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Abstract
Toxoplasma gondii uracil phosphoribosyltransferase (UPRT) converts 4-thiouracil
(4TUc) into 4-thiouridine (4TUd), which is incorporated into nascent RNAs and can
be biotinylated, then labelledwith streptavidin conjugates or isolated via streptavidin-
affinity methods. Here, we generated mice that expressed T. gondii UPRT only in
cardiomyocytes (CMUPRT mice) and tested our hypothesis that CM-derived miR-
NAs (CMmiRs) are transferred into remote organs after myocardial infarction (MI)
by small extracellular vesicles (sEV) that are released from the heart into the periph-
eral blood (PBsEV). We found that 4TUd was incorporated with high specificity and
sensitivity into RNAs isolated from the hearts and PBsEV of CMUPRT mice 6 h after
4TUc injection. In PBsEV, 4TUd was incorporated into CM-specific/enriched miRs
including miR-208a, but not into miRs with other organ or tissue-type specificities.
4TUd-labelled miR208a was also present in lung tissues, especially lung endothe-
lial cells (ECs), and CM-derived miR-208a (CMmiR-208a) levels peaked 12 h after
experimentally induced MI in PBsEV and 24 h after MI in the lung. Notably, miR-
208a is expressed from intron 29 of α myosin heavy chain (αMHC), but αMHC
transcripts were nearly undetectable in the lung. When PBsEV frommice that under-
went MI (MI-PBsEV) or sham surgery (Sham-PBsEV) were injected into intact mice,
the expression of Tmbim6 and NLK, which are suppressed by miR-208a and coop-
eratively regulate inflammation via the NF-κB pathway, was lower in the lungs of
MI-PBsEV–treated animals than the lungs of animals treated with Sham-PBsEV or
saline. In MI mice, Tmbim6 and NLK were downregulated, whereas endothelial
adhesion molecules and pro-inflammatory cells were upregulated in the lung; these
changes were significantly attenuated when the mice were treated with miR-208a
antagomirs prior to MI surgery. Thus, CMUPRT mice enables us to track PBsEV-
mediated transport of CMmiRs and identify an miR-208a-mediated mechanism by
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which myocardial injury alters the expression of genes and inflammatory response in
the lung.
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 INTRODUCTION

Ischemic heart disease (IHD) is the leading cause of deathworldwide (Virani et al., 2020), and although investigations of IHDhave
frequently focused on the progression from acutemyocardial infarction (MI) to adverse remodelling and heart failure, the patho-
logical mechanisms induced by the initial infarct event are not restricted to the cardiovascular system (Prabhu & Frangogiannis,
2016). For example, acute MI induces pulmonary edema and the proliferation of parenchymal cells, as well as pulmonary fibrosis
and the thickening of inter-alveolar septa, which can contribute to the development of pulmonary hypertension and heart failure
(Biddle et al., 1974; Guazzi et al., 2008; Hales & Kazemi, 1974; Hu et al., 2017; Jasmin et al., 2004; Mlczoch & Kaindl, 1980). Thus,
a better understanding of how cardiomyocytes (CMs) regulate the activity of cells in other organs, such as the lung, may aid the
development of effective therapies for improving outcomes in patients with IHD.
Extracellular vesicles (EV) are lipid-bilayer membranous particles released by all cell types (Deatherage & Cookson, 2012;

O’Brien et al., 2020; Robinson et al., 2016). They carry bioactivemolecules (proteins, RNAs,microRNAs [miRs], andmetabolites)
that modulate the activity of target cells (de Couto et al., 2017; Huang et al., 2021; Peinado et al., 2012; Valadi et al., 2007). In
particular, EV that are produced by cardiac cells and released into the peripheral blood are key mediators of communication
between the heart and other organs (Bei et al., 2017; Cheng et al., 2019; Gholamin et al., 2016) and can have an important role
in cardiovascular disease (de Abreu et al., 2020; Gao et al., 2020; Garikipati et al., 2018; Kishore & Khan, 2017; Loyer et al., 2018;
Oh et al., 2020; Sahoo & Losordo, 2014; Youn et al., 2019). Cardiac EV are taken up by cells in the thymus, lung, and kidney (Luo
et al., 2020) and appear to promote cardiac fibrosis by transportingmiR-208a, which is expressed primarily in CMs, to fibroblasts
(Yang et al., 2018). Notably, we have shown that EV in the peripheral blood (PBEV) of patients who have experienced an acute
MI contain elevated levels of miR-208 and other CM miRs, and that PBEV collected from mice after MI potently mobilize bone
marrow (BM) progenitor cells when administered to intact mice (Cheng et al., 2019). However, most studies of EV-mediated
miR delivery have been conducted with exogenously administered EV, because techniques for distinguishing between the EV
produced byCMs (CMEV) and those fromother organs or tissueswithin the same animal are lacking, so the roles of endogenously
produced CMmiRs in remote organs and tissues remain largely uncharacterized (Barile et al., 2017; O’Brien et al., 2020; Verweij
et al., 2021).
EV are broadly divided into two major categories, exosomes and ectosomes (i.e., microvesicles); exosomes are formed in the

multivesicular endosomes (MVEs; or multi-vesicular bodies, MVBs) as intraluminal vesicles (ILVs) and released into extracel-
lular space upon fusion of MVBs with the cell membrane (Baietti et al., 2012; van Niel et al., 2018), whereas microvesicles are
generated by direct outward budding of plasma membrane of the cell. Thus exosomes and microvesicles have same membrane
orientation identical to that of the cell surface, but are different in size (exosomes at 30–150 nm vs. ectosomes at 50–2000 nm
in diameter) (Raposo & Stoorvogel, 2013; Raposo et al., 1996) and cargo compositions (Yanez-Mo et al., 2015; Zaborowski et al.,
2015). Small EV (sEV, < 200 nm in diameter) are enriched for exosomes, whereas large EV (lEV, > 200 nm in diameter) are
enriched for microvesicles.
Unlike its orthologue in mammals, the uracil phosphoribosyltransferase (UPRT) of Toxoplasma gondii converts 4-thiouracil

(4TUc) into 4-thiouridine (4TUd), which is incorporated into newly transcribed RNAs (Cleary et al., 2005; Gay et al., 2013;
Gay et al., 2014; Herzog et al., 2017; Sharma et al., 2018; Tomorsky et al., 2017; Zeiner et al., 2008), and the 4TUd-labelled RNAs
can be identified by thio-linked-biotinylation and streptavidin-affinity labelling or isolation. Thus, we generated a line of trans-
genic mice that expressed the T. gondii UPRT only in CMs, which enabled us to specifically label and track the miRs produced
by endogenous CMs. Subsequent experiments confirmed that 4TUd incorporation was highly specific and sensitive for car-
diac miRs, and that CM-derived miR-208a (CMmiR-208a) was evident in the lungs of intact mice. Furthermore, pulmonary
CMmiR-208a levels increased drastically in response to experimentally induced MI, and circulating sEV (PBsEV) isolated from
mice afterMI significantly downregulated the expression ofmiR-208-targeted genes, while increasing the expression of endothe-
lial adhesion molecules and the infiltration of pro-inflammatory cells, in mouse lungs. In contrast, pre-treatment of mice with
anti-miR-208a attenuates MI-induced pulmonary miR-208a target gene downregulation, EC adhesion molecule expression,
and inflammatory cell infiltration. Thus, CM-derived sEV and cargo miR-208a may contribute to MI-associated pulmonary
inflammation.
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 METHODS

. Animals

All animal experiments were approved by the Institutional Animal Care and Use Committee (IACUC) of the University of
Alabama at Birmingham (UAB), and comply with all relevant ethical regulations, including the National Institutes of Health
(NIH) ‘‘Guide for the Care and Use of Laboratory Animals’’. Experiments were conducted in 8–10 week-old male C57BL/6J mice
unless specified otherwise. Mice were fed ad libitum and maintained in a climate-controlled facility (22◦C, 43% humidity) with
a 12:12-h light:dark cycle. Two transgenic mouse lines, B6;D2-Tg (CAG-GFP,-Uprt)985Cdoe/J (i.e., CA-GFPstop-HA-UPRT or
GFPstopfl-UPRT mice) (Gay et al., 2013) and B6.FVB-Tg(Myh6-cre)2182Mds/J (i.e., CMCre mice) (Agah et al., 1997) were pur-
chased from the Jackson Laboratory and bred to generate mice with CM-specific expression of the T. gondii UPRT (CMUPRT
mice). All offspring were genotyped via PCR for 35 cycles with appropriate primers (Table S1); each cycle consisted of 20 s at
95◦C, 30 s at 57◦C, and 20 s at 72◦C.

. MI induction and sham surgery

Myocardial infarction induction and sham surgery were performed as previously described (Gao et al., 2010). Briefly, mice were
anesthetizedwith isoflurane (2-4%), the heart was displaced via a left intercostal thoracotomy, andMIwas induced via permanent
ligation with a 6-0 silk suture placed 2mmbelow the origin of the left anterior descending coronary artery (LAD); then, the heart
was repositioned in the thoracic cavity, air was evacuated, and the chest was closed. The sham operated animals underwent all
surgical procedures for MI induction except LAD ligation. After surgery, the animal remained on the heating pad to maintain
body temperature, and heart and respiratory rates were continuouslymonitored until the animal was sternal and fully ambulatory
and regained toe-pinch reflex. Pain control was provided via subcutaneous injections of buprenex (0.05 mg/kg) and carprofen
(5 mg/kg) immediately after surgery; if mice were maintained for more than 12 h, buprenex (0.05 mg/kg) was readministered
every 12 h for 48 h, and carprofen (5 mg/kg) was readministered once daily for 3 days.

. TUc administration

4TUc stock solution was prepared by dissolving 200 mg of 4TUc (catalogue #440736, sigma, St. Louis, MO, USA) in 1 ml of
dimethyl sulfoxide (DMSO) and stored away from light. Immediately before injection, the stock solution was diluted with corn
oil to a final concentration of 50mg/ml and vigorously vortexed; then, the solutionwas administered via intraperitoneal injection
(400 mg/kg per mouse). For analyses in intact mice, animals were injected once 6 h before euthanasia and tissue collection.
Animals that underwent MI-induction or sham surgery received one dose 12 h before the surgical procedure and a second dose
immediately afterward.

. PBsEV isolation and injection

Blood was drawn into collection tubes containing ethylenediaminetetraacetic acid (EDTA) and centrifuged at 500 g for 10 min;
then, the supernatant was collected and centrifuged at 3000 g for 15 min to remove platelets. The platelets-depleted plasma was
diluted 1:20 in ice-cold PBS and centrifuged at 15000 g and 4◦C for 40 min, then the supernatant was filtered through a PES filter
of 0.22 μm pore size (Millipore) and ultracentrifuged at 120,000 g for 2 h (Sorvall WX80 S/N: 761380; Thermo Fisher Scientific,
Waltham, MA, USA). The pellets were resuspended in ice-cold PBS and ultracentrifuged again at 120,000 g for 2 h. The PBsEV
in the pellets were resuspended in ice-cold PBS for further use. The protein concentrations were measured with a Pierce BCA
Protein Assay Kit (catalogue #23225, Thermo fisher Scientific, Waltham, MA, USA). MI- and Sham-PBsEV were obtained 12 h
afterMI or sham surgery, respectively, and administered to intactmice (100μg PBsEV in 100μl PBS) via two intravenous injections
performed 24 h apart.

. miR-a antagomir synthesis and administration

The miR-208a antagomir (LNA-anti-miR-208a) and control (LNA-anti-Caenorhabditis elegans cel-miR-67) oligonucleotides
(CTTTTTGCTCGTCTTA and TCCTAGAAAGAGTAGA, respectively, with the LNA-modified nucleotides displayed in under-
lined, italicized font) were synthesized at Integrated DNA Technologies (Coralville, Iowa, USA). LNA-anti-miR-208a was
complementary to the 5′ region of the mature miR-208a sequence and potently silences miR-208a for 2 weeks when



 of  HAN et al.

administered at 25 mg/kg (Montgomery et al., 2011). The antagomir or control oligonucleotide was injected into the tail-vein
(25 mg/kg in 100 μl PBS per mouse) immediately before AMI induction or sham-AMI surgery.

. RNA purification and thiolated RNA isolation

Thiolated RNAs were protected from light at all times. The isolation and purification protocols have been described previously
(Gay et al., 2014). Briefly, tissues or PBsEV were homogenized in 1 ml TRIzol (Thermo Fisher Scientific) with a TissueRuptor
(Qiagen, Germantown, MD, USA) and extracted with 200 μl chloroform; then, total RNA was precipitated from the aqueous
phase via the addition of glycogen, Dithiothreitol (DTT), and 0.5 ml cold isopropanol, followed by centrifugation at 12,000 g and
4◦C for 10 min. The RNA-containing pellets were rinsed with 75% ethanol and centrifuged at 12,000 g and 4◦C for 5 min; then,
the supernatant was removed, the pellet was dissolved in RNase-free water, and RNA concentration and purity were determined
via Nanodrop (Thermo Fisher Scientific).
Ribosomal RNAs (rRNAs) were removed with a RiboMinus Transcriptome Isolation Kit (Thermo Fisher Scientific); then, the

rRNA-free RNAs were reacted with EZ-Link biotin-HDPD (Thermo Fisher Scientific), purified with an RNeasy minikit, and
eluted in 20 μl of RNase-free water. Biotinylated RNAs were isolated with a μMacs streptavidin kit (Miltenyi Biotec, Waltham,
MA, USA) as directed by the manufacturer’s instructions, but with 2-mercaptoethanol (100 mM) rather than DTT used for the
elution step, and then purified via ethanol precipitation.

. Dot blot analysis

Dot blot analysis was performed by following published protocols (Rädle et al., 2013; Sharma et al., 2018). Briefly, RNA was
applied with a biotin-labelled DNA oligonucleotide (positive control; Integrated DNA Technologies) to a BrightStar-Plus pos-
itively charged nylon membrane (Thermo Fisher); then, the membrane was air-dried at room temperature for 5 min, blocked
with 10% sodium dodecyl sulphate (SDS) in PBS and 1 mM EDTA at room temperature for 30 min, incubated in 10% SDS/PBS
with HRP-conjugated streptavidin (Thermo Fisher Scientific) at room temperature for 15 min, and washed for 5min with each of
three progressively declining concentrations of SDS (10%, 1%, and 0.1%) in PBS. Biotinylated RNAswere detectedwith ECLPrime
Western Blotting detection reagent (GE Healthcare Life Sciences, Chicago, IL) and a ChemiDoc MP Imaging System (Bio-rad,
Hercules, California, USA).

. Quantitative real-time polymerase chain reaction (qPCR)

For analysis of mRNA abundance, RNA was reverse-transcribed with PrimeScript Reverse Transcriptase (catalogue #2680A,
Takara, Kusatsu, Shiga, Japan), and then qPCR was performed with Fast SYBR Green Master Mix (catalogue #4385610, Thermo
Fisher Scientific) and appropriate primer sequences (Table S1). Measurements were normalized to the abundance of GAPDH
mRNA. For analysis of miR abundance, qPCR was performed as described previously (Sharma et al., 2016) with pre-designed
assays for mouse miR-1a-3p, miR-133a-3p, miR-499-5p, miR-208a-3p, miR-122-5p, miR-192-5p, miR-195a-3p, and cel-miR-39-
3p (Life Technologies). For quantifying cellular miRs, measurements were normalized to the abundance of U6 small nuclear
RNA (internal control). For quantifying 4TUd-labelled miRs, Cel-miR-39 standard was included as an external reference in an
amount equal to isolated 4TUd-incorporated RNA (1–10 ng) and used for normalization. For quantifyingmiRs in PBsEV, a group
of six miRNAs (miR-19b-3p, 103-3p, 154–5p, 200b-3p, 342–3p, and 434-3p; hereto collectively referred as “PB-StablemiRNAs”) we
have previously identified to have best stability measures in the circulation and not to be affected by MI (Cheng et al., 2019) were
used as reference. The relative mRNA/miRNA expression level for each gene/miRNA was calculated via the 2(−ΔΔCt) method.
∆Ct=Ct (gene/miRNAof interest) – Ct (housekeeping gene/control reference) [Ct is (CtmiR19b+CtmiR103+CtmiR154+CtmiR200b
+CtmiR342 + CtmiR434) / 6 when normalized to PB-StablemiRNAs], ∆∆Ct = ∆Ct (experimental sample) – ∆Ct (control sample),
and the relative expression value equals power (2, −∆∆Ct).

. RNA sequencing analysis

Small RNA library was prepared with QIAseqmiRNA Library Kit followingmanufacturer’s instructions. Briefly, total RNAs were
isolated from PBsEV, then subjected sequentially to 3′ and 5′ adapter ligations (sequence-3′ adapter AACTGTAGGCACCAT-
CAAT and 5′ adapter GTTCAGAGTTCTACAGTCCGACGATC), cDNA synthesis and cDNA library pre-amplification, fol-
lowed by high-throughput sequencing on anNextSeq500 (single end 75 bpmode). For informatics analysis ofmiRNAabundance,
the 3′ adapter sequence and low-quality bases were removed using cutadapt (cutadapt.readthedocs.io/en/stable/guide.html), and
the sequence was analysed in GeneGlobe Data Analysis Centre provided by QIAGEN with no spike-ins and 1 lane option.
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. Isolation of hematopoietic, endothelial, and epithelial cells from lung tissue

Hematopoietic, endothelial, and epithelial cells were isolated via immunoaffinity for the corresponding cell-type specific surface
markers (CD45, CD31, and CD326, respectively) (Nakano et al., 2018). Briefly, lung tissue was perfused with PBS; cut into small
pieces; and digested with RPMI medium containing 4 U/ml elastase, 1 U/ml dispase, and 200 μg/ml DNase for 45 min at 37◦C.
Isolated cells were passed through a 70-μm cell strainer; any remaining pieces of undigested tissue were digested with RPMI
containing 25 μg/ml Liberase and 200 μg/ml DNase for 30 min at 37◦C and passed through a 70-μm cell strainer to collect more
cells. Then, all cells were combined into a single solution, precipitated by centrifugation, resuspended in PBS, and incubated with
biotinylated anti-CD45 antibody. Hematopoietic (CD45+) cells were collectedwith streptavidin-coatedmagnetic beads, and cells
that remained in the flow-through were precipitated, resuspended (1×108 cells/ml) in flow-cytometry buffer (0.5% bovine serum
albumin [BSA], 0.1% NaN3, and 2 mM EDTA in PBS), and incubated with allophycocyanin-conjugated anti-CD31 antibodies
and phycoerythrin-conjugated anti-CD326 antibodies; then, endothelial (CD31+) and epithelial (CD326+) cells were sorted with
a BD FACSymphony Flow Cytometer.

. Isolation of bone marrow mononuclear cells (BMMNC)

BM cells were obtained by flushing the cavity of the femurs and tibias with PBS, and BM MNC were isolated via density cen-
trifugation using 1.083 g/ml histopaque (MilliporeSigma, Cat#10831). Briefly, 15 ml BM cells were carefully layered onto 15 ml
histopaque 1083, then centrifuged at 400 g and room temperature for 30 min. The BM MNC were carefully collected from the
buffy coat and washed with PBS for three times before use.

. Nanoparticle tracking analysis (NTA)

PBsEV were evaluated with a Nanosight NS300 instrument (Malvern Panalytical, Malvern, UK) in the UAB High-Resolution
Imaging Facility. Settings were optimized and remained constant between samples, and each video was analysed to determine
the mean, mode, median, and concentration for each particle size. Measurements were performed at 1:1000 to 1:2500 dilu-
tion, yielding particle concentrations of 106–108 particles/ml, as recommended by the manufacturer. Samples were analysed in
triplicate.

. Transmission electron microscopy (TEM)

TEM was performed with an FEI Tecnai T12 transmission electron microscope in the UAB High-Resolution Imaging Facility.
Freshly prepared PBsEV were placed on a copper grid coated with 0.125% Formvar in chloroform, the grid was stained with 1%
v/v uranyl acetate in ddH2O, and ultra-thin sections (65 nm) were stained with uranyl acetate and Reynold’s lead citrate. Imaging
was performed immediately after sample preparation.

. Fluorescence microscopy

Mice were perfused with PBS under deep anaesthesia. The heart, liver, spleen, lung, kidney, and skeletal muscles were harvested,
fixed in 4% paraformaldehyde for 12 h, dehydrated in 20% sucrose solution, embedded in optimal cutting temperature (OCT)
compound, and cut into frozen sections. Cell nuclei were stained with DAPI in antifade mounting media (Vector Laboratories,
Burlingame, CA, United States) as directed by the manufacturer’s instructions, and GFP fluorescence was observed with an
Olympus IX83 microscope.

. Histology

After euthanasia, the lung bronchoalveolar lavage fluids were removed through a cut in the trachea (Barile et al., 2017), then
the lung was perfused with O.C.T compound and freshly frozen (Ling et al., 2009). The lung, liver, spleen, kidney, and skeletal
muscles were cut into 10-μm sections, which were subsequently fixed in 4% paraformaldehyde, washed once in PBS, treated
with 0.05% Triton X-100, and blocked with 5% BSA. For CD45 immunohistochemistry (IHC) staining, the tissue sections were
incubated with biotin-conjugated rat anti-mouse CD45 antibody (1:200 dilution; BD biosciences) and with HRP-conjugated
streptavidin (1:200; catalogue #N100, Thermofisher); and the proteinwas visualizedwithRAB substrate andHarrisHaematoxylin
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counterstaining. For CD68 immunofluorescence (IF) staining, the tissue sections were incubated with rabbit anti-CD68 anti-
body (1:100 dilution; eBiosciences) and with AF488-conjugated goat-anti-rat IgG (1:200 dilution; Thermo fisher); and then
counterstained with DAPI. The sources and working concentrations of antibodies are reported in Table S2.

. Western blot

Proteins were extracted from mouse tissues or PBsEV with RIPA lysis buffer (25 mM Tris•HCl pH 7.6, 150 mM NaCl, 1%
NP-40, 1% sodium deoxycholate, 0.1% SDS) (Thermo fisher); denatured with 4 x Laemmli buffer (Bio-rad) containing 10%
2-mercaptoethanol at 95◦C for 5 min, separated via electrophoresis with a 12% SDS-polyacrylamide gel, and then transferred
to a polyvinylidene fluoride (PVDF) membrane. The membrane was blocked with 5% nonfat milk, incubated with a primary
antibody for hemagglutinin (HA), β-tubulin, α-MHC, cytochrome c, lamin A/C, CD36, CD63, CD81, CD9, TSG101, GAPDH,
Tmbim6, or NLK, thenwith an anti-mouseHRP or anti-rabbit HRP secondary antibody (Table S2). Proteins were visualized with
ECL Prime Western Blotting detection reagent on a ChemiDoc MP Imaging System. GAPDH abundance was used to control
for unequal loading.

. Statistical analysis and reproducibility

Data are presented as mean ± standard deviation. Sample size calculations and statistical analyses were performed with Prism 5
software (GraphPad Software, La Jolla, CA, USA).
The normality of data was tested with the Shapiro-Wilk test. For the data with a normal distribution, significance was eval-

uated via the two-tailed t test for comparisons between two groups or via analysis of variance (ANOVA) with the post-hoc
Newman-Keuls test for multiple comparisons. For the data with non-normal distributions, significance was evaluated via the
non-parametric Mann Whitney test. For data with a sample size n = 3, the non-parametric test presented in (Bian et al., 2021)
was applied; in this case, the null hypothesis is H0: the probability that a random (group-1 sample > group-2 sample) is 0.5. A
P-value of less than 0.05 was considered significant. Western blotting was performed at least twice to confirm the similarity of
results.

 RESULTS

. TUd is incorporated into newly transcribed CM-derived RNAs of CMUPRTmice

CA-GFPstopflox-HA⋅UPRT (GFPstopfl-UPRT) mice carry a floxed genetic sequence that codes for GFP expression and blocks
expression of the downstream hemagglutinin (HA)-tagged T. gondii UPRT fusion protein. Thus, we generated a line of trans-
genic mice that express T. gondii UPRT specifically in CMs (CMUPRT mice) by breeding GFPstopfl-UPRT mice with mice that
expressed Cre recombinase from the cardiac αmyosin heavy chain (αMHC) promoter (CMCre mice) (Figure S1A). Subsequent
assessments confirmed that GFP expression was knocked out (Figure 1A) and HA-UPRT expression was activated (Figure 1B-C)
in the CMs of CMUPRT mice, but not in any other cardiac-cell type or organ (Figure S1B-C), and when cardiac RNA was
isolated from mice 6 h after treatment with intraperitoneal injections of 4TUc, biotinylated, and labelled with streptavidin-
conjugated horseradish peroxidase (HRP), the HRP signal was ∼10-fold greater in RNAs from CMUPRT mice than from CMCre
mice (Figure 1D). HRP chemiluminescence was also much greater in cardiac RNAs from CMUPRT than from CMCre mice after
ribosomal RNAs, which comprise the bulk of the total cellular RNA content, had been depleted with Ribominus (Figure 1E), and
in RNAs isolated from the peripheral-blood sEV (PBsEV-RNAs) of CMUPRT mice than in CMCre PBsEV-RNAs (Figure 1F). The
HRP signals in cardiac and PBsEV RNAs from CMUPRT mice without 4TUc injection were negligible (Figure S2).

. PBsEV transport CM-derived miRs from the heart to the lung

The CM-specificity of miR labelling was also evaluated by comparing 4TUd incorporation in miRs that are predominantly
expressed by CMs (miR-1, 133, and 208), skeletal muscle (miR-1 and 133), kidney (miR-499), hepatocytes (miR-122 and 192),
lung (miR-195), spleen (miR-142), and brain (miR-9). In cardiac tissues, measurements of total (Figure 2A) and 4TUd-labelled
(Figure 2B) RNA abundance were much greater for CM miRs than for kidney, hepatocyte, lung, spleen or brain miRs. Interest-
ingly, the efficiency of 4TUd-labelling was greater for miR-208 than for miR-1 or -133 (Figure 2C), which could suggest that the
rate ofmiR turnover was faster formiR-208 than for the other twoCMmiRs during the 6-h 4TUd-labelling period. PBsEV carried
ample total amounts of cardiac miRs (miR-1, 133, and 208), as well as hepatic (miR-122), lung (miR-192), and spleen (miR-142)
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F IGURE  TUd is incorporated into newly transcribed CM-derived RNAs of CMUPRTmice.Mice expressing T. gondiiUPRTin CMs alone (CMUPRT
mice) were generated by breeding mice that expressed Cre recombinase from the CM-specific αMHC promoter (CMCre mice) with mice carrying a floxed
genetic sequence that coded for GFP expression and blocked expression of the downstream hemagglutinin (HA)-tagged T. gondii UPRT (GFPstopfl-UPRT
mice). (A) Cre-mediated deletion of the floxed GFPstop sequence in CMUPRT mice was confirmed by comparing images of GFP fluorescence in the hearts
of CMCre, GFPstopfl-UPRT, and CMUPRT mice. (B-C) GFP and HA protein abundance was evaluated in (B) the hearts of CMCre, GFPstopfl-UPRT,
and CMUPRT mice and in (C) the heart, liver, spleen, lung, kidney, and skeletal muscle (SkM) of CMUPRT mice via Western blot; β-tubulin protein abundance
was also evaluated to control for unequal loading. (D–F) RNA was isolated from (D–E) the hearts and (F) PBsEV of CMUPRT and CMCre mice 6 h after the
animals had been injected with 4TUc (400 mg/kg). (D) Total cardiac RNA, (E) Ribominus-treated cardiac RNA, and (F) total PBsEV RNA were biotinylated
and labelled with HRP-tagged streptavidin to identify 4TUd-containing transcripts, and then the abundance of the HRP-labelled transcripts was evaluated via
Dot blot. A biotin-labelled DNA oligonucleotide was included in the analysis to serve as a positive control.

miRs (Figure 2D), but substantial 4TUd incorporation and high efficiency of 4TUd-labelling (i.e., the ratio of 4TUd-labelled to
total miR abundance) was only observed for cardiac miR-1 and miR-208 (Figure 2E-F), indicating robust 4TUd incorporation
into CM-, but not other tissue-specific/enriched miRs. The ratio of 4TUd-labelled miR-133 to total miR-133 in PBsEV was lower
than that of miR-1 and 208, which may reflect PBsEV miR-133 largely derived from skeletal muscles.
Total (Figure 2G) and 4TUd-labelled (Figure 2H) miR-208 (TotalmiR-208 and 4TUdmiR-208, respectively) were also highly

abundant in the lung, but not in the liver, kidney, bone-marrow mononuclear cells (BM MNC), or skeletal muscle, and the
ratio of 4TUdmiR-208 abundance in the lung and heart (lung:heart = 1:200) was similar to the ratio of TotalmiR-208 in the same
organs (lung:heart = 1:140), which suggests that much of the miR-208 present in the lung had been transported from the heart.
Furthermore, when hematopoietic (CD45+), endothelial (CD31+), and epithelial (CD326+) cells were isolated from lung tissues
via immunoaffinity and fluorescence-activated single cell sorting (Figure S3), 4TUdmiR-208 was found in all three cell types and
most abundant in ECs (Figure 2I). Collectively, these observations indicate thatmiR-208was expressed inCMs and packaged into
sEV, which were subsequently released into the peripheral blood and preferentially internalized by cells in the lungs, especially
lung ECs.

. MI increases the abundance of CM-derived miR-a in the lung

To determine whether MI alters the expression and distribution of CM-derived miR-208, assessments were conducted in mice
that had been injected with 4TUc 12 h before and immediately after surgically inducedMI or sham surgery. PBsEV collected 12 h
after MI induction (MI-PBsEV) or sham surgery (Sham-PBsEV) were similar in size and morphology and contained equivalent
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F IGURE  PBsEV transport CM-derived miRs from the heart to the lung. Analyses were conducted in CMUPRT mice 6 h after 4TUc administration.
(A-F) The abundance of transcripts for miRs that are predominantly associated with CMs (miR-1, 133, and 208), skeletal muscle (miR-1and 133), kidney
(miR-499), hepatocytes (miR-122 and 192), lung (miR-195), spleen (miR-142), and brain (miR-9) was measured in (A) total, (B) 4TUd-containing RNA
extracted from heart tissue and in (D) total, (E) 4TUd-labelled RNA collected from PBsEV. The ratios of 4TUd+/total RNA from heart (C) and PBsEV (F) were
calculated. (G-H) The abundance of miR-208 was measured in (G) total and (H) 4TUd-containing RNA extracted from the heart, liver, lung, kidney,
bone-marrow mononuclear cells (BMMNCs), and skeletal muscle (SkM). (I) miR-208 abundance was measured in the immunologically isolated lung CD45+,
CD31+, and CD326+ cells. miR abundance was quantified via qPCR and normalized to U6 snRNA (A, G, and I), Cel-miR-39 (B, E, and H), or PB-StablemiRNAs
(D); data are expressed as mean ± standard deviation. *P < 0.05. I, one-way ANOVA.

amount of TSG101 protein (Figure S4); however, the yield of MI-PBsEV from each mouse was 38.5%, 25.2%, and 18.5% greater
in protein, RNA, and particle accounts, respectively, than that of Sham-PBsEV (Table S3), and MI-PBsEV expressed higher levels
of CD9, CD81, CD63, αMHC, and GAPDH markers and a lower level of β-actin protein (Figure S4). Bulk sequencing analy-
sis identified numerous miRs that were differentially expressed in the two groups (Figure 3A), including miR-208, which was
markedly enriched in MI-PBsEV. When measured via quantitative polymerase chain reaction (qPCR), 4TUdmiR-208 abundance
in PBsEV increased ∼40-fold from before MI induction until 12 h afterward but was nearly undetectable at 48 h (Figure 3B),
while 4TUdmiR-208 abundance in the lung peaked 24 h after MI induction (Figure 3C) and remained substantially higher than
4TUdmiR-208 levels in the kidney, liver, BM cells, or skeletal muscle (Figure 3C-D). Notably, miR-208a is expressed from intron
29 of the αMHC gene, but αMHCmRNA was nearly undetectable in the lung (Figure 3D), which confirms that the MI-induced
increase in 4TUdmiR-208 abundance was not caused by the activation of αMHC expression in lung cells.

. CM-derived miR- downregulates NLK and Tmbim expression and upregulates
pro-inflammatory response in the lung

miR-208 targets nemo-like kinase (NLK) and transmembrane BAX inhibitor motif containing 6 (Tmbim6) (Figure S5) (Mont-
gomery et al., 2011; Wilkes et al., 2021; Yan et al., 2016). Thus, we compared the expression of these two miR-208 targets in the
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F IGURE  MI increases the abundance of CM-derived miR-a in the lung. CMUPRT mice were injected with 4TUc 12 h before and immediately
after surgically induced MI or sham surgery. (A) miR abundance was determined via bulk sequencing analysis in PBsEV collected 12 h after MI induction or
sham surgery (n = 2). (B–C) The abundance of miR-208a transcripts was determined (B) in PBsEV and (C) in tissues from the lung, liver, spleen, and kidney,
in skeletal muscle (SkM) tissues, and in bone-marrow mononuclear cells (BMMNC) collected before MI induction and 12, 24, and 48 h afterward (n = 3).
***P < 0.001; NS, not significant versus baseline. One-way ANOVA. (D) The abundance of αMHC and miR-208a transcripts was determined in tissues from
the heart, kidney, lung, and liver, in SkM tissues, and in BMMNC collected 24 h after MI induction (n = 4). Measurements in panels B, C, and D were
performed via qPCR and normalized to PB-StablemiRNAs (B), U6 snRNA (C and right panel of D), or GAPDHmRNA (left panel of D).

lungs of intact mice 24 h after the animals had received intravenous injections of 100 μg of MI- or Sham-PBsEV, constituting
308 ng or 338 ng RNA, respectively; a third group of animals was injected with an equivalent volume of PBS alone. Compared to
the PBS control, injection of MI-PBsEV led to 2.3 fold increase in the level of lung miR-208a, whereas injection of Sham-PBsEV
did not change lung miR-208a level significantly (Figure 4A). NLK mRNA abundance did not differ significantly among the
three groups (Figure 4B). NLK protein levels were similar in animals treated with Sham-PBsEV and PBS but significantly lower
in MI-PBsEV– than in Sham-PBsEV– or PBS-treated animals (Figure 4C). Both Tmbim6 mRNA and protein levels were similar
in PBS- and Sham-PBsEV–injected animals but declined in response to MI-PBsEV injection (Figure 4B-C).

NLK and Tmbim6 also suppress the activity of multiple proteins that participate in nuclear factor kappa B (NF-κB) signalling
pathway (Huang et al., 2016; Lisak et al., 2016; Liu et al., 2015; Yasuda et al., 2004), which regulates inflammation, andmRNA lev-
els for downstream targets of the NF-κB pathway, including intercellular adhesion molecule 1 (ICAM-1), vascular cell adhesion
molecule 1 (VCAM-1), and E-selectin, were greater in the lungs of MI-PBsEV animals than in lungs from the Sham-PBsEV or
PBS group (Figure 4D). MI-PBsEV treatment of human vein endothelial cells (HUVECs) for 12 h led to more nuclear phospho-
p65 protein (i.e., activated NF-κB) than Sham-PBsEV treatment (Figure S6). Notably, the upregulated expression of ICAM-1,
VCAM-1 and E-selectin in the lung of MI-PBsEV animals was associated with increased alveolar wall thickness (Figure 4E),
collagen content (Figure S7), and numbers of infiltrating hematopoietic (CD45+) cells and monocytes/macrophages (CD68+)
(Figure 4F-G & Figure S8A-B). Interestingly, mRNA levels of NLK, Tmbim6, ICAM-1, VCAM-1, and E-selectin (Figure S9) and
numbers of infiltrating CD45+ and CD68+ cells (Figure S10-11) in the liver, kidney, spleen, skeletal muscles, and BM MNC
were similar between the three groups, except for slightly decreased liver and kidney Tmbim6 expression and slightly increased
liver CD45+ cells in MI-PBsEV treated animals (Figures S9-11). When an miR-208 antagomir or control oligonucleotide was
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F IGURE  Administration of exogenous MI-PBsEV downregulates NLK and Tmbim expression and induces pro-inflammatory response in the
lung of uninjured mice. PBsEV were collected from mice 12 h after MI induction (MI-PBsEV) or sham surgery (Sham-PBsEV) and then intravenously injected
into uninjured mice; PBsEV were delivered in two doses administered 24 h apart, and a third group of uninjured mice was injected with equivalent volumes of
PBS. The lung tissues were harvested 24 h after the second dose and evaluated for the expression levels of (A) miR-208a; (B-C) NLK and Tmbim6 mRNA (B)
and protein (C); and (D) E-selectin, VCAM-1, and ICAM-1 mRNA; as well as the (E) thickness of alveolar walls (H&E staining); and (F–G) numbers of
infiltrating CD45+ hematopoietic cells (F) and CD68+monocyte/macrophages (G). Data are reported as mean ± standard deviation
(n = 5–6). Measurements in panels A, B, and D were performed via qPCR and normalized to U6 snRNA (A) or GAPDHmRNA (B and D). *P < 0.05,
**P < 0.01, ***P < 0.001. NS, not significant. A: one-way ANOVA; B and lower panel of C: two-way ANOVA; and D: Mann-Whitney test.

co-administered with MI-PBsEV, the MI-PBsEV–induced downregulation of NLK and Tmbim6 and increase in CD45+ and
CD68+ cell infiltrations in the lung were diminished bymiR-208a antagomir co-treatment, but not by control oligo co-treatment
(Figure S12A-C).

Furthermore, we evaluated the physiological effect of the elevated heart-to-lung miR-208 transfer in injured animals. miR-
208 levels in the lung were significantly lower 3 days after MI was induced in mice that had received intravenous injections of
an LNA-modified miR-208 antagomir, rather than a control antagomir sequence, immediately before MI surgery (Figure 5A),
and pretreatment with the miR-208 antagomir increased NLK and Tmbim6 mRNA and protein levels (Figure 5B-C), while
reducing the abundance of ICAM1, VCAM1, E-selectin, TNF-α, and IL-1β mRNA expression (Figure 5D), alveolar wall thick-
ness (Figure 5E), collagen content (Figure S13), and hematopoietic and monocyte/macrophage infiltrations (Figure 5F-G &
Figure S14A-B), in the lungs on Day 3 after MI. Notably, neither MI surgery nor miR-208 antagomir pretreatment significantly
alteredNLK andTmbim6mRNAand protein levels in the liver, kidney, spleen, SkM, or BMMNC (Figure S15). Thus, CM-derived
miR-208 appears to target NLK and Tmbim6 in the lung where it promotes the inflammatory response to MI.

 DISCUSSION

miRs are key regulators of numerous cellular processes that maintain physiological homeostasis and can contribute to disease;
however, an adequate understanding of these regulatory mechanisms can only be gained through the use of techniques that can
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F IGURE  CM-derived miR- downregulates NLK and Tmbim expression and upregulates inflammation in the lung of MI mice. Mice were
intravenously injected with an miR-208a antagomir (LNA-anti-miR-208a, 25 mg/kg) or a control (scrambled) oligonucleotide (Ctrl oligo, 25 mg/kg) before MI
induction; a third group of mice underwent sham surgery without receiving the antagomir or control oligonucleotide. The lung tissues were harvested 3 days
after MI induction or sham surgery and evaluated for the expression levels of (A) miR-208a; (B–C) NLK and Tmbim6 mRNA (B) and protein (C); and (D)
VCAM-1, ICAM-1, E-selectin, TNF-α and IL-1βmRNAs; as well as the (E) thickness of alveolar walls (H&E staining); and (F-G) numbers of
infiltrating CD45+ hematopoietic cells (F) and CD68+monocyte/macrophages (G). Data are reported as mean ± standard deviation.
n = 3–9. Measurements in panels A, B, and D were performed via qPCR and normalized to U6 snRNA (A) or GAPDHmRNA (B and D). *P < 0.05,
**P < 0.01, ***P < 0.001. NS, not significant. A, B, lower panel of C, and D: Mann-Whitney test.

accurately track the sEV-mediated transfer ofmiRs between organs.Here, we show that when our newly generated CMUPRTmice
were injectedwith 4TUc, 4TUdwas incorporated into CMmiRswith high specificity and sensitivity, and that the 4TUd-containing
CMmiRs could be efficiently biotinylated and labelled with fluorescent streptavidin conjugates or captured with streptavidin-
conjugated beads. We also demonstrated that CMmiR-208a was packaged into CMsEV, which circulated in the peripheral blood
until they were taken up by cells in the lungs, where their CMmiR-208a cargo suppressed the expression of genes involved in
NF-κB signalling. Thus, the results presented here are the first to identify an miR-mediated mechanism by which the heart can
regulate gene expression in the lung.
The activity of miR-208 within CMs has been well-documented and includes roles in processes that contribute to cell growth,

hypertrophy, electronic physiology, hormonal signalling, and energymetabolism (Callis et al., 2009; Grueter et al., 2012; vanRooij
et al., 2007). However, the results presented here are the first to conclusively demonstrate that a substantial proportion of the
miR-208 transcripts present in lung tissue, especially lung ECs, was transcribed in CMs. We also show that miR-208a suppresses
the expression of inflammatory regulators (NLK, and Tmbim6) (Lisak et al., 2016; Yasuda et al., 2004; Zhang et al., 2018) while
upregulating cell-adhesion molecules (ICAM-1, VCAM-1, and E-selectin) in the lung, which suggests that CMmiR-208 may have
a key role in several of the pulmonary complications associated with MI, such as edema, fibrosis, and the thickening of alveolar
walls, which can contribute to the development of pulmonary hypertension and heart failure. Notably, NLK also regulates the
proliferation of lung epithelial cells (Ke et al., 2016) and Tmbim6 is involved in the ER stress response; thus, CMmiR-208a could
have a role in many processes that contribute to MI-associated pulmonary remodelling.
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NLK regulates the proliferative growth of the lung, and loss of NLK leads to smaller and compressed alveoli but thicker
and hyperplastic mesenchyme, which are similar to changes occurred after acute MI (Ke et al., 2016). Importantly among the
various functions shared by these two proteins is the repression of NF-κB expression and translocation into nucleus, thus pro-
inflammatory response (Lisak et al., 2016; Yasuda et al., 2004; Zhang et al., 2018). Our more recent data reveal that treatment of
MI-PBsEV also led to increased expression of ICAM1, VCAM1, and E-selection in HUVECs in vitro. The significantly increased
hematopoietic (CD45+) and pro-inflammatory (CD68+) cells further reveals the induced EC inflammation in lung after treat-
ment with MI-PBsEV or after MI. Indeed, deteriorated structural remodelling of the lungs and collagen accumulation in lung is
observed after MI in our study, which is consistent with collagen and reticulin deposition, thickening of the alveolar septa and
proliferation of myofibroblasts after MI shown in previous study (Jasmin et al., 2004; Jasmin et al., 2003). Thus, the increasing
inflammatory cells and factors in early stage, as well as the subsequent induced myofibroblasts contribute to the MI induced
serious lung remodelling. Collectively, our data and the results published from other laboratories strongly suggest that the
CMmiR-208a transfer may contribute to the functional remodelling of the lung after MI injury.

Myocardial infarction can affect the functional states of multiple remote organs (Aber et al., 1966; Burkhardt et al., 2010;
Efendigil et al., 1975; Hirooka, 2010; Tang et al., 2018; Thackeray et al., 2018; Werner et al., 2021), however, PBsEV-derived
CMmiR-208a is predominantly enriched in the lung. The underlying mechanism is currently unknown and may involve pref-
erential lodging, receptors-mediated targeting and internalization, or specific miR-208a half-life kinetics in acceptor cells
(Kang et al., 2021; van Rooij et al., 2007). Systemic reviews on all source EV administered to animals suggest liver and lung the
top two organs for EV enrichment (Kang et al., 2021), though most studies used modified EV to facilitate in vivo tracking, thus
may have already altered their tissue tropisms (Han et al., 2022). Nevertheless, it should be noted that CM-PBsEV–mediated
selective enrichment of CMmiR-208a in the lung does not indicate CM-PBsEV are only specifically targeted to or captured
in the lung. In fact, EV released from infarcted heart have shown to be endocytosed by infiltrating monocytes, leading to
elevated local pro-inflammatory response (Loyer et al., 2018), and our lab has reported previously – and confirmed in this cur-
rent study – that ischemic CM-PBEV also transfer miR-208a into BM MNC, contributing to BM progenitor cell mobilization
(Cheng et al., 2019). Intriguingly in BM MNC, the CMmiR-208a level was also elevated after MI induction or MI-PBsEV injec-
tions, but NLK and Tmbim6 expression were not downregulated.Whether this was due to the peak level of CMmiR-208a that was
substantially lower than that in the lung or to the lack of cellular environment required for miR-208a activation remains to be
elucidated.
We have focused on miR-208a-3p rather than miR-208a-5p, as our miRNA-seq analyses reveal miR-208a-3p abundantly

expressed in Sham-PBsEV and markedly elevated in MI-PBsEV, whereas miR-208a-5p is almost undetectable in both Sham-
PBsEV andMI-PBsEV. These results are consistent with the observation that miR-208a-3p strand is overly dominant in the heart
(Grueter et al., 2012; van Rooij et al., 2007). In addition, miR-208a and miR-208b share same seed sequence, thus molecular
targets (Babiarz et al., 2012), and are both found to markedly increase in PB after acute MI (Liu et al., 2017); however, we did
not detect miR-208b in MI-PBsEV or lungs of mice. While miR-208a is transcribed from intron 29 of Myh6 (α-MHC) gene,
miR-208b is expressed from intron 31 of Myh7 (β-MHC) gene (Callis et al., 2009; van Rooij et al., 2009). Unlike in adult humans
where α-MHC expression is restricted to atrial CMs (Cui et al., 2019), α-MHC in adult rodents appears to be the predominant
isoform in both atrial and ventricular CMs (Lompre et al., 1984; Tardiff et al., 2000). Interestingly, miR-208b is also expressed
in SkM (Callis et al., 2009; van Rooij et al., 2009) and shown to regulate SkM development, metabolism, phenotypic switch, and
injuries (Fu et al., 2020; Horak et al., 2016; Li et al., 2022; Wang et al., 2019; Zilahi et al., 2019). Outstanding questions, such as if
the lack of miR-208b in mouse MI-PBsEV is due to its low-level expression in the adult mouse heart or to its ineffective sorting
into CM-PBsEV, and whether miR-208b is carried in human CM- or SkM-derived PBsEV to influence the inflammatory state of
lungs, remain to be addressed in the future.
In this study, we have also detected a low level of 4TUd incorporation inmiR-122.miR-122 is one of themost abundantmiRNAs

in the liver, accounting for 70% and 52% of the whole hepatic miRNome in adult mice and humans, respectively (Bandiera et al.,
2015). However, there are also reports suggesting that miR-122 can be expressed in ECs, vascular smooth muscle cells (VSMCs),
CMs, cardiac fibroblasts (CFs), and adipocytes (Lunney et al., 2020; Rivoli et al., 2017; Song et al., 2020; Xu et al., 2016). Whether
the low-level labelling ofmiR-122 was resulted from its expression in CMs or from a potential leak in our labelling system remains
to be elucidated in our future studies.
In conclusion, our newly developed line of CMUPRTmice, which express the T. gondiiUPRT only in CMs, enables us to track

the sEV-mediated transport of CM-derivedmiRs. Studies conducted with thesemice demonstrated that a substantial proportion
of the miR-208 transcripts present in the lung was generated in CMs, that pulmonary levels of CMmiR-208 increased in response
toMI, and that miR-208 suppresses the expression of inflammatory regulators in lung cells. Thus, the experiments reported here
are the first to identify an miR-mediated mechanism by which myocardial injury can alter the expression of genes in the lung,
and that CMmiR-208 may contribute to the pulmonary complications associated with MI.
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