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Abstract

Cell therapy has shown impressive effects in experimental cardiomyopathy models. To a lesser extent, gene therapy has also
been studied. In both cases, translation to clinical therapy has been disappointing. This paper is intended to describe the
experience and achievements of a multicenter working group located in Porto Alegre, southern Brazil, in experimental and
translational research projects for cell-based and gene therapy methods in the treatment of dilated and ischemic
cardiomyopathies. The results of preclinical and clinical studies showed that bone marrow mononuclear stem cells indeed
have an effect in improving myocardial perfusion and contractile function, but the overall results are poorly translated to the
clinical level. Gene therapy studies with direct myocardial injections of naked VEGF 165 plasmid showed improvement in
myocardial perfusion and function in animal models. A randomized clinical trial found that this method is safe and improved
myocardial perfusion, but the benefits disappeared after 1 year. An animal experiment associating VEGF 165 with
angiopoietin was undertaken in mini pigs to extend the durability of that therapy. In conclusion, our efforts to better
understand the mechanisms and functions of gene and cell-based therapies in cardiology resulted in significant findings and
propose a future look at cell-free therapeutic approaches.

Introduction and with an estimated cost of $108 billion per annum in

2012 [2]. Since the population is ageing, HF burden will
Heart failure (HF) is a leading cause of morbidity and  likely increase over the next decades. Although reports
mortality, affecting at least 26 million people worldwide [1]  indicate that mortality for HF is decreasing, it remains

higher than for other lethal diseases, such as many forms of

cancer [3]. The unadjusted 1-year mortality after hospitali-
These authors contributed equally: Roberto Tofani Sant’Anna, zation for HF reaches 32% [4]. Treat.ment .Of end stage HF
Bruna Eibel (e.g., heart transplant and mechanical circulatory assist
devices) is complex and expensive, particularly for less
developed countries.

Current treatment for HF can improve symptoms and
ameliorate prognosis, but it should be viewed as palliative
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coauthors had papers retracted or with “expression of con-
cern” by the publishers [8].

Initial cell therapy studies focused on the capacity of
stem cells of different sources to regenerate damaged
myocardium. Bone marrow contains different types of stem
cells and is easy to harvest, becoming the preferred cell
source for preclinical and clinical studies. In sequence,
adipose tissue-derived stem cells [9] were also successfully
applied for myocardial regeneration. The curative potential
of stem cells led to fast translational efforts, and the clinical
application of bone marrow cells in patients with ischemic
cardiomyopathy occurred within a year after publication of
experimental data [10, 11].

Coronary artery disease is the most common cause of HF
[12]. Advances in pharmacological and interventional
treatment led to a decrease in mortality [13], but a sig-
nificant proportion of patients are not amenable to con-
ventional revascularization and suffer from refractory
angina [14, 15]. Gene therapy represents an alternative
therapy that aims to stimulate angiogenesis in the ischemic
myocardium in order to minimize angina symptoms and
possibly increase life expectancy and quality of life for
these patients. In this context, gene therapy using vascular
endothelial growth factor (VEGF) could represent a new
therapeutic option [16, 17]. In 1998, the first clinical trial
using gene therapy with VEGF 165 was conducted for
patients with refractory angina [18] and was closely fol-
lowed by randomized trials using signaling proteins to
promote angiogenesis [19].

Cell and gene therapy both promise a new era in the
treatment of HF and related cardiac diseases through mul-
tiple pathways [20, 21]. Clinical trials have been published
in the last 15 years; however, despite initial enthusiasm,
they have failed to meet their potential, so that cell and gene
therapy are not part of current guideline-oriented therapy for
HF [22]. During this period, our research group developed
several protocols in both cell and gene therapy, including
experimental and clinical studies, and more recently focused
on limitations of translational medicine. In this article, we
summarize our research in the light of current advances in
the field of regenerative medicine.

The Rio Grande do Sul Institute of Cardiology is an
academic hospital managed by the University Foundation of
Cardiology and affiliated with the Federal University of
Health Sciences of Porto Alegre (Universidade Federal de
Ciéncias da Sadde, UFCSPA), located in Porto Alegre,
capital of the State of Rio Grande do Sul, the southernmost
state in Brazil. Since 1997, the surgery group has been
motivated by reports on molecular and cellular therapeutic
strategies for myocardial ischemia and failure in experi-
mental models, as well as some initial clinical reports
of those effects in the clinical setting. The group then
started experimental projects on gene transfection of green
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fluorescent protein (GFP) into healthy canine myocardium.
The positive results led to experimental models of myo-
cardial infarction, which opened the way for obtaining the
support of government agencies’ grants.

In 2009, the group coordinated a statewide research
network of 12 centers, supported by CNPq and FAPERGS,
with cell therapy studies in several in vitro and in vivo
systems. A significant finding related to the clinical trial on
cell-based therapy for dilated cardiomyopathy (DCM), as
detailed below, was the demonstration that the transitory
contractility improvement induced by stem cell injection
occurred not only in the wall where the cells were injected,
but also in the whole myocardium, which was though to
represent one of the first clinical evidences of the paracrine
effect of this therapy.

Parallel to cell therapy, the group has been intensively
involved in gene therapy. After the first canine myocardium
gene transfection tests detailed below, experiments evolved
and culminated with a research at the clinical level. In 2004
the group participated in a nationwide network on gene
therapy, with a randomized clinical trial, which was, to the
best of our knowledge the first clinical trial on gene therapy
in Latin America. The trial evaluated the effects of gene
therapy-induced angiogenesis for myocardial revascular-
ization in ischemic heart disease, the results of which were
presented at the American Heart Association’s 2011
Meeting and published [23].

Research has continued since then, mostly in experi-
mental and in vitro models, with several publications, as
described below. There is an ongoing clinical series of cell
therapy for DCM in young patients, which was motivated
by the fact that the only patient with permanent improve-
ment in the first clinical trial was a teenager and associated
with the fact that the impressive animal results were all done
in young animals. In this setting, we have also investigated
the effects of aging on stem cell performance. Figure 1
presents a roadmap of experimental and clinical studies that
our group conducted in the field of cell and gene therapy.

Dilated cardiomyopathy

DCM is a frequent cause of HF and is the most common
indication for heart transplantation [24]. The true prevalence
of DCM is not fully known and is probably underestimated
due to the insidious onset of the disease and the existence of
asymptomatic cases [25]. A survey of 156,013 patients
hospitalized with HF in the US found a 41% prevalence of
non-ischemic cardiomyopathy [26]. Of these, hypertension
was the most common cause (48%), followed by idiopathic
etiology (31%). Familial DCM is responsible for 30-50% of
the cases [27, 28] and, within these, 40% of patients have an
identifiable genetic mutation.
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Fig. 1 Roadmap of experimental and clinical studies conducted by our group in the field of cell and gene therapy of cardiovascular diseases.

Numbers refer to published articles for each study

Guideline-directed medical and device therapies,
including implantable cardioverter-defibrillator and cardiac
resynchronization, are beneficial in DCM. Death is caused
by disease progression and pump failure in two-thirds
of patients with DCM [29, 30]. In the remainder, the
mechanism is sudden death related to cardiac arrhythmias.
Clinical studies indicated that patients with DCM have a
better prognosis than patients with ischemic heart disease
when adjusted for confounding factors and comorbidities,
albeit with variations according to specific etiologies or
gene mutations [29].

Regardless of the initial cardiac insult, HF progresses as
a result of overexpression of compensatory mechanisms that
ultimately exert deleterious effects on the heart and circu-
lation. Numerous so called “neurohormonal mechanisms”
have been described in HF, including activation of
renin—angiotensin—aldosterone and sympathetic nervous
systems, production of inflammatory mediators and cardi-
omyocytes apoptosis. Pharmacological treatments aimed at
inhibition of these activation mechanisms have drastically
improved the prognosis of HF. However, current treatments
are incapable of restoring lost cardiac tissue, so that in
advanced cases they are able to halt disease’s progression
and control symptoms, but seldom revert -cardiac
dysfunction.

There are few investigations regarding DCM in experi-
mental and clinical studies of cell therapy, and there are
important considerations to examine before translating

results from ischemic to non-ischemic causes of HF. DCM
is a phenotype resulting from different pathological pro-
cesses, and animal models are limited to specific etiologies,
such as toxic cardiomyopathy induced by doxorubicin
infusion [30], Chagas disease [31], and immune myocarditis
models [32].

Nagaya et al. [33] published the first experimental work
regarding cell therapy in DCM, in which a rat model of
DCM was used. Five weeks after immunization, mesench-
ymal stem cells (MSC) or vehicle was injected into the
myocardium. MSC transplantation increased capillary
density and decreased the collagen volume fraction in the
myocardium, resulting in increased left ventricular max-
imum dP/dt. Psaltis et al. [34] evaluated the effect of MSC
injection in an ovine model of anthracycline-induced DCM.
Transendocardial allogeneic MSC or placebo were injected
under electromechanical mapping guidance. MSC atte-
nuated ventricle dilatation and stabilized the ejection frac-
tion. Histologically, there was less fibrosis with cell therapy
and increased density of cardiomyocytes and myocardial
arterioles, despite modest cellular engraftment.

Chronic stable conditions, such as DCM, lack the ade-
quate microenvironment for cell homing. Intracoronary
injection is associated with a small percentage of trans-
planted cells that are effectively being retained in cardiac
tissue, which could limit results when that route is used for
cell therapy in the absence of an appropriate signaling for
cell homing [35]. Few clinical or experimental studies
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compared different forms of cell delivery. Vrtovec et al.
[36] compared intracoronary and transendocardial cell
delivery in a randomized study with 40 DCM patients. At
6 months, the left ventricular ejection fraction (LVEF) and
exercise capacity increased in both groups, but the increase
was greater in the group treated by transendocardial cell
delivery [36].

Cell therapy studies

Our studies started with cell therapy in cardiology after
experimental work from Orlic et al. [10], in which bone
marrow-derived c-kit4 mononuclear cells were used to
regenerate cardiac function in an experimental model of
acute myocardial infarction (AMI). Two injections of
0.15-1x 10° Lin-c-kit+ cells were made into the myo-
cardium adjacent to the infarct region. The treatment
induced the formation of new cardiac myocytes and cor-
onary blood vessels, which led to an increase in left ven-
tricle end-diastolic pressure. The same group demonstrated
that bone marrow mononuclear cells (BMMC), mobilized
by stem cell factor and granulocyte-colony stimulating
factor, homed to the infarcted region and promoted myo-
cardial repair, resulting in a significant tissue regeneration
27 days after AMI [37].

Subsequent experiments carried out by other groups
failed to accurately reproduce these results, as recently
reviewed [38]. The mechanism through which functional
improvement is obtained was questioned and is still a matter
of debate. Later work refuted the hypothesis of transdif-
ferentiation by demonstrating the presence of little to none
of transplanted cells a few weeks after injection, pointing to
a paracrine mechanism involving the secretion of growth
factors, microRNAs (miRNAs), and exosomes by trans-
planted cells as being responsible for cardiac repair [39].
Fusion of bone marrow cells with resident cardiac cells has
also been refuted as a potential mechanism for cardiac
regeneration [40].

In clinical trials, the most commonly used cells are bone
marrow-derived stem or progenitor cells derived from the
patient’s own bone marrow. Bone marrow is a hetero-
geneous tissue containing multiple cell populations with a
small proportion of progenitor cells (=1%), which includes
stem cell of hematopoietic origin, MSCs and endothelial
progenitor cells (EPCs). Initial clinical trials showed safety
of BMMC in AMI and chronic myocardial ischemia
[11, 41]. BMMC were associated with improving myo-
cardial blood flow with enhancement of regional and global
left ventricular function. This led to several phase I and II
randomized trials of cell therapy in patients with HF, AMI,
and chronic ischemic heart disease, most of which used
BMMC. Randomized, placebo-controlled trials, however,
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demonstrated unimpressive results in AMI [41] and chronic
ischemic HF [42]. Recently, Gyongyosi et al. [43] reviewed
the different meta-analyses from trials that evaluated
potential benefits of cell therapies for treatment of HF and
AMI. The largest meta-analyses included 1907 patients with
HF and 2307 patients with AMI. Most meta-analyses agreed
that the benefit of cell therapy in these conditions is still
inconclusive and impaired by statistical underpower.
Authors also noted pitfalls in trial design and incon-
sistencies in reporting trial results.

Our experience in the use of bone marrow cell
therapy for DCM

For our studies, we opted to use BMMCs collected from
iliac bone and isolated with Ficoll-Hypaque. BMMC iso-
lation is relatively easy, fast, and inexpensive, albeit
potentially limited by the small proportion of stem cells.
Experimental data pointed to a superior regenerative capa-
city of single clonally purified MSC in AMI [44], yet the
use of MSC requires cell culture, which in clinical condi-
tions is more complex and expensive.

We hypothesized that injection of the cells in a limited
ventricular area could affect the entire chamber perfor-
mance. Thoracotomy is a safe procedure, even in patients
with advanced HF, as experience with epicardial implan-
tation of the left ventricular leads indicates [45]. Initially,
we evaluated the safety and viability of autologous trans-
plantation of BMMC by minithoracotomy in a case series
[46]. Nine patients with class III/TV HF due to DCM and
severe left ventricular dysfunction (ejection fraction <35%)
received 9.6 +2.6 x 10’ BMMC. Cell injections were spread
across 20 sites in the ventricular free wall, which was
accessed by a 5cm-length thoracotomy in the fifth left
intercostal space.

Echocardiograms and cardiac magnetic resonance ima-
ging (CMRI) were used to compare cardiac function before
and after cell transplantation. There were no major
procedure-related complications. Patients had significant
symptomatic improvement according to NYHA functional
class, and there were no deaths through the 1st year of
follow-up. Echocardiograms demonstrated significant
increases in LVEF and decreases in percent left ventricular
(LV) fiber shortening. When evaluated by MRI, LV para-
meters showed a non-significant variation. Table 1 sum-
marizes the findings of this trial along with other relevant
clinical studies from our group.

In this small study, the results showed that intramyo-
cardial transplantation of BMMC in DCM was feasible and
safe. There were early improvements in symptoms and LV
performance, which regressed during follow-up, although
symptomatic improvement was preserved. As pointed out
earlier, cell retention in the myocardium is low and limited
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Effect of BMMC transplantation in untreated left
ventricle walls

Contractility changes were observed in areas that were
treated (free wall) and untreated (septal wall) with BMMC
in selected patients who showed significant ventricular
improvement after free wall-only intramyocardial stem cells
injection [49]. A relative LVEF improvement greater than
15% was observed in 7 (46.7%) of the 15 patients with
DCM that received 9.6 +2.6 x 10’ BMMC, injected at ten
points distributed over the left ventricular free wall. These

We used the same surgical technique in all trials, which consisted of an approximately 5 cm incision anterolaterally in the fifth left intercostal space and injection of cell/gene vectors by direct

Table 1 Most relevant clinical studies of cell and gene therapy from our group
Therapy
visualization

30 patients with chronic class III/IV HF, Treated group: 20 patients, Randomized trial

LVEF <35%, DCM randomized
13 patients with chronic class III/IV HF, 2000 pg of a plasmid

9 patients with chronic class III/IV HF,
refractory angina

LVEF <35%, DCM

Population
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Left ventricle ejection fraction(%)

Mean + SD
I

-

n

2

wv

Mean + SD

Basal

3m

P 9m

Basal

Quality of life, MLHQ

3m [

6m

12m B

Control

28.0+4.3

27.

.417.4

(A)

0.79

29.544.5

0.4

Control

48,8+16,3

54,3+23,7 0.57

(B)

40,2+23,5

0.31 41,7#27,4

0.48

Fig. 2 Comparison of left ventricle ejection fraction, assessed by MRI (a), and quality of life, evaluated by Minnesota Living with Heart Failure
Questionnaire (b), between 20 patients that received 9.6 +2.6 x 107 BMMC and 10 control patients

Table 2 Summary of randomized trials of cell therapy in dilated cardiomyopathy

Study Number of  Cell type Number Route of delivery Follow up Blind, Outcome
patients® of cells placebo Cled
ABCD trial [67] 45T, 40C BMNC 1.68 = Intracoronary 28 +9 months No 1 LVEF
0.96 x 10 1 NYHA
IMPACT-DCM [68] 18T, 11C Cultured BMNC 0.35 — Intramyocardial 1 year No < LVEF
2.95%x10%  (thoracotomy < NYHA
or NOGA)
Vrtovec et al. [36] 55T, 55C CD34+ 1.13 + Intracoronary 5 years No 1T LVEF
0.26 x 10° 1 6MWD
| Mortality
INTRACELL [47] 19T, 10C BMNC 1.06 + Intramyocardial 9-12 months No < LVEF
0.43x10%  (thoracotomy) < NYHA
1 Mortality
MiHeart [69] 61T, 54C BMNC 2.36 (1.76 — Intracoronary 1 year Yes < LVEF
2.95)x 108 - Mortality
REGENERATE — 15T, 15C BMNC 1.06 x 10® Intracoronary 1 year Yes 1T LVEF
DCM [70] 1 NYHA

All trials included patients with symptomatic heart failure and LVEF <40%

T treated, C control

patients were selected for further contractility study based
on cardiac MRI. We measured the systolic thickening of the
septal (untreated) and free (treated) walls before injection
and at 3 months postoperatively.

Mean thickening increased from 0.46 to 1.23 mm (an
absolute increase of 0.77 = 1.3 mm and relative increase of
167.4%) in the systolic septal wall, and from 1.13 to 1.87
mm (an absolute increase of 0.74+1.5mm and relative
increase of 65.5%) in the free wall. Comparison of the rate
of absolute or relative systolic thickening between the two
walls (p =0.866 and 1.0, respectively) showed no differ-
ence. This study suggests that cell therapy can exert a global
effect on cardiac function, despite injection in a limited
area. These results imply the existence of a diffuse (i.e.,
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paracrine) mechanism of action (video on Supplementary
Material). Also, regional improvement of contractile func-
tion could attenuate the neurohormonal effect of HF, thus
leading to a more global response, although this hypothesis
was not directly addressed.

Effect of pharmacological treatment and heart
disease etiology on cell function

The unimpressive clinical results with cell therapy have
multiple complementary explanations. First, preclinical
studies generally employ healthy animals in which the
condition to be investigated is experimentally induced.
When compared to autologous cells from patients with



Gene therapy for refractory angina and cell therapy for heart failure: experience of a Brazilian...

cardiovascular disease and multiple comorbidities, tissue
sources from these animals have different population in
terms of frequency and therapeutic potential [50].
Second, clinical patients receive other forms of treatment,
that could directly affect cell therapy through specific
mechanisms.

We conducted an investigation of three cell compart-
ments: endothelial stem/progenitor cells (EPCs), hemato-
poietic stem/progenitor cells (HSCs), and mesenchymal
stem/progenitor cells of patients with ischemic or valvular
heart disease. The study included 36 patients referred for
open-heart surgery. Before the operation, sternal bone
marrow samples were harvested and analyzed using flow
cytometry and colony assays [51].

A reduced frequency of stem cells in both groups of
patients (ischemic and valvular) was observed. When the
clinical attributes potentially affecting the frequency and
function of EPCs and HSC were evaluated, we found the
following associations: lower clonogenic potential for
EPCs and LV dysfunction was associated with increased
frequency of CD34+KDR+ cells and use of aspirin; lower
clonogenic potential for HSCs was associated with hemo-
globin level <12 g/dL; and increased frequency of CD34
+CD38— cells was associated with use of B-blockers. We
were unable to analyze clinical and laboratory character-
istics potentially affecting MSC, which had a low frequency
in the samples [52]. Furthermore, patients with higher sur-
gical risk or ischemic disease severity, as assessed by the
Euro-SCORE and SYNTAX score respectively, had a lower
frequency of CD34+KDR+ cells.

Our group studied the effects of beta-blockers on cell
homing in an experimental setting of hypertension [53] and
in patients who underwent heart surgery [54]. Beta-blockers
are one of the pillars of HF treatment [55]; they prevent
cardiac remodeling through multiple mechanisms, including
reduction of heart metabolic demand, preventing cardio-
myocytes hypertrophy, and death and controlling arrhyth-
mias. They also reduce mortality across different etiologies
and subgroups of patients with HF [55].

We administrated beta-blockers for 30 days to sponta-
neously hypertensive rats and analyzed interference with a
major chemokine of cell homing and the expression of its
receptors, as well as GRK-2, G-protein-coupled receptor
(GPCR) desensitization proteins, p-arrestins (f1-AR and
B2-AR), and a downstream molecule involved in tran-
scription. The study drugs were shown to modulate these
proteins, with a strong effect of metoprolol and propranolol
on the expression of f1-AR (p =0.0102) and p2-AR (p =
0.0034). These drug interactions may interfere with the
normal functioning of these pathways and greatly affect the
body’s response, as in tissue regenerative and renewal
capacity, which in turn may interfere with the response to
cell therapy [53].

Gene therapy applied to ischemic
cardiomyopathy

Gene therapy, which has the potential to promote myo-
cardial angiogenesis and collateral circulation in ischemic
myocardium, may represent a possible treatment modality
for these patients [20]. Angiogenesis involves the mobili-
zation of EPCs, which are multipotent cells with the capa-
city to proliferate and differentiate into mature endothelial
cells [22]. Gene therapy is not intended to replace an
abnormal gene, but regulates the expression of useful pro-
teins, increasing their DNA contents. Its effectiveness
depends on the gene vector and method of administration
used [9]. VEGF functions both as an important marker of
endothelial damage and as the mediator of repair. It
encourages the maintenance, mobilization, and recruitment
of EPCs from bone marrow [5]. The angiogenic potential of
VEGF stimulates the endothelial production of nitric oxide
through activation of nitric oxide synthase (eNOS).

The concept of therapeutic angiogenesis in humans
progressed to the point of phase I clinical trials in patients
with ischemic cardiomyopathy. Clinical trials of VEGF 165
gene therapy as the sole treatment for patients with refrac-
tory angina have used low gene vector doses (125—400 pg)
[18, 56]. Higher doses have been used in some studies,
although in combination with well-established techniques of
myocardial revascularization, such as CABG and PCI
[16, 57, 58]. Such trials were able to demonstrate the safety
and feasibility of this type of therapy, but benefits over
myocardial perfusion and functional capacity were small
and inconsistent.

Our experience in the use of gene therapy

Our first experimental study in this area proposed assessing
the transfection of the gene that encodes the GFP through
direct injection into healthy canine myocardium. Cells
transfected and non-transfected with the pREGFP plasmid
showed differences by fluorescence microscopy, with mild
fluorescence in the cardiac fibers of the control group and
overt EGFP expression in transfected myocardial cells,
showing that transfection of the EGFP gene in healthy
canine myocardium was effective [59].

In a second study, we evaluated coronary angiogenic
response to transmural injection of a plasmid encoding
VEGF 165 in AMI zones using a similar canine model [60].
The heart of 11 dogs was exposed and AMI was induced by
occlusion of the diagonal branch of the anterior descending
coronary artery. For each of ten selected points in the
infarction area and its peripheral zone, 1-ml injections of
saline solution (control group: 5 dogs) or of plasmid
encoding VEGF 165 solution (200 pg/ml) (VEGF group: 6
dogs) were introduced. Technetium myocardial scintigraphy
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was performed immediately after animal recovery and
14 days later to evaluate the myocardial perfusion. Fourteen
days after coronary ligation, the ischemic area evaluated by
SPECT demonstrated recovery of ischemic area in both
groups, reflecting the abundant collateral circulation present
in canine circulation. Histologic evaluation of the peripheral
area of AMI indicated a larger number of vessels in the
VEGF group when compared to controls, which resulted
mainly from an increase in the number of capillaries. In the
canine model of chronic myocardial infarction, intramyo-
cardial injection of plasmid VEGF 165 resulted in pre-
servation of the LVEF, which was contrary to the control
group where the LVEF showed continuous decline during
the experiment [60].

Between 2009 and 2011, our group conducted a clinical
trial (NCT 00744315) with gene therapy using a plasmid
expressing the VEGF 165 isoform for patients with
refractory angina [17, 23]. The aim of this study was to
assess safety and feasibility and to evaluate the results, both
clinical and on myocardial perfusion, of gene therapy with
2000 pg of a plasmid expressing the VEGF 165 isoform in
patients with advanced ischemic heart disease and refrac-
tory angina. Concerning myocardial perfusion, there was no
difference in stress and differential ischemia SPECT scores
during the previous optimal drug treatment period. How-
ever, an increase in the rest ischemia SPECT score was
observed. Three months after VEGF 165 gene therapy,
analyses of ischemia SPECT scores showed a reduction in
the number of ischemic segments under stress and at rest.
There was no difference in the differential score in the same
period. Six months after intervention, there was a significant
difference only in the rest ischemia score. One year after
gene therapy, the ischemia scores were similar to the pre-
operative values.

In respect to functional capacity, 1 month after VEGF
165 gene therapy, there was improvement in the number of
steps performed in the treadmill test, which was maintained
at 1 year after intervention. Oxygen consumption in the
patients was improved 3 months after intervention, and this
effect remained at 1 year after gene therapy. During the
optimal drug treatment period, there was no difference in
the number of steps or in oxygen consumption in the
treadmill tests.

Gene therapy with the VEGF 165 plasmid was shown to
be safe and feasible in this patient group. Three months after
gene therapy, the clinical results demonstrated an
improvement in the intensity of myocardial perfusion in the
treated areas. One year after treatment, the ischemia scores
were similar to the preoperative levels, but no patients had
worsening of ischemia during this period. Improvements in
quality of life and classes of angina and HF were observed
in the same 1-month period after gene therapy and were
maintained for 1 year after treatment [17, 23].
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Also, two studies analyzing blood samples from these
patients demonstrated mobilizations of important cell
homing markers. The first one [61] analyzed the frequency
of CD34+4/KDR+ cells (EPCs) by flow cytometry before
and 3, 9, and 27 days after gene therapy. The number of
EPCs on day 3 was significantly higher than that at baseline
(p =0.03); however, on days 9 and 27 this frequency was
similar to baseline. We identified a transient mobilization of
EPCs, which peaked on day 3 after VEGF 165 gene therapy
in patients with refractory angina and returned to near
baseline levels on days 9 and 27 [61].

In the second study [62], blood samples were subjected
to systemic analysis of protein expression by ELISA. The
levels of proinflammatory IL-6 and ET-1 were increased on
day 3 after gene therapy, and VEGF was increased on day
9. The mobilization of EPCs and TNF-a on day 9 showed a
strong positive correlation, indicating pro-inflammatory
status. Expression of angiogenic molecules and mobiliza-
tion of EPCs are time-dependent, influenced by chronic
inflammatory processes and continuous pharmacological
treatment [62].

Following these results, our group led another experi-
mental study to investigate the safety and hemodynamic and
tissue improvement ability of gene therapy combining
VEGEF and angiopoietin 1 (Ang 1) in a mini pig model [63].
The treatment resulted in the improvement of ventricular
function following ischemic cardiomyopathy in mini pigs,
when compared to the results of the other treatment groups.
The therapy with VEGF and the combination of VEGF with
Ang 1 promoted recovered function of the myocardium,
characterized by reduced akinetic area and induction of
neovascularization [63].

Conclusions

Taken as a whole, our results with gene therapy approaches
for heart diseases showed that gene therapy mobilizes stem
cells for the circulation. An improvement in myocardial
perfusion and function has been demonstrated in animal
myocardial infarction models treated with direct myocardial
injections of naked VEGF 165 plasmid. A randomized
clinical trial found that improved myocardial perfusion was
clinically demonstrated by myocardial scintigraphy and that
the method is safe, but that the improved myocardial per-
fusion diminishes in a few months. An animal experiment
associating VEGF 165 with angiopoietin was undertaken in
mini pigs, as a tentative experiment to extend the durability
of that therapy.

Regarding cell therapy for cardiovascular diseases, our
results in preclinical and clinical studies show that the
impressive effects of BMMC in improving myocardial
perfusion and contractile function in animal models is not
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translated to the clinical level, where they are smaller,
sometimes achieving statistical significance, but with
questionable clinical importance. Similar results have been
observed in the large number of stem cell trials for cardi-
ovascular disease [64] and have been explained by multiple
factors involving methodology, individual patient factors,
and even fraudulent practice [8]. In our experience, inves-
tigation into the mechanisms mediating the effects observed
showed that cell function is affected by beta-blocker drugs,
which are widely used in cardiology; cell function dimin-
ishes with age, which could explain, in part, the clinical
results, considering that experimental animals are always
young. Based on the finding that effects are improved in
young patients, a clinical pediatric series of cell therapy for
DCM is underway. MSC-derived exosomes are attracting
much attention for their potential to treat cardiovascular
diseases, among others [65]. We have shown this effect on
human islets isolated for transplantation therapy of Type 1
diabetes, for instance [66]. Research continues and a future
look at cell-free therapy research is foreseen.

Funding These studies were funded by Fundagdo de Amparo a Pes-
quisa do Estado do Rio Grande do Sul (FAPERGS), Conselho
Nacional de Desenvolvimento Cientifico e Tecnoldégico (CNPq),
Coordenagido de Aperfeigoamento de Pessoal de Nivel Superior
(CAPES), Financiadora de Estudos e Projetos (FINEP), and Ministério
da Satide/Departamento de Ciéncia e Tecnologia (MS/DECIT).

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Publisher’'s note: Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

References

1. Savarese G, Lund LH. Global public health burden of heart fail-
ure. Card Fail Rev. 2017;3:7-11.

2. Cook C, Cole G, Asaria P, Jabbour R, Francis DP. The annual
global economic burden of heart failure. Int J Cardiol.
2014;171:368-76.

3. Stewart S, Maclntyre K, Hole DJ, Capewell S, McMurray JJ.
More ‘malignant’ than cancer? Five-year survival following a first
admission for heart failure. Eur J Heart Fail. 2001;3:315-22.

4. Chen J, Normand SL, Wang Y, Krumholz HM. National and
regional trends in heart failure hospitalization and mortality
rates for Medicare beneficiaries, 1998-2008. JAMA. 2011;306:
1669-78.

5. Sanganalmath SK, Bolli R. Cell therapy for heart failure: a com-
prehensive overview of experimental and clinical studies, current
challenges, and future directions. Circ Res. 2013;113:810-34.

6. Dawn B, Zuba-Surma EK, Abdel-Latif A, Tiwari S, Bolli R.
Cardiac stem cell therapy for myocardial regeneration. A clinical
perspective. Minerva Cardioangiol. 2005;53:549-64.

7. Leri A, Rota M, Pasqualini FS, Goichberg P, Anversa P. Origin of
cardiomyocytes in the adult heart. Circ Res. 2015;116:150-66.

8. Retraction Watch. https://retractionwatch.com/2018/11/21/journa
Is-stamp-expressions-of-concern-on-papers-from-anversas-cardia
c-stem-cell-lab. Accessed 7 Dec 2018.

9. Planat-Benard V, Silvestre JS, Cousin B, André M, Nibbelink M,
Tamarat R, et al. Plasticity of human adipose lineage cells toward
endothelial cells: physiological and therapeutic perspectives. Cir-
culation 2004;109:656—-63.

10. Orlic D, Kajstura J, Chimenti S, Jakoniuk I, Anderson SM, Li B,
et al. Bone marrow cells regenerate infarcted myocardium. Nature
2001;410:701-5.

11. Strauver BE, Brehm M, Zeus T, Kostering M, Hernandez A, Sorg
RV, et al. Repair of infarcted myocardium by autologous intra-
coronary mononuclear bone marrow cell transplantation in
humans. Circulation 2002;106:1913-8.

12. Metra M, Teerlink JR. Heart failure. Lancet 2017;390:1981-95.

13. Mensah GA, Wei GS, Sorlie PD, Fine LJ, Rosenberg Y, Kauf-
mann PG, et al. Decline in cardiovascular mortality: possible
causes and implications. Circ Res 2017;120:366-80.

14. Cheng K, Sainsbury P, Fisher M, de Silva R. Management of
refractory angina pectoris. Eur Cardiol. 2016;11:69-76.

15. Thadani U. Recurrent and refractory angina following revascu-
larization procedures in patients with stable angina pectoris. Coron
Artery Dis. 2004;15:1-4.

16. Bokeriya LA, Golukhova EZ, Eremeeva MV, Aslanidi IP, Mer-
zlyakov VY, Georgiev GP, et al. Use of human VEGF (165) gene
for therapeutic angiogenesis in coronary patients: first results. Bull
Exp Biol Med 2005;140:106-12.

17. Kalil RA, Salles FB, Giusti II, Rodrigues CG, Han SW, San-
t’Anna RT, et al. VEGF gene therapy for angiogenesis in refrac-
tory angina: phase I/Il clinical trial. Rev Bras Cir Cardiovasc.
2010;25:311-21.

18. Losordo DW, Vale PR, Symes JF, Dunnington CH, Esakof DD,
Maysky M, et al. Gene therapy for myocardial angiogenesis:
initial clinical results with direct myocardial injection of
phVEGF165 as sole therapy for myocardial ischemia. Circulation
1998;98:2800—-4.

19. Eibel B, Rodrigues CG, Giusti II, Nesralla IA, Prates PR, San-
t’Anna RT, et al. Gene therapy for ischemic heart disease: review
of clinical trials. Rev Bras Cir Cardiovasc. 2011;26:635-46.

20. Hulot JS, Ishikawa K, Hajjar RJ. Gene therapy for the treatment of
heart failure: promise postponed. Eur Heart J. 2016;37:1651-8.

21. Hashimoto H, Olson EN, Bassel-Duby R. Therapeutic approa-
ches for cardiac regeneration and repair. Nat Rev Cardiol.
2018;15:585-600.

22. Ponikowski P, Voors AA, Anker SD, Bueno H, Cleland JG, Coats
AlJ, et al. 2016 ESC Guidelines for the diagnosis and treatment of
acute and chronic heart failure: the task force for the diagnosis and
treatment of acute and chronic heart failure of the European
Society of Cardiology (ESC). Developed with the special con-
tribution of the Heart Failure Association (HFA) of the ESC. Eur J
Heart Fail 2016;18:891-975.

23. Giusti II, Rodrigues CG, Salles FB, Sant’Anna RT, Eibel B,
Han SW, et al. High doses of vascular endothelial growth
factor 165 safely, but transiently, improve myocardial perfusion
in no-option ischemic disease. Hum Gene Ther Methods. 2013;
24:298-306.

24. Lund LH, Khush KK, Cherikh WS, Goldfarb S, Kucheryavaya
AY, Levvey BJ, et al. The Registry of the International Society for
Heart and Lung Transplantation: thirty-fourth adult heart trans-
plantation report-2017; focus theme: allograft ischemic time. J
Heart Lung Transplant 2017;36:1037-46.

25. McNally EM, Mestroni L. Dilated cardiomyopathy: genetic
determinants and mechanisms. Circ Res 2017;121:731-48.

26. Shore S, Grau-Sepulveda MV, Bhatt DL, Heidenreich PA, Eapen
ZJ, Hernandez AF, et al. Characteristics, treatments, and outcomes

SPRINGER NATURE


https://retractionwatch.com/2018/11/21/journals-stamp-expressions-of-concern-on-papers-from-anversas-cardiac-stem-cell-lab
https://retractionwatch.com/2018/11/21/journals-stamp-expressions-of-concern-on-papers-from-anversas-cardiac-stem-cell-lab
https://retractionwatch.com/2018/11/21/journals-stamp-expressions-of-concern-on-papers-from-anversas-cardiac-stem-cell-lab

R. T. Sant’Anna et al.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

of hospitalized heart failure patients stratified by etiologies of
cardiomyopathy. JACC Heart Fail. 2015;3:906-16.

Mestroni L, Rocco C, Gregori D, Sinagra G, Di Lenarda A,
Miocic S, et al. Familial dilated cardiomyopathy: evidence for
genetic and phenotypic heterogeneity. Heart Muscle Disease
Study Group. J Am Coll Cardiol. 1999;34:181-90.

Ehlert FA, Cannom DS, Renfroe EG, Greene HL, Ledingham R,
Mitchell LB, et al. Comparison of dilated cardiomyopathy and
coronary artery disease in patients with life threatening ventricular
arrhythmias: differences in presentation and outcome in the AVID
registry. Am Heart J. 2001;142:816-22.

Saxon LA, De Marco T. Arrhythmias associated with dilated
cardiomyopathy. Card Electrophysiol Rev. 2002;6:18-25.
Guarita-Souza LC, Carvalho KA, Woitowicz V, Rebelatto C,
Senegaglia A, Hansen P, et al. Simultaneous autologous trans-
plantation of cocultured mesenchymal stem cells and skeletal
myoblasts improves ventricular function in a murine model of
Chagas disease. Circulation. 2006;114:120-4.

Jenkins GR, Lee T, Moland CL, Vijay V, Herman EH, Lewis
SM, et al. Sex-related differential susceptibility to doxorubicin-
induced cardiotoxicity in B6C3F1 mice. Toxicol Appl Phar-
macol. 2016;310:159-74.

Kodama M, Zhang S, Hanawa H, Saeki M, Inomata T, Suzuki K,
et al. Effects of 15-deoxyspergualin on experimental autoimmune
giant cell myocarditis of the rat. Circulation 1995;91:1116-22.
Nagaya N, Kangawa K, Itoh T, Iwase T, Murakami S, Miyahara
Y, et al. Transplantation of mesenchymal stem cells improves
cardiac function in a rat model of dilated cardiomyopathy. Cir-
culation. 2005;112:1128-35.

Psaltis PJ, Carbone A, Nelson AJ, Lau DH, Jantzen T, Manavis J,
et al. Reparative effects of allogeneic mesenchymal precursor cells
delivered transendocardially in experimental nonischaemic cardi-
omyopathy. JACC Cardiovasc Interv. 2010;3:974-83.

Hofmann M, Wollert KC, Meyer GP, Menke A, Arseniev L,
Hertenstein B, et al. Monitoring of bone marrow cell homing
into the infarcted human myocardium. Circulation 2005;111:
2198-202.

Vrtovec B, Poglajen G, Lezaic L, Sever M, Domanovic D, Cer-
nelc P, et al. Effects of intracoronary CD34+ stem cell trans-
plantation in nonischemic dilated cardiomyopathy patients: 5-year
follow-up. Circ Res 2013;112:165-73.

Orlic D, Kajstura J, Chimenti S, Limana F, Jakoniuk I, Quaini F,
et al. Mobilized bone marrow cells repair the infarcted heart,
improving function and survival. Proc Natl Acad Sci USA.
2001;98:10344-49.

Tao Z, Tan S, Chen W, Chen X. Stem cell homing: a potential
therapeutic strategy unproven for treatment of myocardial injury. J
Cardiovasc Transl Res. 2018;11:403-11.

Hodgkinson CP, Bareja A, Gomez JA, Dzau VJ. Emerging con-
cepts in paracrine mechanisms in regenerative cardiovascular
medicine and biology. Circ Res 2016;118:95-107.

Kajstura J, Rota M, Whang B, Cascapera S, Hosoda T, Bearzi C,
et al. Bone marrow cells differentiate in cardiac cell lineages after
infarction independently of cell fusion. Circ Res 2005;96:127-37.
Perin EC, Dohmann HF, Borojevic R, Silva SA, Sousa AL,
Mesquita CT, et al. Transendocardial, autologous bone marrow
cell transplantation for severe, chronic ischemic heart failure.
Circulation 2003;107:2294-302.

Traverse JH, Henry TD, Pepine CJ, Willerson JT, Chugh A, Yang
PC. TIME Trial: effect of timing of stem cell delivery following
ST-elevation myocardial infarction on the recovery of global and
regional left ventricular function: final 2-year analysis. Circ Res
2018;122:479-88.

Gyongyosi M, Haller PM, Blake DJ, Martin Rendon E. Meta-
analysis of cell therapy studies in heart failure and acute myo-
cardial infarction. Circ Res 2018;123:301-8.

SPRINGER NATURE

44.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

Zhang S, Ge J, Sun A, Xu D, Qian J, Lin J, et al. Comparison of
various kinds of bone marrow stem cells for the repair of infarcted
myocardium: single clonally purified non593 hematopoietic
mesenchymal stem cells serve as a superior source. J Cell Bio-
chem. 2006;99:1132-47.

Rickard J, Johnston DR, Price J, Tedford R, Baranowski B,
Bassiouny M, et al. Reverse ventricular remodeling and long-term
survival in patients undergoing cardiac resynchronization with
surgically versus percutaneously placed left ventricular pacing
leads. Heart Rhythm 2015;12:517-23.

Kalil RA, Ott D, Sant’Anna R, Dias E, Marques-Pereira JP,
Delgado-Cafiedo A, et al. Autologous transplantation of bone
marrow mononuclear stem cells by mini-thoracotomy in dilated
cardiomyopathy: technique and early results. Sao Paulo Med J
2008;126:75-81.

Sant’Anna RT, Fracasso J, Valle FH, Castro I, Nardi NB,
Sant’Anna JR, et al. Direct intramyocardial transthoracic trans-
plantation of bone marrow mononuclear cells for non-ischemic
dilated cardiomyopathy: INTRACELL, a prospective randomized
controlled trial. Rev Bras Cir Cardiovasc. 2014;29:437-47.

Lu Y, Wang Y, Lin M, Zhou J, Wang Zi, Jiang M, et al. A
systematic review of randomised controlled trials examining the
therapeutic effects of adult bone marrow derived stem cells for
non-ischaemic dilated cardiomyopathy. Stem Cell Res Ther
2016;7:186.

Sant’anna RT, Kalil RA, Pretto Neto AS, Pivatto Janior F, Fra-
casso J, Sant’Anna JR, et al. Global contractility increment in
nonischemic dilated cardiomyopathy after free wall only intra-
myocardial injection of autologous bone marrow mononuclear
cells: an insight over stem cells clinical mechanism of action. Cell
Transplant 2010;19:959-64.

Neef K, Choi YH, Weichel A, Rahmanian PB, Liakopoulos OJ,
Stamm C, et al. The influence of cardiovascular risk factors on
bone marrow mesenchymal stromal cell fitness. Cytotherapy
2012;14:670-8.

Ghem C, Dias LD, Sant’Anna RT, Kalil RAK, Markoski M, Nardi
NB. Combined analysis of endothelial, hematopoietic, and
mesenchymal stem cell compartments shows simultaneous but
independent effects of age and heart disease. Stem Cells Int.
2017;2017:5237634.

Dias LD, Casali KR, Ghem C, da Silva MK, Sausen G, Palma PB,
et al. Mesenchymal stem cells from sternum: the type of heart
disease, ischemic or valvular, does not influence the cell culture
establishment and growth kinetics. J Transl Med. 2017;15:161.
Eibel B, Kristochek M, Peres TR, Dias LD, Dartora DR, Casali
KR, et al. f-Blockers interfere with cell homing receptors and
regulatory proteins in a model of spontaneously hypertensive rats.
Cardiovasc Ther 2018;36:e12434.

Kristocheck M, Dias LD, Ghem C, Eibel B, Kalil RAK, Markoski
MM. The homing of bone marrow stem cells is differentially
activated in ischemic and valvular heart diseases and influenced
by beta-blockers. J Transl Med. 2018;16:133.

Chatterjee S, Biondi-Zoccai G, Abbate A, D’ Ascenzo F, Castagno
D, Van Tassell B, et al. Benefits of § blockers in patients with
heart failure and reduced ejection fraction: network meta-analysis.
BMJ 2013;346:155.

Sarkar N, Riick A, Killner G, Y-Hassan S, Blomberg P, Islam
KB, et al. Effects of intramyocardial injection of phVEGF-A165
as sole therapy in patients with refractory coronary artery disease
—12-month follow-up: angiogenic gene therapy. J Intern Med.
2001;250:373-81.

Fortuin DF, Vale P, Losordo DW, Symes J, DeLaria GA, Tyner
JJ, et al. One-year follow-up of direct myocardial gene transfer of
vascular endothelial growth factor-2 using naked plasmid deox-
yribonucleic acid by way of thoracotomy in no-option patients.
Am J Cardiol. 2003;92:436-9.



Gene therapy for refractory angina and cell therapy for heart failure: experience of a Brazilian...

58.

59.

60.

61.

62.

63.

64.

Stewart DJ, Kutryk MJ, Fitchett D, Freeman M, Camack N, Su Y,
et al. VEGF gene therapy fails to improve perfusion of ischemic
myocardium in patients with advanced coronary disease: results of
the NORTHERN trial. Mol Ther 2009;17:11009.

Kalil RA, Teixeira LA, Mastalir ET, Moreno P, Fricke CH, Nardi
NB. Experimental model of gene transfection in healthy canine
myocardium: perspectives of gene therapy for ischemic heart
disease. Arq Bras Cardiol. 2002;79:223-32.

Furlani AP, Kalil RA, Castro I, Cafiedo-Delgado A, Barra M,
Prates PR, et al. Effects of therapeutic angiogenesis with plasmid
VEGF165 on ventricular function in a canine model of chronic
myocardial infarction. Rev Bras Cir Cardiovasc. 2009;24:143.
Rodrigues CG, Plentz RDM, Dipp T, Salles FB, Giusti II, San-
t’Anna RT, et al. VEGF 165 gene therapy for patients with
refractory angina: mobilization of endothelial progenitor cells. Arq
Bras Cardiol. 2013;101:149-53.

Eibel B, Markoski MM, Rodrigues CG, Dipp T, de Salles FB,
Giusti II, et al. VEGF gene therapy cooperatively recruits mole-
cules from the immune system and stimulates cell homing and
angiogenesis in refractory angina. Cytokine 2017;91:44-50.
Oliveira ALA, Scheffer JP, Markoski M, Koche A, Balbinot A,
Antunes F, et al. Vascular endothelial growth factor association
with angiopoietin 1 promotes improvement in ventricular function
after ischemic cardiomyopathy induced in mini pigs. Acta Cir
Bras. 2018;33:386-95.

Banerjee MN, Bolli R, Hare JM. Clinical studies of cell therapy in
cardiovascular medicine: recent developments and future direc-
tions. Circ Res 2018;123:266-87.

65.

66.

67.

68.

69.

70.

Suzuki E, Fujita D, Takahashi M, Oba S, Nishimatsu H. Ther-
apeutic effects of mesenchymal stem cell-derived exosomes in
cardiovascular disease. Adv Exp Med Biol. 2017;998:179-85.
Arzouni AA, Vargas-Seymour A, Rackham CL, Dhadda P, Huang
GC, Choudhary P, et al. Mesenchymal stromal cells improve
human islet function through released products and extracellular
matrix. Clin Sci. 2017;131:2835-45.

Seth S, Narang R, Bhargava B, Ray R, Mohanty S, Gulati G,
et al. Percutaneous intracoronary cellular cardiomyoplasty for
nonischemic cardiomyopathy: clinical and histopathological
results: the first-in-man ABCD (Autologous Bone Marrow
Cells in Dilated Cardiomyopathy) trial. J] Am Coll Cardiol.
2006;48:2350-51.

Henry TD, Traverse JH, Hammon BL, East CA, Bruckner B,
Remmers AE, et al. Safety and efficacy of ixmyelocel-T: an
expanded, autologous multi-cellular therapy, in dilated cardio-
myopathy. Circ Res 2014;115:730-7.

Martino H, Brofman P, Greco O, Bueno R, Bodanese L,
Clausell N, et al. Multicentre, randomized, double blind trial of
intracoronary autologous mononuclear bone marrow cell injec-
tion in non-ischaemic dilated cardiomyopathy (the dilated car-
diomyopathy arm of the MiHeart Study). Eur Heart J. 2015;36:
2898-904.

Hamshere S, Arnous S, Choudhury T, Choudry F, Mozid A, Yeo
C, et al. Randomized trial of combination cytokine and adult
autologous bone marrow progenitor cell administration in patients
with non-ischaemic dilated cardiomyopathy: the REGENERATE-
DCM clinical trial. Eur Heart J. 2015;36:3061-9.

SPRINGER NATURE



	Gene therapy for refractory angina and cell therapy for heart failure: experience of a Brazilian research group
	Abstract
	Introduction
	Dilated cardiomyopathy
	Cell therapy studies
	Our experience in the use of bone marrow cell therapy for DCM
	Effect of BMMC transplantation in untreated left ventricle walls
	Effect of pharmacological treatment and heart disease etiology on cell function

	Gene therapy applied to ischemic cardiomyopathy
	Our experience in the use of gene therapy

	Conclusions
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




