than the heart. Still, the marked reduction in tumor
growth in post-MI mice during EV depletion suggested
that inhibiting cardiac sEVs after Ml contributed to re-
duced tumor growth.

Staining of tumor slides for Ki67 confirmed increased
cell cycle activity in tumors from mice with post-MI LVD.
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Figure 5. cMSC-sEVs from post-MI failing hearts accelerated growth of heterotopic lung tumor.

A To dissect the effects of cMSC-sEVs from other soluble factors, we randomly assigned mice to receive an equal amount of cMSC-sEVs from
post-MI LVD, sham-MlI 2 ug of EV protein), or saline every 48 hours. Each mouse received 3 subcutaneous injections to the inoculation site the
week before Lewis lung cancer cell inoculation (750000 cells in 100 pL of saline) and another 12 injections resuming b days after inoculation. B,
We monitored tumor growth with serial ultrasound examinations. Mice that received subcutaneous injections of cMSC-sEVs from post-MI hearts
developed larger tumors than mice treated with sham-MI cMSC-sEVs. Data are expressed as meanSD. Pvalues were determined by repeated-
measures 2-way ANOVA with the Holm-Sidak post test. P for cMSC-sEVs from LVD=0.0023, P for time <0.0001, and P for interaction <0.0001.
Pvalues for LVD cMSC-sEVs vs sham-MI cMSC-sEVs are displayed on the graph. € and D, To determine whether cMSC-sEVs from the post-Ml
hearts facilitated cancer cell proliferation, we stained tumor sections for Ki67 and assessed the number of mitoses. We found a higher percentage
of mitoses from tumors of mice who received cMSC-sEVs from post-MI hearts, compared with sham-MI| cMSC-sEVs or saline. This higher rate of
tumor cell mitosis was detected on day 16 (D), before any differences in tumor volume, and on day 28 (C). Data are expressed as mean+SD. P
values were determined by 1-way ANOVA with the Holm-Sidk post test. P for day 28=0.0154 and P for day 16=0.0009. Pvalues for specific
comparisons are displayed on the graph. Normality was tested using the D’Agostino-Pearson omnibus test. Scale bars=100 pm (top stains) and
30 pm (bottom stains). cMSC indicates cardiac mesenchymal stromal cells; DAPI, 4’,6-diamidino-2-phenylindole; EV, extracellular vesicle; sEVs,
small extracellular vesicles; LVD, left ventricular dysfunction; and MI, myocardial infarction. lllustration created with BioRender.com.

GW4869 significantly reduced the percentage of Ki67 The inhibitory effect of the GW4869 on the growth
in tumor cells (Figure 6D; Figure S12B). Thus, EV deple-  of tumors could be linked to a systemic depletion of EVs
tion reduced tumor growth, at least in part, by reduc-  (including tumor EVs) and other mechanisms indepen-
ing cancer cell proliferation. Moreover, sEV depletion  dent of the action of cEVs. To dissect the role of cEVs
reduced the power of the inverse correlation between in accelerating tumor growth and differentiate it from

LV ejection fraction and tumor volume (Figure S12C). EVs from other sources, we created a new model of sys-
Overall, our data suggested that EV depletion decreases ~ temic EV depletion with transfer of cMSC-sEVs in mice
the association between post-MI LVD and neoplastic ~ with post-MI LVD (Figure 6E). Again, GW4869 depleted
growth. EVs in the heart (Figure S12D and S12E), and although
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Figure 6. Systemic sEV depletion attenuated heterotopic lung tumor growth and transfer of post-MI cMSC-sEVs restored tumor
growth.

A, Lewis lung cancer cells (750000 cells in 100 pL of saline) were inoculated into the hindlimb of mice. Ten days later, mice were randomly
assigned for MI or sham-MI operation. Starting 3 days after Ml or sham-MI, mice from each group were further randomly assigned to receive
intraperitoneal injections of GW4869 (2.5 mg/kg) or DMSO (GW4869 vehicle as control) every 48 hours. Tumor growth and heart function

were assessed by ultrasound and echocardiography. B, To validate that intraperitoneal injections of GW4869 depleted cardiac EV production,

we separated EVs directly from cardiac tissue and analyzed them with nanoparticle tracking analysis. GW4869 successfully reduced the number
of EVs in post-MI hearts (B) and sham-MI hearts (C). Pvalues and percentage change were determined by zero-inflated negative binomial
regression. C, Mice with post-MI LVD developed larger tumors than sham-MI mice, and EV depletion attenuated the tumortrophic effects of post-
MI LVD. Data are expressed as mean+SD. Pvalues were determined by repeated-measures 2-way ANOVA with the Holm-Sidak post (Continued)
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Figure 6 Continued. test. The Pvalues for GW48609, for time, and for interaction were <0.0001. Post test Pvalues are displayed on the

graph for post-MI LVD with vs without GW4869. D, To support our findings, we stained the tumors for Ki67 and assessed tumor cell mitoses. We
found a higher percentage of mitoses in tumors from mice with post-MI LVD. EV depletion reduced the neoplastic effect of post-MI LVD. Pvalue
determined with 2-way ANOVA with the Holm-Sidak post test. P for GW4869=0.0079, Pfor post-MI LVD=0.0038, and P for interaction=0.1266.
E, Transfer of cMSC-sEVs during systemic EV depletion. We inoculated Lewis lung cancer cells (7560000 in 100 pL of PBS) in female C57BL/6
mice and subjected them to MI 10 days later. Three days after M, we randomly assigned the tumor-bearing mice to 3 treatment groups: (1)
GW4869 (2.5 mg/kg IP), and then 2 pg of cMSC-sEVs from the post-MI heart, subcutaneous above the tumor (n=8) every 48 hours; (2)
GW4869 (2.5 mg/kg IP) and saline (n=8) every 48 hours; or (3) DMSO (the vehicle of GW4869 as control) and saline (n=8) every 48 hours.
We monitored cardiac function and tumor volume with echocardiography and ultrasound. F, Transfer of cMSC-sEVs from post-MI hearts restored
tumor growth despite systemic EV depletion. Data are expressed as mean+SD. Pvalues were determined by repeated-measures 2-way ANOVA
with the Holm-Sidk post test. P for LVD cMSC-sEVs, for time, and for interaction were <0.0001. P for specific post test comparison is indicated
on the graph. G, We stained tumor sections for Ki67 and assessed tumor cell mitosis. We found that transfer of cMSC-sEVs from the post-Ml
hearts increased the number of mitoses in the tumor despite systemic EV depletion. Data are expressed as mean£SD. Pvalue was determined
by Kruskal-Wallis (P=0.0063) and Dunn post test. Pvalues for specific comparisons are indicated on the graph. Scale bars=100 um (top stains)
and 30 pm (bottom stains). cMSC indicates cardiac mesenchymal stromal cell; DAPI, 4/,6-diamidino-2-phenylindole; DMSO, dimethyl sulfoxide;
EV, extracellular vesicle; GW, GW4869; LVD, left ventricular dysfunction; Ml myocardial infarction; and sEVs, small extracellular vesicles. lllustration

created with BioRender.com.

systemic EV depletion suppressed LLC tumor growth,
transfer of cMSC-sEVs from the post-MI heart reaccel-
erated tumor growth after Ml (Figure 6F; Figure S12F).
The percentage of Ki67-positive cells in tumor sections
(Figure 6G) confirmed the protumorigenic effects of
cMSC-sEVs. We thus showed that cMSC-sEVs contrib-
ute to the tumor-promoting effects of post-MI LVD inde-
pendently of EVs from other sources.

cMSC-sEVs Promoted Growth of Orthotopic
Lung Tumors

Studying cancer in its natural environment can provide
unique insights into tumor biology, tumor-host interac-
tions, and the factors influencing tumor progression.
Thus, we performed orthotopic LLC cell transplantation,
injecting luciferase-expressing LLC cells into the tail vein
of mice, and tracked the spreading LLC cells into-the
lungs.® We assessed tumor spreading and growth by bio-
luminescence and microcomputed tomography imaging,
with and without a nanoparticle-based approach, using
glucose-functionalized gold nanoparticles as a meta-
bolically targeted computed tomography contrast agent
(glucose coating enhances the uptake by cancer cells).*

Consistent with the heterotopic model results, post-MI
LVD promoted tumor growth (Figure S13A and S13B).
Moreover, we found that cMSC-sEVs from the post-Ml
LVD hearts accelerated colonization and growth of LLC
cells in the lungs of mice after MI (Figure 7A through
7G). Systemic sEV depletion by GW4869 significantly
suppressed the tumor-promoting effects of post-MI LVD
by a factor of 4.5 (Figure 7C through 7F). Transfer of
cMSC-sEVs from post-MI hearts, but not from sham-
MI hearts, partially reestablished the tumor-promoting
effects of post-MI LVD (Figure 7C through 7G). These
findings were supported by computed tomography imag-
ing of lungs with glucose-functionalized gold nanopar-
ticles (Figure ST4A and S14B). Together, we confirmed
and supported our earlier findings that post-MI LVD
cMSC-sEVs contributed to tumor growth.

14 xxx xxx, 2024

We also established an orthotopic model of breast
cancer tumors using the 4T1 cell line implanted in the
mammary pad of syngeneic female Balb/c mice (Figure
S15A). We found that post-MI LVD accelerated tumor
growth modestly (Figure S15B). Furthermore, EV deple-
tion by GW4869 had minimal effect on tumor growth
(Figure S15B). Thus, the effect of post-MI LVD and the
contribution of cardiac sEVs vaﬁe".l with specific types of
cancer. |

Post-MI Spironolactone Restrained Tumor
Growth

Post-M| LVD is characterized by maladaptive neuro-
hormonal activation, particularly the renin-angiotensin-
aldosterone system. To determine whether post-M| LVD
treatment by renin-angiotensin-aldosterone system in-
hibitor would-affect cMSC-sEVs and tumor growth, we
used spironolactone, an aldosterone receptor antagonist
(Figure 8A).4%46 We found that, although post-MI spirono-
lactone did not improve LV ejection fraction, it attenuated
post-MI LV remodeling and improved global longitudinal
strain (Figure S16A through S16C). Although post-MI
LVD significantly accelerated growth of LLC tumors, spi-
ronolactone attenuated this effect (Figure 8B; Figure
S16F). Moreover, we found that reduced LV remodel-
ing, as indicated by LV dimension, was correlated with
smaller tumor volumes in mice with post-MI LVD (Figure
S16D). It is noteworthy that spironolactone treatment
did not reduce tumor volume or weight in sham-MI mice
(Figure 8B; Figure S16F), suggesting that spironolac-
tone lacked direct antitumor properties. Finally, we found
that spironolactone reduced the rate of cell cycle activity
(Ki67) in tumor cells in mice with post-MI LVD but not
in sham-MI mice (Figure 8C; Figure S16E). Our findings
collectively suggest that post-MI spironolactone reduced
tumor growth.

To further dissect the effect of post-MI spironolactone
on cMSC-sEVs, we assessed the effect of spironolactone
treatment on the generation of cMSC-sEVs (Figure 8D).

Circulation. 2024;149:00-00. DOI: 10.1161/CIRCULATIONAHA.123.066911
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Figure 7. cMSC-sEVs from post-MI failing hearts promoted growth of orthotopic lung tumor.

A, To investigate the role of cMSC-sEVs in the spreading and growth of lung tumors, we used

an orthotopic lung cancer model, EV depletion by

GW4869, and cMSC-sEV transfer from either post-MI LVD or sham-MI mice. We induced post-MI LVD in female C57BL/6 mice, and 3 days after

MI, we randomly assigned the tumor-bearing mice to 4 treatment groups: (1) GW4869 (2.5 m

g/kg IP) and then 10 pg of cMSC-sEVs from the

post-MI heart intraperitoneally (n=9) every 48 hours; (2) GW4869 (2.5 mg/kg IP) and then 10 pg of cMSC-sEVs from sham-MI intraperitoneally
(n=9) every 48 hours; (3) GW4869 (2.5 mg/kg IP) and saline (n=9) every 48 hours; or (4) DMSO (vehicle of GW4869 as control) and saline
(n=8) every 48 hours. Treatment with GW4869 started on day 3, and cMSC-sEV transfer started on day 4 to avoid mixing cMSC-sEVs with the
GW4869 solution containing DMSO. Then, we injected luciferase-expressing LLC cells (750000 in 100 L of PBS) into the tail vein (Continued)
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Figure 7 Continued. on day 10 after MIl. We monitored cardiac function with echocardiography and the development of lung tumors with IVIS
on days 14, 21, and 28. In addition, we scanned the lungs with and without injection of glucose-functionalized gold nanoparticles at day 30 using
micro-CT. B, Size distribution of injected cMSC-sEVs from post-MI LVD or sham-MI mice was mainly in the small EV range. C, Representative
images of the bioluminescence of the mice at days 14, 21, and 28 after MI. D, Quantification of chest bioluminescence after Ml and cMSC-sEV
transfer. GW4869 reduced the growth of LLC tumors. Transfer of post-MI cMSC-sEVs partially restored accelerated tumor growth. Sham-Ml
cMSC-sEVs did not affect LLC orthotopic tumor growth. Data are expressed as mean£SD. Pvalues were determined by repeated-measures
2-way ANOVA with the Holm-Sidak post test. P for post-MI cMSC-sEVs <0.0001, P for time <0.0001, and P for interaction <0.0001. P for post
test comparisons indicated on the graph. E, Representative images of tumor mass in the lungs by micro-CT at day 30. Individual lung tumors

are circled with a dotted red line. F, Blinded analysis of total tumor area (tumor burden). cMSC-sEVs from post-MI LVD but not from sham-MI
mice promoted the growth of tumor masses in the lungs, even after systemic EV depletion. Micro-CT were was analyzed by a technician blinded
to allocating mice into experimental groups. All tumor masses identified in the axial plane were confirmed and discriminated from blood vessels
using sagittal and coronal planes. Data are expressed as mean+SD. Pvalues by 1-way ANOVA with the Holm-Sidék post test. A<0.0001. P
values for specific post test comparisons are displayed on the graph. G, Representative images of lung tumor masses by histological staining for
hematoxylin and eosin at day 30. The arrows indicate small lung tumors. The dotted black line circles the larger tumors, and the box outlines the
higher-magnification inset below. Scale bars for upper stains (x2 magnification)=1 mm. Scale bars for lower stains (x20 magnification)=200 um.
cMSC indicates cardiac mesenchymal stromal cell; DMSO, dimethyl sulfoxide; EV, extracellular vesicle; sEVs, small extracellular vesicles; H&E,

hematoxylin and eosin; LLC, Lewis lung cancer; LVD, left ventricular dysfunction; micro-CT, micro—computed tomography; and MI, myocardial

infarction. lllustration created with BioRender.com.

We found that post-MI spironolactone reduced the num-
ber of cMSC-sEVs by 28% (Figure 8E). Then, we used a
conditioned medium of cMSCs (containing sEVs and sol-
uble proteins) from post-MI hearts with and without spi-
ronolactone treatment. We found that, cMSC-conditioned
medium, from post-MI hearts treated with spironolactone
attenuated LLC cell migration (Figure 8F), but not prolif-
eration (Figure 8G).

Next, we isolated cMSC-sEVs from the conditioned
medium and tested equal amounts of cMSC-sEVs from
post-MI hearts with and without spironolactone. treat-
ment. It was unexpected that equal doses of cMSC-sEVs
from post-MI hearts with and without spironolactone
treatment had similar effects on LLC migration and pro-
liferation (Figure 8H and 8l). Thus, our data suggest that
in vivo antitumor effects of post-MI spironolactone were
probably mediated by reducing the number of proneo-
plastic cMSC-sEVs.

Post-MI spironolactone treatment did not modulate
the effects of equal doses of cMSC-sEVs on proliferation
and migration of MC38 colon cancer cells (Figure S17A
through S17D). Furthermore, compared with no treat-
ment, post-MI spironolactone did not modify the effects
of cMSC-sEVs on C166 EC migration (Figure S17E and
S17F) and permeability (Figure S17G).

DISCUSSION

Our work provides several new findings. First, we pres-
ent evidence that post-MI failing hearts, specifically
cMSCs, secrete sEVs with protumorigenic properties.
cMSC-sEVs transfer multiple factors, including proteins,
cytokines, and miRs, that stimulate neoplastic growth
and activate protumorigenic macrophages (Figure 8G).
Second, the protumorigenic effects of cMSC-sEVs vary
with different types of cancers, with lung cancer being
the most susceptible. Third, EV depletion reduces the
protumorigenic effects of post-MI LVD. Finally, post-
MI spironolactone treatment decreases the number of

16 XXX xxx, 2024

cMSC-sEVs and suppresses tumor growth. Together,
we add a new insight into the evolving field of reverse
cardio-oncology with potential clinical implications.

Comparison With Previous R__eports

Our work builds on previous st&ﬁ'ps.g”_w The inflamma-
tory and reparative responses to myocardial injury and
failure may promote neoplastic growth by secreting in-
flammatory, reparative, immunomodulatory, and tumor-
promoting .mediators. For example, aortic constriction
promotes growth of breast and lung tumors in mice®
Periostin has been identified as a potentially important
mediator, and eliminating plasma periostin abolished the
effects on tumor cell proliferation in vitro® However, in-
hibition of soluble factors, including periostin, has never
been studied.in vivo. We found that periostin levels were
higher in both cMSC-sEVs and cMSC-conditioned me-
dium from post-Ml| failing hearts. Furthermore, our work
identifies other tumor-promoting factors, including cyto-
kines and miRs within cMSC-sEVs. Whether sEVs carry
sufficient quantities of cytokines and miRs to prompt
changes in cancer cells has been questioned.'® Here,
specific mediators, such as TGF-f, Gal-3, and miRs, were
enriched in sEVs. Such mediators can influence tumor
progression by promoting premetastatic niche formation
and metastasis.'® Overall, we suggest that, rather than
a single factor, multiple factors encapsulated by cMSC-
sEVs contribute to the link between heart disease and
cancer.

A recent report suggested another mechanism link-
ing sEVs to accelerated tumor growth. In post-MI LVD,
plasma sEVs suppress the sensitivity of cancer cells to
ferroptosis, an iron-dependent form of apoptosis, thereby
promoting tumor growth.*® The authors proposed that
miR-22-3p—enriched EVs from cardiomyocytes are piv-
otal in this mechanism.*®

A previous report showed that Ml and LVD did not
accelerate growth of renal cancer tumors.*” This finding

Circulation. 2024;149:00-00. DOI: 10.1161/CIRCULATIONAHA.123.066911
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Figure 8. Post-MI spironolactone reduced the tumor-promoting effects of post-MI LVD.

A, We inoculated LLC cancer cells (750000 in 100 pL of PBS) into female C57BL/6 mice and randomly assigned them to either MI or sham-

MI 10 days later. Three days after MI, we started spironolactone treatment (50 mg/kg, daily) or its vehicle, injected subcutaneously. Finally, we
performed serial echocardiographic and ultrasound measurements to assess cardiac remodeling, LV function, and tumor growth. B, Although post-
MI LVD accelerated the growth of heterotopic lung cancer, spironolactone significantly reduced the effect of Ml and LVD on tumor growth but

had no effect on tumors of sham-Ml—operated mice. Data are expressed as mean+SD. P values were determined by repeated-measures 2-way
ANOVA with the Holm-Sidak post test. P for spironolactone <0.0001, P for time <0.0001, and P for interaction <0.0001. P values for post-MI
LVD vs post-MI LVD+ spironolactone are displayed on the graph. C, To strengthen our findings, we stained the tumors for (Continued)
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Figure 8 Continued. Ki67 and assessed tumor cell proliferation. We found that spironolactone reduced the number of proliferating

cells in tumors from mice with post-MI LVD but had no effect on the tumors of sham-operated mice. Data are expressed as meanSD.

Pvalue determined by 2-way ANOVA with the Holm-Sidak post test. P for spironolactone=0.018, P for post-MI LVD=0.0005, and P for
interaction=0.0935. P values for specific comparisons are displayed on the graph. D, To determine whether spironolactone will reduce the number
or function of cMSC-sEVs secreted by the post-MI heart, we subjected female C57BL/6 mice to MI. We started spironolactone treatment by
subcutaneous injection (50 mg/kg, daily) 3 days later. On day 10, we harvested the hearts and isolated cMSCs. E, We purified sEVs from the
cMSC-conditioned medium and counted them by nanoparticle tracking analysis. We found that spironolactone reduced sEV release from cMSC
by 28%. Pvalues and percentage change were determined by zero-inflated negative binomial regression. F and G, To test the effects of post-

MI spironolactone on the function of cMSC-sEVs, we used scratch and proliferation assays. To dissect the effects of cMSC-sEVs from soluble
factors, we tested the effects of conditioned medium (5 g of proteins; F and G) or purified cMSC-sEVs (10%/mL; H and I) on LLC cell migration
and proliferation. LLC cell migration was reduced by cMSC-conditioned medium from post-MI hearts treated with spironolactone (F and G). H
and I, We isolated cMSC-sEVs from the conditioned medium and tested equal amounts of cMSC-sEVs from post-MI hearts with and without
spironolactone treatment. Equal dosages of cMSC-sEVs from post-MI hearts with and without spironolactone treatment have similar effects on
LLC migration and proliferation. Pvalue determined by repeated-measures 2-way ANOVA with the Holm-Sidak post test for migration assays

and 2-way ANOVA with the Holm-Sidék post test for proliferation assays. For migration assay with conditioned medium: P for spironolactone
<0.0001, P for time <0.0001, and P for interaction <0.0001. For migration assay with purified cMSC-sEVs: P for spironolactone <0.0001, P for
time <0.0001, and P for interaction=0.0430. For proliferation assay with conditioned medium: P for spironolactone <0.0001, P for time <0.0001,
and P for interaction <0.0001. For proliferation assay with purified cMSC-sEVs: P for spironolactone=0.0055, P for time <0.0001, and P for
interaction=0.0166. P for post-MI LVD vs post-MI LVD+spironolactone is displayed on the graph. J, A schematic presentation describes how
cardiac sEVs transmit signals from post-MI failing hearts and accelerate tumor growth. This mechanism could be a target for risk stratification and
treatment. Spironolactone treatment reduces the release of cMSC-sEVs and tumor growth. cMSC indicates cardiac mesenchymal stromal cells;
EV, extracellular vesicle; GAL, galectin; IL-6, interleukin 6; LLC, Lewis lung cancer; LV, left ventricle; LVD, left ventricular dysfunction; MI, myocardial
infarction; miR, microRNA; sEVs, small extracellular vesicles; TGFf, transforming growth factor-; TNFa, tumor necrosis factor a; and VEGH

vascular endothelial growth factor. lllustration created with BioRender.com.

agrees with our findings and clinical observations, sug-
gesting that the effects of heart disease on tumor growth
cannot be generalized to all types of cancer.

Macrophages play a significant role in tumor initiation,
progression, and cytotoxic response.®™° Koelwyn et al'’
have shown that Ml induced a sustained increase in cir-
culating monocytes that targeted and accelerated tumor
growth. Monocyte depletion significantly inhibited tumor
growth in mice subjected to MI.'" Here, we show that
cMSC-sEVs from post-MI heart educate macrophages
toward the protumorigenic. mode. The educated macro-
phages share specific characteristics with TAM, such as
proinflammatory, angiogenic, extracellular matrix remod-
eling, and immunosuppressive properties.®” Educated
macrophages upregulated the expression of the check-
point molecule PD-L1, which interferes with the ability of
the immune system to eliminate cancer cells and subse-
quently accelerates tumor growth.

In terms of translation, we show that post-MI spirono-
lactone reduces adverse LV remodeling, the number of
cMSC-EVs, and tumor growth. Our findings are signifi-
cant because they may help to improve the outcome of
patients with LVD and cancer. A recent retrospective
analysis has shown that renin-angiotensin-aldosterone
system inhibitors reduced the rate of mortality and
tumor recurrence in hypertensive patients after cancer
surgery.*® Thus, effective LVD therapy may reduce the
tumorigenic effects of post-MI LVD.

Limitations and Strengths

First, we used GW4869 to inhibit the production of
cEVs. However, GW4869 induces systemic EV de-
pletion and perhaps some other off-target effects.
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Moreover, GW4869 may also exert its effects through
mechanisms other than EV dép tion: However, today,
there are no specific, safe inhibitors of EV production,
release, or uptake. Still, by cMSC-EV transfer, we dem-
onstrated the independent tumor-promoting effects of
cMSC-sEVs in the presence of systemic EV depletion.
Second, the methods of infusing sEVs in experimen-
tal animals or adding them to cell cultures have been
questioned.”® The administration of exogenous EVs has
the limitation of not fully replicating the natural release
of cardiac sEVs. However, because the post-MI failing
heart secretes additional factors, such as soluble pro-
teins,>" " our approach allows us to study and dissect
the role of cMSC-sEVs independent of other secreted
factors. Third, we have proposed that spironolactone
inhibits LLC tumor growth by reducing cMSC-sEV se-
cretion. However, there is a need to determine the pre-
cise effect of post-MI spironolactone on the cargo of
cMSC-sEVs. Fourth, the detailed mechanisms respon-
sible for the diverse effects of post-MI cMSC-sEVs
on the proliferation and migration of different cancer
cells is still unclear. Additional research is essential in
understanding this phenomenon. Finally, although our
results suggest a significant contribution of cMSCs-
EVs to tumor growth, we acknowledge the need to in-
vestigate the role of sEVs from other cardiac cells in
tumor growth.

Summary, Implications, and Future Research

For the first time, we show that cMSCs from post-Ml
failing heart secrete sEVs that are enriched with mul-
tiple protumorigenic factors. Uptake of cMSC-sEVs by
cancer cells accelerates tumor growth. Our findings

Circulation. 2024;149:00-00. DOI: 10.1161/CIRCULATIONAHA.123.066911
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that post-MI spironolactone attenuated the association
between post-MI LVD and tumor growth may have im-
portant translational implications. In addition, our results
may be relevant to the association between cancer and
other cardiovascular diseases, such as atherosclerosis
and aortic stenosis. By better understanding the biol-
ogy and physiology of cardiac sEVs, we may be able
to identify new biomarkers and develop more effective
treatments for cancer associated with cardiovascular
diseases.
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