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ORIGINAL RESEARCHARTICLE

VEGF-B Promotes Endocardium-Derived
Coronary Vessel Development and Cardiac

Regeneration

BACKGROUND: Recent discoveries have indicated that, in the developing
heart, sinus venosus and endocardium provide major sources of
endothelium for coronary vessel growth that supports the expanding
myocardium. Here we set out to study the origin of the coronary vessels
that develop in response to vascular endothelial growth factor B (VEGF-B)
in the heart and the effect of VEGF-B on recovery from myocardial
infarction.

METHODS: We used mice and rats expressing a VEGF-B transgene, VEGF-
B-gene—deleted mice and rats, apelin-CreERT, and natriuretic peptide
receptor 3—CreERT recombinase-mediated genetic cell lineage tracing and
viral vector-mediated VEGF-B gene transfer in adult mice. Left anterior
descending coronary vessel ligation was performed, and 5-ethynyl-2'-
deoxyuridine—mediated proliferating cell cycle labeling; flow cytometry;
histological, immunohistochemical, and biochemical methods; single-cell
RNA sequencing and subsequent bioinformatic analysis; microcomputed
tomography; and fluorescent- and tracer-mediated vascular perfusion
imaging analyses were used to study the development and function of
the VEGF-B-induced vessels in the heart.

RESULTS: We show that cardiomyocyte overexpression of VEGF-B in mice
and rats during development promotes the growth of novel vessels that
originate directly from the cardiac ventricles and maintain connection
with the coronary vessels in subendocardial myocardium. In adult mice,
endothelial proliferation induced by VEGF-B gene transfer was located
predominantly in the subendocardial coronary vessels. Furthermore,
VEGF-B gene transduction before or concomitantly with ligation of the
left anterior descending coronary artery promoted endocardium-derived
vessel development into the myocardium and improved cardiac tissue
remodeling and cardiac function.

CONCLUSIONS: The myocardial VEGF-B transgene promotes the
formation of endocardium-derived coronary vessels during development,
endothelial proliferation in subendocardial myocardium in adult mice,
and structural and functional rescue of cardiac tissue after myocardial
infarction. VEGF-B could provide a new therapeutic strategy for cardiac
neovascularization after coronary occlusion to rescue the most vulnerable
myocardial tissue.
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Clinical Perspective
What Is New?

e Vascular endothelial growth factor-B promotes
coronary vessel development from ventricular
endocardium to subendocardial myocardium and
improves reperfusion and cardiac function after
myocardial infarction.

e In ischemic heart disease, this could provide a new
possibility to improve cardiac perfusion.

What Are the Clinical Implications?

¢ Regardless of rapid reperfusion of the ischemic or
infarcted heart, insufficient subendocardial ves-
sel perfusion (“no-flow reperfusion”) occurs fre-
quently, and diffuse coronary artery disease is not
amenable to revascularization by percutaneous
interventions.

e We show that during heart development, the
myocardial vascular endothelial growth factor-B
transgene promotes the formation of endocardium-
derived coronary vessels, and after myocardial infarc-
tion, vascular endothelial growth factor-B provides
structural and functional rescue of cardiac tissue.

¢ The ability of vascular endothelial growth factor-B to
stimulate de novo vessel growth from the ventricles
into the myocardium could form a basis for develop-
ment of new therapeutic strategies for cardiac revas-
cularization after myocardial ischemic injury.

most important class of noncommunicable diseas-
es and a leading cause of mortality in the west-
ern world. Cardiovascular diseases also rank first when
scored according to disability-adjusted life years criteria.’
Coronary heart disease is the number 1 cause of death
among the cardiovascular diseases.? The subendocardial
region is vulnerable to ischemia and infarction, espe-
cially in hypertensive patients, because it is the most dis-
tant target of coronary perfusion, which occurs mainly
during the diastolic phase of the cardiac contraction
cycle.? Currently, the treatment of coronary occlusion is
mainly catheter-assisted reperfusion and thrombolysis of
the coronary vessels. A timely reperfusion of the myo-
cardium is critical, as adult cardiomyocytes are limited
in their capacity to regenerate.* However, regardless of
the reperfusion, insufficient subendocardial blood flow
("no-flow reperfusion”) occurs frequently.®
Inspired by studies of blood flow in reptilian hearts
and human thebesian veins, attempts to induce endog-
enous angiogenesis were made previously by introduc-
ing tissue channels directly to the myocardium from the
ventricles. Such trials failed, however, to demonstrate
clear functional benefits or improvement of patient
survival.%” The discovery that coronary vessels develop

Cardiovascular diseases currently form the single
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from the sinus venosus,® endocardium,® and, to a mi-
nor extent, epicardium,’' via vasculogenesis, angio-
genesis, and arteriogenesis,® has led to the idea that
therapeutic reperfusion of the myocardium could be
reactivated from these sources in adults. Thus far, this
has not succeeded, however.'213

Vascular endothelial growth factor (VEGF), which
binds to VEGF receptor (VEGFR)-1 and VEGFR-2, is the
major regulator of developmental and adaptive vascular
growth in the heart.”* VEGFR-1, which also binds VEGF-
B and placenta growth factor, is required for proper em-
bryonic vasculature development. VEGFR-1 functions
mainly as an antiangiogenic decoy receptor; thus, its
deletion leads to tissue hypervascularization.’™ " De-
spite the fact that VEGF is the strongest angiogenic
factor of the 3 VEGFR-1 ligands, its side-effects, such
as promotion of vascular leakage and leukocyte recruit-
ment, have prevented its use as a proangiogenic factor
in the treatment of myocardial ischemia.?®

We have earlier shown that transgenic delivery of
VEGF-B into the myocardium in mice and rats results in
increased coronary vessel size and density and induces a
mild nonpathological cardiac hypertrophy.2'?? Here, we
set out to study the development of a striking coronary
vessel phenotype occurring in VEGF-B transgenic mice and
rats. We discovered that the VEGF-B transgene promotes
the endocardial contribution to the coronary vasculature,
resulting in persistence of ventricle-derived vessels that ex-
tend into the subendocardial myocardium. Furthermore,
we show that endothelial cells (ECs) in the subendocardial
vessels respond to adeno-associated viral vector (AAV)-
mediated VEGF-B delivery by proliferation in the adult
heart and that, after myocardial infarction (Ml), VEGF-B
gene transduction can be used to rescue a significant pro-
portion of the myocardial damage resulting from the M.

METHODS

See Expanded Methods in the Data Supplement. For a detailed
list of primers and antibodies used, please refer to Tables lll
and IV in the Data Supplement. On reasonable request, the
data, analytical methods, and study materials will be made
available to other researchers for repeating the experimental
procedures and reproducing the results. Some of the trans-
genic mouse lines were produced by other researchers and
used under the restrictions of material transfer agreements.

Mouse Models

All animal experiments were approved by the animal care
committee appointed by the District of Southern Finland.
Detailed information on the a-myosin heavy chai (aMHC)-
VEGF-B, apelin (ApIn)-CreERT2, natriuretic peptide recep-
tor 3 (Npr3)-CreERT2, Rosa26-TdTomato'*/sToMx transgenic
rodent lines, and experimental procedures and treatments
used in this study are described in rat models and gene dele-
tion in the Data Supplement. The numbers of animals in each
experiment are provided in the respective figure legends.
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Coronary Ligation Followed

by 1,1-Dioctadecyl-3,3,3,3-
Tetramethylindocarbocyanine Perchlorate
(Dil)-Perfusion Staining

Coronary ligation was performed in 5 separate experiments
with N=5 or 6 rats per group. Rat hearts were first retrogradely
perfused with PBS through the abdominal aorta, followed by
ligation of the coronaries at the aortic root when the heart
was still pumping. Subsequently, we infused 40 mmol KCl
into the cardiac ventricle to stop the cardiac contraction in
diastole and then perfused the aorta retrogradely with Dil,
using a constant pressure infusion pump at a flow rate of
90 ml/h, followed by 1% paraformaldehyde, after which the
heart was immersed in 4% paraformaldehyde overnight at
room temperature.

Lineage Tracing of Adult Endocardium
Npr3-CreERT2;R26-tdTomato mice (6-7 weeks) mice were
treated with 3 daily doses of tamoxifen through gavage (2
mg/g weight). One week after last tamoxifen treatment, 2 x
10"" AAV-VEGF-B or AAV-control (Ctrl) viral vector particles
were injected intraperitoneally and one week thereafter, the
left anterior descending (LAD) was ligated to generate MI.
Heart samples were obtained to analyze Npr3-CreER labeled
cells (tdTomato*) 4 weeks after the LAD ligation.

Cardiac Echography

Cardiac function was analyzed under isoflurane anesthe-
sia before the start and before termination of the study, by
using the Vevo 2100 Ultrasound (FUJIFILM VisualSonics Inc,
Toronto, ON, Canada) system. From the short-axis M-mode
images, left ventricular mass, ejection fraction (EF), fractional
shortening, interventricular septum width (diastolic and sys-
tolic), left ventricular internal diameter (diastolic and systolic),
left ventricular posterior wall width (diastolic and systolic),
and left ventricular volume (diastolic and systolic) were calcu-
lated. Also see Tables | and Il in the Data Supplement for the
echocardiographic measurements.

Microangiography-Computed
Tomography

Four-month-old aMHC-VEGF-B mice and rats and their wild-
type (WT) littermates were anesthetized and heparinized,
and the thoracic aorta was cannulated in a retrograde direc-
tion. After washing the blood out with warm heparin (10 U/
mL)-PBS solution, the mice were perfused with microAngiofil
(FUMEDICA AG, Muri, Switzerland; perfusion speed, 0.5 mL/
min, for at least 2 mL) and left at room temperature for micro-
Angiofil polymerization for at least 30 minutes, as described
earlier.” The hearts were covered with wet tissue during that
time to prevent sample drying. Thereafter, the hearts were
harvested and immersion-fixed in paraformaldehyde 4%
until further processing. At a later time point, the specimens
were scanned using the micro computed tomography desk-
top scanner Skyscan 1272 (Bruker microCT, Kontich, Belgium)
with the following scanning parameters: accelerating voltage,
100 kV; Cupper filter, 0.11 mm; isotropic voxel size, 2.7 um?3;
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rotation step, 0.1°; 360° scan; and frame averaging, ON. The
reconstructions represent virtual sections across the obtained
dataset. The white color corresponds to the contrast agent
located intravascularly and in the ventricles.

Statistical Analysis

The data sets from individual experiments were first tested
with Kolmogorov-Smirnov normality tests and were then
analyzed with either 2-way ANOVA with a Holm-Sidak post
hoc test or a 2-tailed Student t test. P<0.05 was considered
statistically significant. The data are presented as mean+SEM.
GraphPad Prism 7 software (GraphPad Software, San Diego,
CA) was used for the statistical analyses.

RESULTS

VEGF-B Transgene Promotes Growth of
Cardiac Vasculature and Mass Postnatally

Adult aMHC-VEGF-B mice expressing the VEGF-B trans-
gene in cardiomyocytes showed increased coronary vas-
culature, heart weight/body weight ratio, and cardiomyo-
cyte size,”’ but no increase in the common pathological
cardiac markers (Figure 1A and 1C). The aMHC-VEGF-B
embryos developed normally and were born in Mendelian
ratios (Figure 1D). Their coronary vessel areas and heart
weight/body weight ratios were found to be significantly
increased from postnatal day 7 onwards when compared
with those of the WT mice (P7; Figure 1E and 1F).

Cardiac Vessels in VEGF-B Transgenic
Mice and Rats Are Perfused Directly From
the Ventricles

In our earlier study, we found enhanced arterialization of
vessels in the hearts of the aMHC-VEGF-B rats.?! To fur-
ther study the cardiac vasculature and its development in
the transgenic versus WT rats, we first performed high-
resolution micro computed tomography imaging using
microAngiofil. This revealed myocardial vessels that origi-
nated from the ventricular endocardium in the transgen-
ic hearts, whereas in the WT hearts, such vessels were
not present (Figure 2A). This was interesting, because
normally after coronary development, a subendocardial
connective tissue layer forms that prevents further vessel
growth into the myocardium from the ventricular side.??
To test whether the vessels originating from the ventri-
cles can deliver blood to the coronary vessels, we ligated,
in both the transgenic and WT rats, all coronaries at the
aortic root and then perfused the ventricles retrogradely
via the aorta with the lipophilic Dil carbocyanine dye that
incorporates into EC membranes?* (Figure 2B—2D; Figure
Iin the Data Supplement). Analysis of thick longitudinal
sections of the hearts showed prominent Dil staining in
the subendocardial vessels and in some vessels across
the myocardium in the transgenic hearts, but not in the
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Figure 1. Cardiac phenotype and its development in the aMHC-VEGF-B transgenic (TG) mice.

A, Macroscopic images of the hearts and atrial natriuretic peptide (ANP) and brain natriuretic peptide (BNP). RNA levels at 4 months. B, IF staining of cardiac
sections for myocytes (dystrophin-2) and blood vessels (CD31). C, Quantification of cardiomyocyte size (um?) and blood vessel area. D, Percentage of TG embryos,
pups, and adults at the indicated time points. E, Blood vessel area fraction. F, Heart weight normalized to body weight (mg/g) at the indicated embryonic and
postnatal days. N=8 per group, mean+SEM, **P<0.01, *P<0.05. Scale bar=300 pym.

WT hearts (Figure 2B-2D; Figure Il in the Data Supple-
ment). To compare the Dil-positive and -negative vessels,
we stained the sections with DylLight488-labeled Lycop-
ersicon esculentum lectin as an endothelial marker. We
found that the Dil-positive vessels in the transgenic mice
were connected to the rest of the coronary vasculature
as an integral part of the functional coronary vascular
tree (Figure 2D; Figure | in the Data Supplement). These
results indicated that the VEGF-B transgene is capable of
promoting development of the subendocardial coronary
vasculature that arises from the endocardium.®?°

AAV-VEGF-B Induced Gene Expression
and Proliferation in Cardiac ECs

To study the protective function of VEGF-B delivered to
the adult heart, we first tested AAV-mediated gene trans-
duction of cardiomyocytes. Using AAV-EGFP (enhanced
green fluorescent protein), expressing the green fluores-
cent protein and flow cytometry, we first confirmed that
the AAV vector transduces the cardiomyocytes efficiently.

68 January 5, 2021

We then also confirmed that the ECs in the AAV-VEGF-B-
transduced hearts expressed only the endogenous VEGF-B
gene (Figure Il in the Data Supplement). To analyze how
VEGF-B gene delivery modulates the endothelial transcrip-
tome in the adult heart, we performed single-cell RNA se-
quencing of the cardiac ECs 2 weeks after AAV-VEGF-B
transduction. For the EC isolation strategy, see Figure IV in
the Data Supplement. In the VEGF-B—transduced hearts,
we found a significant increase of ECs in a cluster repre-
senting highly proliferating ECs (Figure 3A-3C; Figure VA
and VB in the Data Supplement). The increase in capillary
ECs in the S and G2/M phases of the cell cycle is illus-
trated by the single-cell RNA analysis in Figure 3D. Some
of the most prominent changes in gene expression in the
coronary and in the endocardial ECs between the AAV-
Ctrl and AAV-VEGF-B-transduced samples, such as the
cell cycle—associated transcripts Ccnb2, Birc5, and Top2a,
are indicated in the volcano plot analysis (Figure 3E and
3F). This analysis also confirmed that Pecam?, which nor-
mally is expressed less in endocardial cells than in coronary
vessel ECs, and Nrg1, which is necessary for myocardial
trabeculation during development,® were upregulated

Circulation. 2021;143:65-77. DOI: 10.1161/CIRCULATIONAHA.120.050635
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Figure 2. The ventricle-derived blood vessels in a-myosin heavy chain (aMHC)-vascular endothelial growth factor (VEGF)-B transgenic (TG) rats are

lumenized and connect to coronary blood vessels.

A, Micro computed tomography imaging after retrograde perfusion of the ventricles with microAngiofil contrast agent. Arrows indicate blood vessels connected
to the ventricle. B, Schematic illustration of the ligation of coronary vessels and quantifications of 1,1-dioctadecyl-3,3,3,3-tetramethylindocarbocyanine perchlorate
(Dil)-perfused vasculature fraction. C, Dil staining after coronary ligation and retrograde ventricular perfusion of the WT and TG hearts. D, Immunofluorescent
images of Dil and Lycopersicon esculentum lectin staining of the subendocardium in the septal region. N=6 rats per group. Scale bars, (C) 1 cm (D) 100 ym. LCA

indicates left coronary artery; RCA, right coronary artery; and WT, wild-type.

in endocardial ECs from the VEGF-B—transduced hearts
(Figure 3F). Furthermore, transcripts encoding the endo-
cardium-specific markers Cdh11 or Npr3 were higher in
the VEGF-B—transduced hearts (Figure 3F). A shift toward
activated and proliferating ECs was also apparent in the
Velocyto analysis of the data?’ (Figure VC in the Data Sup-
plement).

VEGF-B Activates ECs Throughout the
Myocardium but Induces Proliferation
Mainly in Subendocardial ECs

After intraperitoneal injection of the DNA-integrating
proliferation marker 5-ethynyl-2'-deoxyuridine (EdU),
we found about 3-fold more EdU* EC nuclei in the sub-
endocardium than in the subepicardium of the AAV-
VEGF-B-transduced hearts, whereas the AAV-Ctrl-trans-
duced myocardium showed essentially no EdU labeling
(Figure 4A and 4B). Interestingly, EdU* nuclei were also
observed in the endocardium of the AAV-VEGF-B hearts
(Figure 4B). A similar increase was evident in the Ki67+ EC
nuclei 2 weeks after AAV-VEGF-B transduction, but no
longer after 4 months (Figure VI in the Data Supplement).
AAV-mediated transduction of the other VEGFR-1 ligand,
placenta growth factor, also induced proliferation of sub-
endocardial ECs (Figure VIl in the Data Supplement).

Circulation. 2021;143:65-77. DOI: 10.1161/CIRCULATIONAHA.120.050635

AAV-VEGF-B transduction resulted in an increase of
cells in the activated EC cluster 5, characterized by their
increased expression of, for example, ApIn?® (Figure VA
in the Data Supplement). To localize these cells, we in-
jected AAV-VEGF-B or AAV-Ctrl into ApInCreERT2;Td-
tomato reporter mice.?® Two weeks after gene transfer,
followed by tamoxifen administration, the VEGF-B-
transduced cardiac sections showed 2- to 3-fold more
Apln* ECs than did the Ctrl samples in both the sub-
epicardium and the subendocardium (Figure VIII in the
Data Supplement). These results indicate that, whereas
VEGF-B leads to increased EC proliferation, especially
in the subendocardial myocardium, the coronary endo-
thelial activation, evident as ApIn* cells, occurred more
homogenously in the various parts of the myocardium.

Cell Lineage Tracing Reveals Endocardial
Contribution to Coronary Vessels After
MI Only in VEGF-B-Expressing Hearts

To ask whether the vessels that we observed arise from
the endocardium and whether VEGF-B can induce endo-
cardial transdifferentiation into coronary vascular endo-
thelium after MI, we performed genetic lineage tracing
of endocardial cells in the adult heart and analyzed their
cell fate after MI. We used the Npr3-CreER allele for lin-
eage tracing of the adult endocardium.’ We injected
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Figure 3. Increased expression of transcripts associated with endothelial cell (EC) activation and proliferation in adeno-associated viral vector
(AAV)-vascular endothelial growth factor (VEGF)-B-transduced hearts.

A, Uniform manifold approximation and projection (UMAP) clustering of cardiac ECs from AAV-VEGF-B and AAV-Control (Ctrl)-transduced mice. Cluster 8, which
contains hemoglobin transcripts, was not present consistently in the samples and was considered a contaminant. B, Relative proportions of cells in the major EC
clusters between the AAV-VEGF-B— and AAV-Ctrl-transduced samples. Note the greater number of proliferating ECs in the VEGF-B—transduced sample. C, UMAP
plots showing the cell cycle phase of each single cell in both samples. D, S and G2M scores in the samples. E and F, Volcano plots of genes differentially expressed
in ECs (E) and endocardial cells (F) between the samples. The threshold is adjusted to a logFC>0.25 and FDR<0.05.

tamoxifen into Npr3-CreER;R26-Td-Tomato mice, treat-
ed the mice with AAV-VEGF-B or AAV-Ctrl, and then
ligated the left descending coronary artery to induce
MI. We then analyzed cardiac sections from the mice
4 weeks after LAD ligation (Figure 5A). In mice with-
out MI, immunostaining for Td-Tomato (red) and the
vascular EC marker FABP4 (green) showed Td-Tomato
fluorescence only in the endocardial cells, but not in the

70 January 5, 2021

FABP4+ vascular ECs (Figure 5B and 5C). After Ml or a
sham operation, almost all endocardial TdTomato* cells
remained in the innermost layer of the myocardial wall
in the AAV-Ctrl group. In the VEGF-B-transduced sham-
operated hearts, only a few TdTomato* cells contributed
to FABP4+ vascular ECs in the myocardium, whereas af-
ter MI, a robust increase in the endocardium-derived Td-
Tomato* ECs was observed in the subendocardial vessels

Circulation. 2021;143:65-77. DOI: 10.1161/CIRCULATIONAHA.120.050635
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Figure 4. Adeno-associated viral vector (AAV)-vascular endothelial growth factor (VEGF)-B promotes EC proliferation predominantly in the suben-

docardial myocardium.

A, Schematic outline of the 5-ethynyl-2'-deoxyuridine (EdU)*Apelin (Apln) lineage tracing experiment. B, Representative images and quantification of subendocar-
dial and subepicardial %EdU* nuclei/field (N=6 mice/group). Yellow arrowheads point out the EdU*/CD31* nuclei. Mean+SEM, ***P<0.0005, *P<0.05.

of the AAV-VEGF-B-transduced hearts (Figure 5D).
Statistical analysis showed a significant increase in the
vascular endothelial contribution from the endocardium
in the AAV-VEGF-B versus AAV-Ctrl group, but only af-
ter MI (Figure 5E). Furthermore, lectin perfusion experi-
ments indicated that at least some of the endocardium-
derived vessels were functional (Figure 5G; Figure IX
in the Data Supplement). Taken together, the genetic
lineage tracing results demonstrated that VEGF-B gene
delivery before LAD ligation is capable of enhancing the
endocardial contribution to de novo coronary vessels af-
ter injury (Figure 5F).

VEGF-B Gene Delivery Before or
Immediately After Transient Ischemia
Reduces Cardiac Area at Risk and Scar
Tissue After Mi

We then analyzed the functional importance of the

timing of VEGF-B gene delivery in relation to LAD liga-
tion. Histological and immunohistochemical staining of

Circulation. 2021;143:65-77. DOI: 10.1161/CIRCULATIONAHA.120.050635

the myocardial scar tissue 4 weeks after the Ml showed
smaller scars in the AAV-VEGF-B—treated mice than in
the AAV-Ctrl-treated mice (Figure 6A and 6B). Because
of the difference in the scar size, we also decided to as-
sess the unperfused “area at risk” 24 hours after M,
using Evans blue and triphenyltetrazolium chloride stain-
ing, as described earlier.?? Similar to the Masson Tri-
chrome staining, the scar area was significantly smaller
in the AAV-VEGF-B treated hearts, and the perfused area
was significantly larger, whereas the area at risk was
the same. In particular, the subendocardial area around
the ventricles was perfused in the AAV-VEGF-B—treated
hearts but not in the AAV-Ctrl-treated hearts (Figure X in
the Data Supplement). This confirmed that the VEGF-B—
induced vessel growth alleviated myocardial ischemia.

VEGF-B Increases the Number of
Proliferating Cardiac ECs After Mi

To understand the transcriptomic changes that VEGF-
B induces in ischemic myocardium, we performed

January 5, 2021 71

(=}
=
=
=
=
=
=
m
(7]
m
=
E)
o
=




=
S
<
<<
Ll
7]
Ll
=
—
=
=
=
=
S

T20Z ‘'9Z JequenoN uo Aq Bio'sfeuno feye//:dny wouy pspeojumoq

Résénen et al

VEGF-B in Coronary Development and Cardiac Repair

AAV-Ctrl
icati

]VII‘

4

A B
tdTomato FABP4 Merge + DAPI Magnification O Endocardial cell
&) Npr3-CreERR26-tdTomato . 100 O‘z“’”“a’y EC
£ f A
Tam AAV MI Analysis E, 250
Hidl | g B o0
£ + 40
N 7 520
6 7 8 9 10 11 12 13w 0
D AAV-VEGF-B E I AAV-Ctrl

-~ -Magnification

£
©
£
%]
Sham Infarct Border Remote
Ml
F AAV-Ctr AAV-VEGF-B

o EEAAV-VEGF-B

% of tdT+ cells
into VECs
o N B @

tdTomato FABP4 DAPI

BS Lectin DAPI ] | tdTomato DAPI

| {dTomato BS Lectir

J | tdTomato BS Lectin
DAPI

14 days after M|

Figure 5. Vascular endothelial growth factor (VEGF)-B promotes endocardial contribution to vessel endothelium in the adult heart after myocardial
infarction (MI).

A, Schematic figure showing the experimental strategy. B, Immunostaining of Td-Tomato and FABP4 in sections for natriuretic peptide receptor (Npr3)-CreER;R26-
Td-Tomato transgenic (TG) hearts. C, Quantification of the percentage of Td-Tomato* cells among endocardial cells and FABP4* coronary endothelial cells. D, Td-
Tomato and FABP4 immunostaining of heart sections after Ml or sham operation. Note that a subset of endocardial cells contributes to FABP4* vascular endothelial
cells (VECs) after adeno-associated viral vector (AAV)-VEGF-B treatment (arrowheads). E, Quantification of the percentage of Td-Tomato*, FABP4+ cells in relation to
the infarcted area. F, Cartoon image illustrating increased endocardial contribution after MI. G, Immunostaining for tdTomato and VE-cadherin on hearts collected

14 days after MI. Mice were perfused with BS lectin before they were collected. Mean+SEM, ***P<0.001, **P<0.01. Scale bar, 100 um. N=5 mice per group.

single-cell RNA sequencing of ECs from the AAV-
VEGF-B and AAV-Ctrl hearts 7 days after Ml (Figure
Xl and Xl in the Data Supplement). The most signifi-
cant differences between these ECs were detected in
the proliferating cell cluster, representing the cell cycle
S phase (cluster 12) and G2M phase (clusters 10 and
15), which were significantly larger in samples from the
VEGF-B-transduced hearts (Figure Xl in the Data Sup-
plement). Interestingly, Cxcl72, which binds to CXCR4,
was upregulated in several clusters only in the infarct-
ed VEGF-B—transduced heart. This may be significant,

72 January 5, 2021

because a recent study showed that arterial ECs express
CXCR4, and after injury, capillary ECs increase CXCL12
expression, which leads to arterial reassembly and col-
lateralization.°

VEGF-B Gene Deletion and Gene Transfer
on Heart Function After Ml

We next analyzed whether the endogenous VEGF-B
gene affects the outcome of LAD ligation. Our ear-
lier studies indicated that the expanded coronary

Circulation. 2021;143:65-77. DOI: 10.1161/CIRCULATIONAHA.120.050635
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Figure 6. Vascular endothelial growth factor (VEGF)-B gene therapy decreases myocardial scar and improves cardiac ejection fraction after myocar-

dial infarction (MI).

A, Masson Trichrome staining of the hearts and (B) quantification showing the scar dimensions when adeno-associated viral vector (AAV) was given 6 days before
the MI. C, Cardiac function presented as ejection fraction (EF) and left ventricular (LV) mass measured from the echocardiography 2 weeks after Ml, in 3 separate
experiments, in which AAV was given either 6 or 3 days or right after the left anterior descending (LAD) ligation (N=6 mice for shams and N=10 mice for Ml per

group). Mean+SEM, *P<0.05, ** P<0.005.

vasculature in the VEGF-B transgenic rats protects
against Ml on LAD ligation.?> However, we found that
neither cardiac EF nor fractional shortening was altered
by VEGF-B gene deletion (Table | in the Data Supple-
ment). We then tested the functional benefit of AAV-
VEGF-B transduction of the adult mouse heart 6 or 3
days before M, or immediately after MI. We found that
AAV-VEGF-B transduction, measured 2 weeks after M,
improved EF and fractional shortening (Figure 6C; Table
Il'in the Data Supplement). An improved EF was also evi-
dent in AAV-VEGF-B—transduced hearts 2 weeks after
a 45-minute ischemia-reperfusion treatment (Figure XIIl
in the Data Supplement). Consistent with the histologi-
cal findings, after the MI, AAV-VEGF-B—expressing mice
also retained significantly thicker myocardial walls than
did the AAV-Ctrl mice (Table Il in the Data Supplement).

DISCUSSION

Here we present the striking observation that myo-
cardial expression of the VEGF-B transgene leads to

Circulation. 2021;143:65-77. DOI: 10.1161/CIRCULATIONAHA.120.050635

persistence of cardiac vessels derived from the endocar-
dium that perfuse the subendocardial myocardium. Fur-
thermore, in adult mice, the delivery of a VEGF-B trans-
gene led to proliferation of coronary ECs, particularly
in the subendocardial myocardium. Myocardial VEGF-B
gene transduction, occurring before or immediately af-
ter LAD ligation, promoted transdifferentiation of en-
docardial cells into vascular ECs and their participation
in the growth of the coronary vasculature, as well as im-
proved cardiac function after MI. These results suggest
that during the myocardial remodeling process after Ml,
VEGF-B can reactivate the endocardial contribution to
coronary vessel formation. This means that, in ischemic
heart disease, VEGF-B has the potential of augmenting
the development of endocardium-derived cardiac neo-
vascularization.

During mouse development, endogenous VEGF-B
expression starts at embryonic day 10.5 in the cardio-
myocytes of the right ventricle and in the interventricu-
lar septum, whereas the atria express much less VEGF-
B.3" During postnatal angiogenesis associated with the
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massive growth of the myocardial wall, VEGF-B expres-
sion switches to the left ventricle wall, becoming down-
regulated after postnatal cardiac remodeling to levels
observed in the adult heart.®" In the aMHC-VEGF-B
mice, the transgene-encoded VEGF-B is secreted by
cardiomyocytes, which are also the major source of en-
dogenous VEGF-B in the WT hearts.?? Thus, although
the endogenous VEGF-B expression is not essential for
cardiac development or function,?' an excess of VEGF-
B provided by the transgene is able to further expand
the coronary vasculature during postnatal growth when
endogenous VEGF expression is elevated. After postna-
tal development, both the vasculature and the cardio-
myocyte size were stabilized in the transgenic hearts;
thus, the relative increases in the vasculature and in the
cardiomyocyte cross-sectional area in 2-month-old and
2-year-old rats are similar.??

In the developing heart, the sinus venosus® and the
endocardium provide the major sources of coronary
vessels,®2*> which grow in 3 major waves to support the
expanding myocardium during gestation and neonatal-
ly.3* The majority of the coronary vessels in the ventricu-
lar free wall originate from the sinus venosus, whereas
interventricular septal vessels develop from the ventric-
ular endocardium.™ In the adult heart, the extent of
endocardial contribution to the formation of coronary
ECs after an injury, such as M, is minimal, although
it may depend on the extent of hypoxic damage.343°
The increased subendocardial vascularization that we
found in the hearts expressing the VEGF-B transgene
is important, as the subendocardial myocardium is par-
ticularly vulnerable to myocardial infarction.*® Research
in the field has suggested that a lower blood supply
to the subendocardium and higher compliance of the
subendocardial vessels lead, in cardiac ischemia, to the
subendocardial vulnerability.?

During the cardiac development of vertebrates, the
trabecular myocardium undergoes compaction regulat-
ed by paracrine signals between the endocardium and
the myocardium.'® The Notch and Neuregulin pathways
are essential for this process, which starts before the
heart tube assembly at embryonic day 8.0.% In mouse
cardiac development, the endocardium-to-vessel transi-
tion occurs during trabecular compaction morphogen-
esis.?537 In this process, the endocardial cells that are
trapped between the compacting myocardial trabecu-
lae undergo a phenotypic transition to vascular ECs,
and they also generate fibroblasts and smooth muscle
cells.?> The endocardium thus forms the origin of suben-
docardial vessels that anastomose with coronary vessels
derived from the sinus venosus and become perfused.
Interestingly, this process of endocardial “touchdown”
formation, in which endocardial cell ridges encapsulate
the trabecular myocardium and start to form the initial
trabecular architectural units, corresponds to the angio-
genic sprouting in other vascular beds.®
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Vessels that emerge from the cardiac ventricles oc-
cur in mammals and in lower species, in which they
are believed, on the one hand, to provide a myocardial
drainage route, and on the other hand, to nourish the
myocardium with oxygenated blood.3® Such venous con-
nections are called “Thebesian veins,” and arterialized
vessels are called vessels of Wearn.?%4" In humans, the
number of such vessels is normally between 0 and 10,
and in unchallenged conditions, their role thus seems in-
significant.®* In nonmammalian species, however, these
vessels play a role in perfusing the intertrabecular region,
with their anastomoses to the coronary vasculature.

Although adult endocardial cells contribute only min-
imally to cardiac ECs after injury, endocardial cells that
become entrapped in the myocardium during postisch-
emic remodeling may contribute to the vessel growth
in the damaged myocardial tissue.’ Thus, endocardial
tissue remodeling could offer a source for cardiac neo-
vascularization in pathological conditions. This idea is
consistent with our present results, showing that in the
adult heart, the tissue remodeling after Ml was required
for the VEGF-B—induced endocardial-to-vascular endo-
thelial contribution in the regenerating vessels. How-
ever, whereas the endogenous program makes none
at all or only a minimal contribution to the coronary
circulation,*? our results indicate that VEGF-B is the first
factor found that can induce both vessel growth and
endocardial cell delamination from the endocardium
and migration into the ischemic myocardium, where
endocardial ECs transdifferentiate into vascular ECs and
participate in de novo coronary vessel formation.

Because the reperfusion of the subendocardial re-
gion of the heart is a major problem, we examined
AAV-gene therapy as a safe and feasible method to de-
liver VEGF-B for the stimulation of cardiac subendocar-
dial vessel growth. On VEGF-B transduction, we found
a clear increase in proliferating ECs, located mostly in
the subendocardial region. This is most likely caused by
angiogenesis stimulated indirectly by VEGF-B via VEGF-
VEGFR-2 signaling, which is in agreement with the in-
creased vasculature density previously observed in AAV-
VEGF-B-transduced hearts.?" Moreover, the VEGFB167
isoform, has enhanced revascularization of the myocar-
dial border zone after infarction caused by LAD-liga-
tion.** A cardiomyocyte-specific VEGF-B transgene was
also associated with reprogramming of cardiomyocyte
metabolism and preservation of mitochondrial complex
| function on ischemia-reperfusion.?? In dogs subjected
to tachypacing-induced cardiomyopathy, VEGF-B167
markedly preserved diastolic and contractile function
and attenuated ventricular chamber remodeling, halt-
ing the progression from compensated to decompen-
sated heart failure.** These studies suggest that VEGF-B
has therapeutic effects in regard to myocardial ischemia
and heart failure.

Circulation. 2021;143:65-77. DOI: 10.1161/CIRCULATIONAHA.120.050635
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VEGF-B expression was reported to decline in pa-
tients with heart failure, where circulating VEGF-B lev-
els are inversely correlated with ongoing left ventricular
remodeling.*>*¢ We considered that myocardial delivery
of VEGF-B could be therapeutic in cardiac remodeling
after acute ischemia/injury, when the subendocardium
reverts transiently to its former hypertrabeculated state,
which may facilitate endocardium-derived neovascular-
ization.*>* We furthermore considered that such effect
of VEGF-B could be enhanced after Ml, because VEG-
FR-2, which transduces the VEGF-B-mediated angio-
genic signals, is upregulated after Ml also in endocar-
dial flower-shaped structures that contain proliferating
ECs.#” In agreement with our hypothesis, AAV-VEGF-B
transduction 6 days before the MI prevented the de-
crease of cardiac EF. Surprisingly, a protective effect on
the cardiac function was observed even when AAV-
VEGF-B was injected 3 days before, or even just after
the LAD ligation, indicating for the first time that the
coronary endothelial growth promoted by VEGF-B gene
delivery is beneficial during acute cardiac injury. These
results suggest that VEGF-B gene delivery could be
useful in inoperable patients with acute coronary syn-
drome or in combination with balloon angioplasty to
overcome the often-occurring no-reflow phenomenon.

VEGF-B thus fulfills many of the desired features for a
vascular perfusion-enhancing agent. It has been shown
to protect from microvascular defects generated during
cardiac stress, an important aspect for avoidance of the
no-flow phenomenon and successful reperfusion.?? It
also promotes vessel arterialization,?' which is crucial
for pressurized blood delivery into the cardiac muscle.
Furthermore, a clear advantage of VEGF-B in compari-
son with other angiogenic factors is that it cannot be
overdosed. This is because an excess of VEGF-B works
merely by binding to the VEGFR-1 decoy receptor, there-
by displacing the endogenous VEGF for induction of
angiogenesis through the VEGFR-2-signaling pathway,
which in turn promotes mild cardiomyocyte growth
through paracrine EC-cardiomyocyte crosstalk.*® It is
important to note that the therapeutic dosing window
is much smaller for VEGF-A than for VEGF-B, because
VEGF-A is poorly angiogenic in the heart,* and its side
effects, such as vascular leakage and inflammation, are
greater, which thus far has compromised its use in the
treatment of cardiovascular ischemic conditions.?!:22:0

In conclusion, we present a novel VEGF-B function
in the endocardial transdifferentiation to vascular ECs,
associated with the development of endocardium-de-
rived blood vessels in the heart. Our study shows that
VEGF-B is capable of reactivating an organ-specific de-
velopmental growth program that is distinct from an-
giogenic sprouting in other developing vascular beds,
thus overcoming the insufficiency of intrinsic develop-
mental mechanisms that drive new vessel formation in
the injured heart (Figure XIV in the Data Supplement).
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Studies of the endocardial transcriptome and possible
progenitor-like EC clusters are required to find out
how VEGF-B alters the endocardial cells during devel-
opment and repair of the coronary vessels and how it
can be further boosted for an improved functional and
eventually therapeutic benefit. This is a translationally
and clinically relevant research area, which could pro-
vide a new possibility for the development of better
myocardial perfusion to the injured heart directly from
the cardiac ventricles.
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