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Aims

Cardiomyocytes (CMs) and endothelial cells (ECs) have an intimate anatomical relationship, which is essential for main-

taining the metabolic requirements of the heart. Little is known about the mechanisms that regulate nutrient flow from
ECs to associated CMs, especially in situations of acute stress when local active processes are required to regulate endo-
thelial transport. We examined whether CM-derived exosomes can modulate glucose transport and metabolism in ECs.

In conditions of glucose deprivation, CMs increase the synthesis and secretion of exosomes. These exosomes are

loaded with functional glucose transporters and glycolytic enzymes, which are internalized by ECs, leading to increased

glucose uptake, glycolytic activity, and pyruvate production in recipient cells.

These findings establish CM-derived exosomes as key components of the cardio-endothelial communication system

Conclusion

which, through intercellular protein complementation, would allow a rapid response from ECs to increase glucose
transport and a putative uptake of metabolic fuels from blood to CMs. This CM—EC protein complementation process
might have implications for metabolic regulation in health and disease.

Keywords

1. Introduction

Heart capillaries possess continuous endothelium adjacent to cardio-
myocytes (CMs). Although the bulk of cardiac tissue mass is repre-
sented by CMs, the number of myocardial endothelial cells (ECs)
exceeds CMs by 3:1." Close contact between capillary ECs and
CMs guarantees an optimal diffusion of oxygen and nutrients between
blood and myocardium, and allows reciprocal signalling mechanisms to
engage. Numerous studies have shown that ECs affect cardiac perform-
ance>? and, reciprocally, CMs also modulate EC function.* Therefore, a
direct path of communication exists between the two. However,
whether this pathway functions in acute situations, which would be cru-
cial for the control of metabolic demand of individual CMs, is unknown.
The physical proximity of ECs to CMs suggests the possibility of trans-
fer of metabolic information from CMs to ECs, according to local con-
ditions, which would induce an immediate response from the adjacent
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ECs. Ideally, this response would be rapid and preferably would occur
without gene transcription/protein synthesis.

Intercellular transfer of exosomes is a well-established mechanism
allowing cell-to-cell communication. Exosomes are released into the
extracellular milieu by a wide range of cell types, including CMs.®> Exo-
somes contain a variety of biological materials comprising mRNAs,
mirRNAs, proteins, and lipids, which can directly stimulate target cells
or transfer surface receptors.®” Exosomes can therefore modulate cel-
lular responses and since they change their composition depending on
the physiological state of the producing cell, they can exert distinct
functional effects on target cells and be potent mediators of cell com-
munication. Exosome-mediated protein complementation has been
described in different biological systems. For example, cancer antigens
within exosomes are taken up by T cells to elicit antitumor responses
once inside their recipients.? In this context, we have recently demon-
strated that exosomes derived from CMs cultured in glucose
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deprivation conditions are able to stimulate angiogenesis of ECs.” Add-
itionally, exosomes are able to regulate metabolic activity. For example,
hypoxic adipocyte-released exosomes are enriched in enzymes related
to lipogenesis such as acetyl-CoA carboxylase, glucose-6-phosphate
dehydrogenase, and fatty acid synthase.

Two mechanisms have been identified for exosome release; a con-
stitutive mechanism that is mediated by specific proteins involved in
membrane trafficking such as RAB heterotrimeric G-proteins and pro-
tein kinase D,"" and an inducible mechanism that can be activated by
several stimuli including increased intracellular Ca®* '* and DNA dam-
age." Interestingly, conditions of metabolic stress, such as hypoxia,
have been found to increase exosome secretion."*'® Moreover, it
has been recently proposed that microvesicles/exosomes released
from CMs are involved in metabolic events in target cells by facilitating
an array of metabolism-related processes, including modulation of gene
expression.5

In this study, we have investigated the possibility that exosomes me-
diate cellular communication between CMs and ECs during nutritional
stress. We found that, under conditions of glucose deprivation, CMs
can release exosomes loaded with glucose transporters that, after
interaction with ECs, induce glucose uptake and activate glycolytic
pathways in recipient cells. This novel communication mechanism un-
derscores the close relationship between CM glucose demand and
endothelial glucose transport, allowing a rapid response from ECs to
increase glucose transport without the requirement of de novo gene
transcription and protein synthesis.

2. Methods

Additional information is included in Supplementary material online.

2.1 Animals

Wistar rats (Charles River Laboratories, Inc., Wilmington, MA, USA) were
used as breeders, and pups were used for the isolation of neonatal rat CM
and ECs. Neonatal transgenic RFP mice (Tg(ACTB-DsRed*MTS)1Nagy/J;
The Jackson Laboratory, Bar Harbor, MI, USA) were used also for the iso-
lation of ECs. Neonatal pups of both species were euthanized by
decapitation.

2.2 Cell culture

One- to 2-day-old rat pups were sacrificed, hearts were excised, auricles
were removed, and ventricles were minced. CMs were isolated using the
Worthington Neonatal Cardiomyocyte Isolation System (Worthington
Biochemical Corporation, Freehold, NJ, USA). CMs were cultured in Com-
plete DMEM-high glucose, with L-glutamine, sodium pyruvate, 10% FBS, and
1% penicillin—streptomycin. Isolation and culture of ECs from 1- to
2-day-old rat and mouse pups was performed as described. Briefly, the aor-
ta was removed and sectioned into small pieces (1-2 mm) under sterile
conditions. Fragments were placed on coverslips or culture plates previous-
ly coated with Matrigel (BD Biosciences, San Jose, CA, USA) and cultured
with EGM-2 BulletKit (Lonza, Basel, Switzerland). After 1-2 days culture,
ECs could be observed sprouting from the explants. H9¢c2 (2-1) (ATCC)
cardiac muscle cells were cultured in DMEM as above. HUVECs (ATCC)
and primary adult cardiac rat microvascular ECs (CMVEC; from CellBiolo-
gics) were grown in EGM-2 BulletKit.

For experimental conditions, two types of serum-free culture medium
were prepared: (i) medium without starvation conditions (—St), containing
(BDMEM)-high glucose, with L-glutamine, sodium pyruvate, 1% MEM non-
essential amino acids, 1% Eagle’s MEM vitamin mix (LONZA), 1%
insulin-transferrin-selenium (ITS-G, Gibco—Invitrogen, Carlsbad, CA,
USA), and 1% penicillin—streptomycin; (ii) medium resulting in starvation

conditions (4-St), containing DMEM-no glucose, with |-glutamine 1% so-
dium MEM non-essential amino acids (Sigma-Aldrich), 1% MEM Eagle Vita-
min mix (Lonza), ITS-G, and 1% penicillin—streptomycin. All cells were
cultured in a humidified incubator at 37°C and 5% CO,.

2.3 Exosome quantification

2.3.1 Western blot analysis

Tetraspanins are a family of membrane proteins that are very abundant in
exosomes. Immunoblotting of tetraspanins CD63, CD9, and CD81 was
used to quantify the amount of exosomes released to the culture medium.
Exosomal fractions were obtained from equal volumes of culture medium
under the different experimental conditions (4/— St) and all of these exo-
some fractions was utilized for immunoblotting.

2.3.2 Acetylcholinesterase activity

Exosome release was also assessed by the measurement of acetylcholines-
terase activity as described previously.'®"” Briefly, exosomal fractions were
obtained from equal volumes of culture medium under the different experi-
mental conditions (+/—St) and 30 pL of the exosome fraction was sus-
pended in 110 L of PBS. Then, 37.5 pL of this PBS-diluted exosome
fraction was added to individual wells of a 96-well flat-bottomed micro-
plate. Next, 1.25 mM acetylthiocholine and 0.1 mM 5,5'-di-thio-bis(2-
nitrobenzoic acid, DTNB) were then added to exosome fractions in a final
volume of 300 wL, and the change in absorbance at 412 nm was monitored
every 5 min. Data are represented as acetylcholinesterase activity after
30 min of incubation at 37°C.

2.3.3 Incell Analyzer quantification

Exosome production in neonatal rat CMs was measured by dual immuno-
labeling. Cells were cultured in 96-well plates in triplicate in +/— St medium
and then fixed with 2% PFA. Cells were labelled with anti-CD63 and anti-
desmin (both from Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA).
Secondary antibodies were Alexa Fluor-488 and -555, respectively. Images
were acquired with an InCell Analyzer 1000 epifluorescence microscope
(GE Healthcare, Cardiff CF14 7YT, UK). A 20 x objective was used to col-
lect the fluorescence signals, and a combination of three excitation (EX)
and emission (EM) filters were applied to detect DAPI (EX 405 nm/EM
450 nm), green fluorescence from anti-CD63 labelling (EX 475 nm/EM
535 nm), and red fluorescence from anti-desmin detection (EX 530 nm/
EM 620 nm). Twenty fields were acquired for each well. Analysis was per-
formed with the InCell Analyzer 1000 Workstation software. Cells were
first defined using the nuclear segmentation based on DAPI and the red
signal from desmin. The red signal was used to define the cell morphology
around the nucleus and to discard desmin-negative cells. Green fluores-
cence (CD63) was quantified only from desmin-positive cells.

2.4 CD63 and Glut colocalization

Rat neonatal CMs were grown in 96-well plates. After culture in +/—St
medium, cells were fixed with 2% PFA and double immunostained with
anti-CDé63 (secondary antibody Alexa Fluor-488) and anti-Glut1 or anti-
Glut4 (secondary antibody Alexa Fluor-647). Cells were imaged live in an
InCell Analyzer 1000 high-content analysis system (GE Healthcare) config-
ured with a CCD camera and a 20 x/0.45 NA objective. The Q505LP poly-
chroic mirror set was used in conjunction with the following excitation and
emission filter combinations: EX 405/20 nm, EM 535/50 nm for DAPI, EX
475/20 nm, EM 535/50 nm for green granules, and EX 475/20 nm, EM
620/60 nm for red granules. Twenty fields were acquired for each well.
Analysis was performed as before. For the analysis protocol, we defined
a segmentation based on nuclei staining with DAPI, and then we defined
the parameters to detect green granules and red granules. The software
performed an algorithm calculation to detect the colocalization between
the green and red granules (defined as yellow granules), and finaly calcu-
lated the number of yellow granules/nuclei.
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2.5 In vitro exosome functional assays

2.5.1 Transwell approach to measure exosome uptake by
CMVECt

We used 24-well plates transwell with 6.5 mm inserts with 0.4 um polyes-
ter membrane permeable supports (Corning, Inc. Costar, NY, USA). In the
upper side, we seeded primary CM-CD63-GFP and in the lower chamber,
we seeded cardiac microvascular endothelial cells (CMVEC). +/—St med-
ia, with or without 14 uM GW4869 (SIGMA), were added to the upper
part during 24 h. After that a total of 3 x 10° CMVEC/well were seeded
at the bottom part of 24-well plates and EGM-2 BulletKit was added. Short-
ly after, the CM-CD63-GFP inserts with 4+/— 24 h of St media were placed
on the top of CMVEC cultures. After 24 h incubation (a total of 48 h with/
without starvation for CM-CD63-GFP), inserts were removed and the in-
tensity of GFP fluorescence was determinated in the CMVEC with InCell
Analyzer. Images were acquired with an InCell Analyzer 1000 epifluores-
cence microscope (GE Healthcare). A 20 x objective was used to collect
the fluorescence signals in living CMVEC and a combination of two EX
and EM filters were applied to detect Hoescht (EX 405 nm/EM 450 nm)
and green fluorescence from CD63-GFP labelling (EX 475 nm/EM
535 nm). Twenty fields were acquired for each well. Analysis was per-
formed with the InCell Analyzer 1000 Workstation software. Cells were
first defined using the nuclear segmentation based on Hoescht and green
intensity/cell was determinated.

2.5.2 Glucose uptake

Rat primary CMVECs were cultured in MatriPlate 96-well microplates (GE
Healthcare). Measurement of 2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)
amino)-2-deoxyglucose (2-NBDG, Invitrogen) uptake was performed as
described'® with minor modifications. Briefly, cells were washed with
PBS and +St medium was added for 2 h. Then, 20 pwg/mL of exosomes
(or PBS control) were added to each well followed by incubation for
30 min at 37°C. Cells were washed and DMEM-no glucose containing
l-glutamine and 150 pg/mL of 2-NBDG was added, followed by incubation
for 30 min at 37°C. Cells were then washed and fixed in 2% paraformalde-
hyde (PFA) for imaging. The acquisition of samples was performed by epi-
fluorescence microscopy as before. A 20 x objective was used to collect
the fluorescence signals, and a combination of two EX and EM filters was
applied to detect DAPI (EX 405 nm/EM 450 nm) and green fluorescence
from 2-NBDG (EX 475 nm/EM 535 nm). Forty fields were acquired for
each well. Image analysis was performed as before using a platform to de-
tect intracellular 2-NBDG granules. To define the cells, a nuclear segmen-
tation from DAPI was used and quantification of 2-NBDG granule was
performed. To quantify the 2-NBDG uptake level for each field,
2-NBDG granule count/cell was measured.

Glucose transport can be inhibited with the Glut inhibitor fasentin.'® To in-
hibit exosomal Glut, an aliquot of the exosome fraction was incubated for 1 h
with 100 wM fasentin. Then, a 20 pg/mL sample (10 uL stock exosome solu-
tion) of Glut-inhibited exosomes was added to CMVEC in the final volume of
310 pL (3.22 pM fasentin, final concentration) and incubated for 30 min at
37°C. Cells were washed and the 2-NBDG capture assay was performed.

2.5.3 Lactate dehydrogenase assay

Lactate dehydrogenase (LDH) activity was measured using the Lactate De-
hydrogenase Activity Assay Kit (Sigma). For determination of exosome
LDH activity, the total exosome fraction obtained from 100 mL of primary
CM culture medium with or without (+/—St) glucose starvation was sus-
pended in LDH Assay Buffer. For CMVEC LDH activity, cells were grown to
confluence in six-well plates. The total exosome fraction obtained from
100 mL of primary CM culture medium, or 100 pL of PBS (control), was
added directly to CMVEC cultures. After 30 min of incubation at 37°C, cells
were quickly washed with cold PBS and 150 pL of LDH Assay Buffer was
added directly to each well. Results show the average of two independent
experiments.

2.5.4 Pyruvate quantification

Pyruvate quantification of CMVEC and culture media was carried out with
the Pyruvate Assay Kit (Abcam). CMVECs were grown to confluence in six-
well plates. Then, cells were washed in PBS and overlaid with assay media
containing DMEM-no glucose, no pyruvate (Invitrogen), all supplements
from EGM-2 BulletKit, and d-(+)-glucose (1 g/L). Immediately after, total
exosome fraction obtained from 100 mL of primay CM culture media, or
100 pL of PBS (control), was added directly to the assay medium. After
30 min incubation at 37°C, a sample was taken from the culture medium
for quantification. Cells were washed with cold PBS and 100 pL of Assay
Buffer was added directly to each well. Results show the average of three
independent experiments.

2.6 H9c2-(GLUT4, GLUT1)-GFP and HUVEC
co-culture: quantification of GFP intercellular
trafficking

To quantify the amount of Glut4 and Glut1 moving from H9c2 cells to HU-
VEC under the different experimental conditions (4St or —St), we per-
formed co-culture assays with H9C2-GLUT4-GFP or H9C2-GLUT1-GFP
and HUVEC. HUVECs were grown in 24-well plates in duplicate. Once
HUVEC reached 50% confluence, HOC2-GFP cells were added. Twenty-
four hours later, culture medium was replaced with 4St or — St medium.
After a further 24 or 48 h of culture, cells were fixed in 2% PFA and stained
with anti-GFP (secondary antibody Alexa Fluor-488, green) and anti-CD31
(secondary antibody Alexa Fluor-555, red). Images were captured as before
with an InCell Analyzer 1000 high-content analysis system using a 40 x ob-
jective, and a combination of three EX and EM filters was applied to detect
DAPI (EX 405 nm/EM 450 nm), green fluorescence from anti-GFP (EX
475 nm/EM 535 nm), and red fluorescence for anti-CD31 detection (EX
530 nm/EM 620 nm). Twenty fields were acquired for each well. Image ana-
lysis was performed as before; to define the cells, a nuclear segmentation
based on the DAPI signal and the red signal from HUVEC CD31 was per-
formed. The red signal was used to define the cell morphology around the
nucleus, and to discard CD31-negative cells. Green fluorescence was quan-
tified only from CD31-positive cells.

2.7 Statistics

Data are expressed as mean + SD. Comparisons between experimental
conditions were performed with Student’s paired t-test, and ANOVA for
multiple comparisons. Analyses were conducted with SPSS and GraphPad

Prism 5 software. Differences were considered statistically significant at
P < 0.05 with a 95% Cl.

3. Results

3.1 Glucose starvation increases synthesis
and secretion of exosomes in cultured CMs

CMs can produce microvesicles/exosomes containing nucleic acids
capable of altering the activity of target cells.” To study this phenom-
enon during metabolic crisis, we analysed the synthesis and secretion
of exosomes from cultured CMs subjected to glucose starvation. Exo-
somes obtained from neonatal murine CMs cultured for 48 h in control
(—St) or glucose starvation media (+4St) were examined by EM to de-
termine their shape, average size, and relative abundance. We found in-
creased relative abundance of exosomes under starvation conditions
(Figure 1A). Western blot (WB) analysis of exosome fractions using anti-
bodies against tetraspanins CD63, CD9, and CD81 confirmed the pres-
ence of exosome-specific antigens under both conditions, although
glucose starvation stimulated the secretion of exosomes (Figure 1B).
The image analysis showed a significant increase in tetraspaning signals
when exosomes came from +St CMs. Moreover, the production of

220z 1snbny oz uo 1s8nb Aq £05Z9t2//6€/S/60 | /8101IB/S8I0SBAOIPIED/W0d dNo"dIWapEE//:sdNy WO} PaPEojuMO(]



400

N.A. Garcia et al.

Exosomes

+5t

D Ac Co activity
- 0.8 - *x
. 2500001 0.6 -
£ 200000 - O-St
$ 1500001 %
=] m+St
& 100000+ 0.2
+St S 500004 i
0-
St +St 24h 48 h
E 2 5
1.5 4
)
ug’) g 1 4 o -St
g = @ +St(12h)
=]
% w m +St (48 h)
uw 0.5 4
0 4
D O P P o G N2 P D N e
& I S S S S

Figure | Glucose starvation increases synthesis and secretion of exosomes in rat neonatal CMs. (A) EM of isolated exosomes collected from culture
media of glucose-starved (+St) or glucose-replete (—St) cardiomocytes after 48 h. Scale bars, 100 nm. (B) Western blot of tetraspanin expression in
exosomes obtained from 30 mL of culture medium from neonatal cardiomyoyctes cultured as in (A). Graphic shows optical density quantification of WB
signals (n = 3). (C) Fluorescence microscopy of fixed cardiomycoytes stained with anti-CDé3 (green), anti-desmin (red), and DAPI (nucleus, blue). Scale
bar: 10 wm. Graph denotes InCell fluorescence quantification of green spots (CD63+) in desmin+ cells. Cells were cultured for 24 h as in (A) (n = 3).
(D) Quantification of acetylcholinesterase activity of exosomes obtained from equal amounts (30 mL) of CM culture medium with (+St) or without
(—St) glucose starvation (n = 6). (E) qPCR analysis of genes implicated in secretory pathways from CMs cultured for 12 h (grey bars) or 48 h (black
bars) of glucose starvation (+St). Results are expressed relative to — St culture (white bars, n = 3). *P < 0.05in B, ** P < 0.01 in Cand D. t-Test was used

in all comparisons.

exosomes was greater in CMs cultured in glucose-deprived medium
(4St) compared with glucose-replete medium (—St), as determined
by InCell quantification of CD63 staining (green) in desmin-positive
(red) cells (Figure 1C). Acetylcholinesterase activity is specific to exo-
somes.” To validate the increased exosome secretion in glucose-starved
CMs, we measured acetylcholinesterase activity in exosome fractions ob-
tained from neonatal CMs in —St and + St conditions. Results showed
that 48 h of glucose starvation significantly increased exosome acetylcho-
linesterase activity with respect to control cultures, indicating greater
exosome secretion (Figure 1D). Previous studies have linked the activity
of several genes to functional cellular secretory pathways.”® We used
gPCR analysis to measure the expression of several of these genes in

glucose-starved CMs. As anticipated, secretory-related genes were
up-regulated in +St-cultured neonatal CMs (Figure 1E). Phospholipase
D hydrolyzes phosphatidylcholine to generate choline and phosphatidic
acid, which is implicated in many cellular functions including exocytosis
and endocytosis, and directly activates a number of proteins such as
mTOR 2" Phospholipase D2 (PLD2) is present in exosomes and PLD2
activity correlates with the amount of exosomes released by cells.??
Accordingly, PLD2 mRNA was up-regulated in glucose-starved CMs.
Rab GTPases are a large family of small GTPases that control intra-
cellular vesicular traffic.2® Specifically, Rab27a and Rab27b control dif-
ferent steps of the exosome secretion pathway.>* We found increased
Rab27a and Rab27b mRNA levels in glucose-starved CMs (Figure 1E).
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Vesicle-associated membrane protein-2 (VAMP-2), a Golgi SNAP re-
ceptor (SNARE) complex protein involved in intracellular Glut4 traf-
ficking,® was also up-regulated in starved CMs (Figure 1E). Other
RabGTPases were increased at 12 h in glucose-starved CMs, although
they returned to normal levels or were slightly reduced at 48 h
(Figure 1E). Furthermore, we had analysed during routine exosome
purification the content of histone H4 in exosomal fractions derived
from rat neonatal primary CM cultures and H9C2 (see Supplementary
material online, Figure STA and B). This allowed us to discount apoptotic
bodies’ contamination. Also, during the experimental set-up, we per-
formed analysis of cell death during starvation by flow cytometry ana-
lysis for Annexin V/propidium iodide (Pl) for cultures after 48 h
incubation with 4/— St media. We did not find significant levels of

A cM
250 4
200 4 CM-CD63-GFP+
- 79.7%
3 150 4 ’
8 T
100 4 \5
‘|
50 4 ///\ W\
o 142 b

cell death in either primary CM or H9C2 cultures (see Supplementary
material online, Figure S1C and D).

3.2 Exosome transfer from CMs to CMVEC

As previously described for exosome-tracking studies,*® we trans-
duced primary rat CM with a CD63-GFP lentivirus to generate
CM-CD63-GFP cells producing exosomes with GFP fused to CDé63
(Figure 2A). The percentage of transduced cells was determined by
flow cytometry (79.7%) and corroborated by confocal microscopy
(Figure 2B). We hypothesized that glucose starvation-induced CM
stress would provoke an exosome-mediated response directed to
CMVEC responsible for metabolic fuel transport from blood. To deter-
mine the capacity for CMs to transfer exosomes to CMVEC, we
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Figure 2 Exosome traffic from primary CM to CMVEC is increased in +St conditions. (A) Primary CMs were transfected with pCT-CD63-GFP. FACS
analysis of transfected cells showing % GFP-positive cells. This cell population was termed CM-CD63-GFP. (B) CM-CD63-GFP immunostaining with
anti-desmin (red), anti-GFP (green), and DAPI (blue). Scale bar: 10 wm. (C) Quantification of acetylcholinesterase (Ac Co) activity of exosomes obtained
with Exoquick-TC from equal amounts (20 mL) of conditioned medium from primary CM cultured 24/48 h in 4/ —St media in the presence or absence
of 14 uM GW4869 (n = 3). AU, arbitrary units. (D) CM-derived exosome uptake by CMVEC in a transwell approach with 0.4 um membrane permeable
inserts with CM-CD63-GFP. CMVECs in EGM-2 BulletKit were co-cultured during 24 h with CM-CD63-GFP (with previous 24 h of +/— St media, 1 and
2; and with 14 uM GW4869, 3 and 4). After that, CMVEC GFP intensity was measured with the InCell Analyzer. The graph shows the result of GFP
intensity quantification (n = 3). (E) Representative image of lane 2 from (D). Living CMVEC with nucleus in blue (Hoescht) and CD63-GFP exosomes
from CM-CD63-GFP with green fluorescence. Scale bar: 50 pm. *P < 0.05; ***P < 0.001. t-Test.
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designed a transwell approach experiment. GW4869 has been described
as an inhibitor of N-SMase (neutral sphingomyelinase),?” with a potent
role in the exosome secretion process.”®*’ First, we tested the potential
of 14 WM GW4869 (Sigma) to inhibit exosome secretion in primary CM
with or without glucose starvation (+/— St; Figure 2C). We observed that
after 48 h of starvation, exosome secretion was drastically decreased
when cells were treated with 14 M GW4869. Given that glucose de-
privation increased the secretion of exosomes in primary CM, we quan-
tified exosome CD63-GFP transfer from CM-CD63-GFP to CMVEC
(Figure 2D and E). CM-CD#63-GFP were cultured in transwell inserts dur-
ing 24 h with +/—St medium and +/— 14 WM GWA4869. After that, in-
serts were co-cultured 24 h with CMVEC previously seeded at the
bottom part of transwell, to allow interaction of CMVEC with exosomes
derived from CM-CD63-GPF generated at different culture conditions.
After co-culture, we detected GFP fluorescence in CMVEC and we
observed a significant increase in GFP signal in these cells when
CM-CD63-GFP at the upperside of transwell was cultured with +St
media. Moreover, when CM-CD63-GFP were treated with GW4869,
the CMVEC GFP intensity was drastically reduced, which indicates that
GFP fluorescence came from CD63-GFP structures.

To find in vivo evidence of this exosomes trafficking, we investigated
by EM the presence of exosomes in the perivascular space between
CM and EC in rat heart tissue (see Supplementary material online, Fig-
ure S2A—C). As described similarly by Sahoo et al.,*® we identified
exosomes-like vesicles in a close location to the perivascular space be-
tween the CM and EC.

3.3 Exosomes from starved CMs increase
glucose uptake of CMVEC

Since exosome trafficking from primary CM to CMVEC could be
modulated by glucose, we next examined whether exosomes could af-
fect glucose transport of CMVEC. Thus, exosomes collected from pri-
mary CM culture medium (with or without prior glucose starvation)
were added to CMVEC and glucose uptake of the fluorescent deoxy-
glucose analogue, 2-NBDG, was measured after incubation for 30 min.
Interestingly, whereas CMVEC treated with exosomes collected from
CMs in glucose-replete medium exhibited glucose uptake similar to
control (no exosomes) conditions, exosomes from glucose-depleted
(+St exos) CM cultures provoked a significant increase in endothelial
glucose uptake (Figure 3A), suggesting that exosomes from starved CMs
were loaded with molecules able to modify CMVEC metabolism.

Glut1 and Glut4 are present in intracellular CM vesicles. We assessed
the presence of Glut proteins in CM-derived exosomes by western blot-
ting and EM. For identifying exosomal GLUTs by WB, exosomes were
obtained by ultracentrifugation from the culture medium of neonatal
rat CM with or without 48 h of glucose starvation (4/—St) and 10 g
of exosome protein extract was used for immunoblotting in each lane.
Greater expression of Glut1 and Glut4 glucose transporters were ob-
served in exosomes collected from glucose-depleted CM cultures com-
pared with those obtained from non-starved cells (Figure 3B). The image
analysis software to quantify the optical density of the bands on the blot
showed a significant increase in GLUT4/CD63 and GLUT1/CDé63 signals
when exosomes came from +-St CMs. Immunogold labelling and EM con-
firmed the presence of Glut proteins in exosomes isolated from starved
CM medium (Figure 3C and see Supplementary material online, Figure S3A
for uncropped images). In accord with results from western blotting, no
positive labelling was detected in exosomes from non-starved CM me-
dium (data not shown) .

To determine whether the increase in CMVEC glucose uptake was
elicited by exosomal Gluts, CM-derived exosomes were treated with
the Glut inhibitor fasentin'® before measuring levels of 2-NBDG up-
take. Similar to previous results (Figure 3A), CMVEC treated with exo-
somes isolated from glucose-starved CM (+St Exos) exhibited an
increase in 2-NBDG uptake over control (no exosomes) and
glucose-replete-derived exosomes (— St Exos, Figure 3D). Conversely,
incubation of an equivalent exosome fraction with fasentin (100 wM
fasentin, 1 h; St Exos + fas) ablated 2-NBDG uptake, suggesting
that the activity of exosomal Gluts is responsible for the increase in
2-NBDG uptake. To discount the possibility that inhibition of uptake
was due to the residual fasentin added to the CMVEC with the exo-
somes, we treated those cells with the same final concentration of fas-
entin (3.22 wM) in the absence of exosomes. Results demonstrated an
equal uptake of 2-NBDG in the presence of fasentin with respect to the
control (Figure 3D).

3.4 Transfer of Gluts from CMs to ECs

Dual immunocytochemical labelling of neonatal rat CMs cultured in
—St or +St demonstrated the presence of intracellular structures
that stained positive both for CD63 and Glut1 or Glut4, respectively
(yellow dots; Figure 4A). InCell quantification of yellow colocalization
signals revealed that glucose deprivation increased the number of intra-
cellular CDé3-positive structures containing Glut1 or Glut4 in primary
CMs, suggesting that glucose starvation induces the loading of exo-
somes with these transporters (Figure 4A).

To further investigate the relationship between increased glucose
uptake and exosome-mediated transfer of glucose transporters, we
generated H9¢c2 reporter cell lines expressing GLUT1 or GLUT4 fused
to GFP, allowing us to evaluate Glut trafficking to ECs by time-lapse
confocal microscopy. Analysis of co-cultures of H9C2-GLUT1-eGFP
or H9C2-GLUT4-eGFP cells with DsRed-labelled mouse ECs demon-
strated that, mainly under starvation conditions, ECs were able to cap-
ture H9c2-derived GLUT1-GFP and GLUT4-GFP transporters
(Figure 4B). Furthermore, once internalized in ECs, GLUT-GFP proteins
were clustered, transported along the cytoplasm, and then disaggre-
gated (see Supplementary material online, Movies ST and $2). We
next quantified GLUT1- and GLUT4-GFP transfer in co-cultures of
H9C2-GLUT1-GFP or H9C2-GLUT4-GFP and HUVEC. InCell quanti-
fication of the GLUT1- and GLUT4-GFP signal in co-cultured HUVEC
confirmed the internalization of Glut transporters from H9¢2 cells
(green) in ECs (CD31-positive, red). As before (Figure 2D), we ob-
served differences in the extent of exosome transfer between cells
grown in complete or glucose-deprived media; accordingly, transfer
of GLUT-GFP was significant in a glucose-dependent manner at 48 h.
GLUT4-GFP expression was 7.43 + 7.40 in —St and 248 + 41.04 in
+5St (P < 0.001, n = 4; Figure 4C) in HUVEC, and GLUT1-GFP ex-
pression in HUVEC was 23.90 + 7.57 in —St and 260 + 19.67 in
+St (P < 0.001, n = 4; Figure 4D). It is noteworthy that H9¢2 is an im-
mortalized myoblastic cell line and we cannot discard differences with
primary CM, although this mechanism can potentially not be exclusive
of CM and can be active in other cells and tissues.

3.5 Exosomes from CM induce glycolytic
activity in CMVEC

Thus far, our results show that exosomes from glucose-starved CM in-
crease glucose uptake in CMVEC. This increase of glucose in the endo-
thelium does not reflect the metabolic needs of the endothelium itself;
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rather, it is a response to the metabolic demands of CMs. ECs rely on
aerobic glycolysis to sustain growth, which is characterized by glucose
consumption and lactate production.?” Interestingly, we found that CM
exosomes significantly increased CMVEC LDH activity over control
treatment (Figure 5A) and this was exacerbated by exosomes from +-
St-conditioned medium (Figure 5A). As previous studies have reported
that exosomes contain proteins related to cell metabolism, we next in-
vestigated the presence of LDH and glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) proteins in primary CM-derived exosomes.

Western blot analysis demonstrated a marked increase of both pro-
teins in exosomes derived from glucose-starved cultures (Figure 5B).
Furthermore, exosomal fractions obtained from primary CM exhibited
functional LDH activity (Figure 5C). Although no significant differences
were found in the activity of LDH in equivalent quantities of exosomes
(30 g +/—St Exos), we observed increased LDH activity in the total
exosome fraction (Figure 5C), indicating that this increase is directly re-
lated to increased secretion of exosomes. LDH catalyses the reversible
interconversion of lactate and pyruvate, two metabolites that are
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essential for metabolic homeostasis in the heart. We measured
CMVEC pyruvate production in the presence of primary CM-derived
exosomes. We found that exosomes from glucose-starved CM-
conditioned medium (+ St Exos) increased both the production (mea-
sured as intracellular pyruvate) and the diffusion (measured as pyruvate
detected in media) of pyruvate in CMVEC with respect both to control
conditions and to exosomes collected from glucose-replete medium
(Figure 5D; intracellular pyruvate: 0.15 4+ 0.01 in control, 0.18 +
0.008 in —St Exos, 0.29 + 0.08 in +St Exos; ANOVA, P < 0.001,
n = 4); pyruvate in media: 0.21 4+ 0.009 in control, 0.24 + 0.007 in
—St Exos, 0.72 £ 0.03 in +St Exos (ANOVA P < 0.001, n = 4). ECs
have a paucity of mitochondria; in consequence, pyruvate is not utilized
with high efficiency by the mitochondrial oxidation pathway. Thus, the
fast induction in endothelial pyruvate production likely does not reflect
the metabolic needs of ECs but, instead, provides pyruvate to the
extracellular medium through plasma membrane diffusion (Figure 6).

In our model, metabolic needs are generated in CM but not in ECs.
To test these, we performed 2-NBDG uptake in 24 h glucose-starved
CMVEC and we did not observed change in 2-NBDG uptake when
CM-derived exosomes were added, indicating that EC need conditions
of glucose availability to respond to CM metabolic demands (see Sup-
plementary material online, Figure S3B). Similar to these, we did not ob-
serve changes in CMVEC LDH activity when CM-derived exosomes
were added (see Supplementary material online, Figure S3C).

4. Discussion

In this work, we examined how CM-derived exosomes can alter glu-
cose transport in ECs. We show that under energetic stress, CMs in-
crease the synthesis and secretion of exosomes, which are
internalized by ECs. These exosomes mediate the transfer of functional
glucose transporters and glycolytic enzymes. ECs exposed to exo-
somes secreted by glucose-starved CMs increase glucose uptake and
pyruvate synthesis, which could potentially support CM nourishment
(Figure 6). Previous reports have shown that myocardial tissue in the
adult heart secretes exosomes (reviewed in Sluijter et al.*?). Our find-
ings suggest an intimate relationship between nutrient sensing and exo-
some release. Recent studies have indicated a significant overlap in the
molecular machinery used in exocytosis and exosome trafficking. In
addition, autophagy and nutrient sensing are closely related processes,
and imbricated to vesicle transport. Thus, similar mechanisms may be
operating in both situations.>>3#3> All of these mechanisms involves
both small GTPases and the membrane fusion machinery. We identi-
fied several molecules involved in multivesicular body (MVB) biology
that were strongly up-regulated by starvation. Rab27a and Rab27b
have an important role in MVB intracellular trafficking and exosome se-
cretion, by promoting the targeting of MVBs to the cell periphery and
their subsequent docking at the plasma membrane. PLD2 modulates
exosome trafficking by controlling the budding of intralumenal vesicles
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Figure 6 CM-—endothelial exosome crosstalk. Schematic diagram showing the intimate contact between CMs and ECs, pivotal for metabolic coupling.
In the presence of appropriate levels of glucose in CMs, there is a basal traffic of exosomes from CMs to ECs. Under these conditions, intracellular Glut
traffic is independent of the exosome secretion pathway and exosomes do not contain Gluts. Stress signal caused by glucose starvation induces an in-
crease in exosome secretion and a coupling between the exosome secretion pathway and Glut vesicular traffic, potentially mediated by molecules such
as PLD2/Rab27 and VAMP-2, respectively. In these situations, exosomes are loaded with Gluts that in turn are able to induce functional changes in the

endothelial glycolytic pathway.

into MVBS,36 and its activity correlates with the release of exosomes.”?

Of interest, we found that the expression of other Rab GTPases, in-
cluding Rab35 and Rab14, were up-regulated at 12 h of starvation
but then down-regulated at 48 h. Some of these proteins (Rab5a and
Rab14) play a role in targeting endosomal traffic towards lyso-
somes.>” 737 Also, Rab5 and Rab11 play a significant role in autophago-
some formation® and, together with Rab8b, in autophagosome
maturation. Additionally, several RabGTPases, such as Rab5, Rab10,
and Rab14, regulate glucose transporter traffic.*' This pathway

convergence integrates autophagy, vesicle transport, and exosomal syn-
thesis, and secretion can explain the differential regulation at RabGT-
Pases that we found at different time points. It is conceivable that the
absence of glucose generates stress signals leading to a convergence of
the Glut trafficking pathway and the exosome secretion pathway, gener-
ating Glut-loaded exosomes. Our observation of strong transcriptional
up-regulation of VAMP-2, a SNARE protein, in glucose-starved CMs is
consistent with its association with Glut4 trafficking,**** and its function
in mediating vesicle fusion with the plasma membrane.** Collectively, this
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up-regulation of genes involved in MVB targeting and fusion to the plas-
ma membrane is in agreement with the increased exosome release
observed under glucose starvation and is consistent with Glut traffick-
ing. Protein translocation from CM to EC can potentially be favoured
due to the little metabolic capacity of the microvascular cells. Mito-
chondrial content in ECs is modest compared with other cell types
with higher energy requirements.** Protein synthesis and folding re-
quires a high amount of energy that, in some situations, can be im-
paired in EC due to the relatively low energetic capacity of these
cells compared with CM. Thus, an asymmetric glycolysis in the endo-
thelial face close to the CM could facilitate pyruvate difussion to CM.
Exosome-mediated intercellular transport of functional proteins be-
tween cells has been identified in other biological contexts including
cancer, where microvesicles containing an active oncogene (onco-
somes) serve as vehicles for rapid intercellular transfer of the trans-
forming activity between tumour cells or as a means to reduce cell
proliferation by transfer of tumour suppressors.*® Additionally, func-
tional components of Notch and Whnt signalling pathways are se-
creted in exosomes to modulate cell behaviour in trans.*’ =7 We
propose that in an analogous fashion, glucose uptake from the endo-
thelium to CMs could be regulated, at least in part, by short range
exosome communication. This mechanism would allow a fast re-
sponse from the endothelium without the need of novel protein syn-
thesis. Thus, energy demand of CMs would increase glucose
metabolism of the associated ECs via exosome-mediated Glut1 and
Glut4 intercelular translocation.

In addition, other enzymes of glucose metabolism, including LDH
and GAPDH, were also found in exosomes. Consequently, exosomes
derived from glucose-starved CMs had increased LDH activity, leading
to an increase in pyruvate in endothelium. ECs obtain energy from aer-
obic glycolysis. Pyruvate can diffuses through the membranes.*® Thus,
potentially increased production of pyruvate in the ECs would result in
locally diffusion towards CMs for oxidation by the Krebs cycle as we
schematized in Figure 6. In our model, the metabolic stress was gener-
ated in CM, but not in the ECs. We studied the functional consequence
of generating metabolic stress in ECs by incubating 24 h with glucose-
deprived media and we saw no significant difference in both the uptake
of 2-NBDG and LDH activity when +/— St exosomes from CM (or
H9C2) were added (see Supplementary material online, Figure S3B
and C). This means that in our proposed model, ECs must have ad-
equate levels of glucose to respond to signals sent from CMs through
exosomes. Interestingly, treatments that are able to reduce blood glu-
cose, such as metformin and glitazones, also work as energy restriction
mimetics. These drugs might potentially activate tissue—endothelial
metabolic complementation, suggesting another mechanism to control
glucose homeostasis. Thus, this study has potential implications in path-
ologies, such as type 2 diabetes and obesity, and also the insulin resist-
ance that appears in ageing.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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