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Is gene therapy for limb ischemia a reality?

Terapia génica de isquemia de membro é uma realidade?

Sang Won Han'? (2, Carlos Alberto Vergani Junior? (2, Paulo Eduardo Ocke Reis’

Abstract

The concept of angiogenic therapy emerged in the early 1990s. The method employs genes that encode growth
factors to promote formation of new vessels and remodeling of collateral vessels. Since the procedure involved in
this therapy usually only consists of local injections of vectors, the process is minimally invasive, quick, and simple
to perform. However, since the first clinical evidence of the effects of gene therapy with vascular endothelial growth
factor (VEGF) was observed in patients with peripheral artery disease, to date only two angiogenic therapy drugs
have been approved, one in Russia and another in Japan, which seem a very small number, in view of the large volume
of investment made in pre-clinical and clinical studies. After all, can we conclude that angiogenic therapy is a reality?
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Resumo

O conceito de terapia angiogénica surgiu no inicio da década de 90, o que pode ser feito com genes que codificam
fatores de crescimento para promover a formagao de novos vasos e o remodelamento de vasos colaterais. Como o
procedimento dessa terapia geralmente consiste em apenas injegdes locais de vetores, esse processo é pouco invasivo,
rapido e de simples realizagio. Entretanto, desde as primeiras evidéncias clinicas do efeito de terapia génica com o
fator de crescimento de endotélio vascular (vascular endothelial growth factor, VEGF) vistos nos pacientes com doenga
arterial obstrutiva periférica até hoje, apenas dois farmacos de terapia angiogénica foram aprovados, um na Russia
€ outro no Japdo, o que parece um nimero muito pequeno diante do grande nimero de investimentos feitos por
meio de estudos pré-clinicos e clinicos. Afinal, podemos considerar que a terapia angiogénica ja é uma realidade?
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INTRODUCTION

Cases of peripheral arterial occlusive disease
(PAOD) increase significantly among people more
than 70 years old and who have diabetes.!? As the
global population becomes ever older and engages in
bad habits such as inactivity and poor diet acquired in
conjunction with modern lifestyles, the prevalence rates
of diabetes and morbid obesity have also increased,
provoking further increases in the number of patients
with PAOD. This disease is silent during its initial
phases and it is discovered when the pathology is
already advanced, making prevention and treatment
difficult. The main symptom of the initial progression
of PAOD is pain when walking, termed intermittent
claudication. As the disease progresses, there is pain
even when at rest, which is more intense at night,
and ulcers develop on the lower limbs that do not
heal easily. These symptoms are a consequence of
progressive reductions in tissue perfusion and are
characteristic of critical lower limb ischemia (CLI).?

The principal cause of PAOD is atherosclerosis,
which can affect arteries all over the body. This is why
itis associated with other obstructive arterial diseases
(coronary, cerebral, and carotid) and, consequently,
the risk of cardiovascular events such as stroke
and myocardial infarction increases by around 6%
per year in patients with PAOD*. According to the
Transatlantic Inter-Society Consensus,’ approximately
30% of patients with CLI will undergo an amputation,
because revascularization and clinical treatments are
not feasible in this population, and 25% of these patients
will die within 1 year. Each patient’s course is variable
and the stage of the disease is symptom-dependent,
so prognosis varies from case to case. Patients with
PAOD over the age of 50 have worse prognosis
within 5 years: approximately 10% will undergo
limb amputations and another 10-15% will die from
cardiovascular diseases. In summary, all these data
indicate worsening prognosis for modern society,
which is aging progressively and has unhealthy habits.

Since atherosclerosis is the principal cause of
PAOD and of cardiovascular diseases, the clinical
treatments for these are similar to those used with
patients with cardiovascular ischemia, including
medications to reduce lipids, to control hypertension,
to prevent platelet aggregation, and of glycemia for
diabetic patients with PAOD.’ Intermittent claudication
is one of the primary initial symptoms of disease
that may progress to CLI and the medication most
frequently used to treat is cilostazol, which inhibits
phosphodiesterase type Il and acts as an antiplatelet
agent and a vasodilator.’ However, pharmacotherapy
that acts on the endothelium to provoke vasodilation,
angiogenesis, and remodeling of vessels with the
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aim of improving these patients’ vascular function
has demonstrated little benefit, probably because
their arteries are already in an environment with
atherosclerosis, fibrosis, and calcification, interfering
with adequate interaction between the drugs and
their receptors.

Currently, the procedures most frequently used to
treat CLI are revascularization surgery and percutaneous
angioplasty. However, since patients with CLI are, in
general, elderly, smokers, and diabetic, approximately
30% of them cannot undergo a vascular procedure
despite all of the development that has occurred in the
field, and amputation is often the only option. In the
United States alone, it is estimated that 120 to 500 lower
limb amputations are performed per million inhabitants
every year.” Spending on treatments for peripheral
arterial diseases in the United States passed 4 billion
dollars in 2001,° and the figure is likely to increase
annually as risk factors such as diabetes and obesity
increase and life expectancy extends.

Faced with the prediction of a continuous increase in
the numbers of patients with PAOD and the limitations
of conventional treatment options, whether open bypass
surgery or angioplasties with balloon angioplasty
and stenting to revascularize limbs, gene therapy
with genes that express growth factors emerged as
a possible solution to these problems at the start of
the 1990s. This review article summarizes clinical
trials of gene therapy for limb ischemia and offers the
authors’ opinions on the future of angiogenic therapy.

THE CONCEPT OF ANGIOGENIC THERAPY
WITH GENES, CELLS, AND PROTEINS

The new proposal is to treat ischemic diseases using
growth factors to provoke formation of new vessels
and/or remodeling of dysfunctional vessels. These
factors, which are proteins, can be administered in
their protein form, or via genes or cells that express
these factors and the treatment modality is known as
therapeutic angiogenesis.” In comparison to surgery,
therapeutic angiogenesis is much less invasive
and execution is simpler, generally performed by
means of a simple injection into the target tissues.
Moreover, since the active agents are growth factors,
their activities are specific to only those cells that
express their receptors and so, as a consequence,
gene and protein-based methods should have fewer
secondary effects than cell-based therapies, because
cells produce a large number of different factors.
The most important characteristics of each type of
treatment are summarized in Table 1.

The concept of using genes to treat diseases emerged
at the end of the 1960s when synthetic biology became
areality with the discovery of the structure of DNA, of
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Table 1. Comparison of angiogenic therapies.

Gene therapy for limb ischemia

Protein therapy' (PT) Cell therapy? (CT) Gene therapy’® (GT)
Complexity of production +++ +/++ +++
Cost of production ++ [ +++ +/++ /44
Stability of drug + + +4 [ +++
Applicability across different patients Yes No Yes
Durability of therapeutic effects + +/ ++ ++ [ +++
Immunogenicity -+ -+ + (pDNA, AAV, RV, LV); +++ (AdV)

'therapy using human proteins; “therapy using autologous cells; *therapy using human genes; pDNA (plasmid vectors); AAV (adenovirus-associated vector);
RV (retroviral vector); LV (lentiviral vector); AdV (adenoviral vector). The signs represent the intensity of the parameters analyzed: high (+++), moderate (++),

low (+) or none (-).

genetic codes, and of enzymes for genetic engineering,
among others.® However, the first clinical trial with
gene therapy was only conducted in 1990, in the
United States, after approval of the protocol by the
US Federal agency, the Food and Drug Administration
(FDA). The trial involved treatment of two patients
with severe combined immunodeficiency caused by
the deficiency of adenosine deaminase (SCID-ADA).°
Since then, 2,597 trials had been approved worldwide,
up to 2019, according to the website.'

Gene therapy is performed by transferring a vector
carrying therapeutic genes to the patient, which can
be done directly to the patient (in vivo gene therapy)
or using genetically modified cells (ex vivo gene
therapy). The majority of clinical gene therapies for
PAOD have been in vivo using plasmid (pDNA) or
adenovirus vectors (Ad), because they have a good
capacity for in vivo transfection (non-viral vectors)
or transduction (viral vectors). Adenoviral vectors are
more effective for gene transfer than pDNA vectors,
but because capsid proteins are very immunogenic,
the prior immunoresponse must be controlled for
repeated administrations.'' Another disadvantage of
using Ad is the greater complexity of vector production
and quality control, which makes the process more
expensive than using pDNA. On the other hand, using
pDNA for gene therapy requires greater quantities of
the vector or a carrier (for example, liposomes) to
compensate for the low efficiency of gene transfer
in vivo, but since these vectors are considered much
less immunogenic and more stable than viral vectors,
there are a considerable number of clinical trials
using pDNA. 1

CLINICAL TRIALS OF GENE THERAPY FOR
LIMB ISCHEMIA

Clinical trials of angiogenic therapies conducted
to date have used just a single gene at a time to
promote formation of new vessels from preexisting
vessels by sprouting (angiogenesis) and/or from
precursor endothelial cells (vasculogenesis) and/or
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by remodeling of collateral vessels (arteriogenesis)
(Figure 1)."? The procedure used for gene therapy is
very simple, consisting of intramuscular injections of
vectors (Figure 2), but the technology used to create
and produce these vectors, that are designed to change
the state of functionally altered and pathological
tissues, is complex.

The genes most often used for angiogenic therapy in
clinical trials include the genes for vascular endothelium
growth factor (VEGF)," for fibroblast growth factor
(FGF)™, for hepatocyte growth factor (HGF)" and
for hypoxia inducible factor (HIF-1a)'%!". Details of
these factors and the clinical trials involving their
genes are described below.

HIF-1a (hypoxia inducible factor -1a): this factor
is constitutively encoded by the human HIF-1a gene
and is located in cytosol. In normoxic conditions,
this factor is degraded by ubiquitination, but under
hypoxia it translocates to the nucleus and joins
with HIF-1B and other accessory factors to form a
protein complex that acts in transcription of more
than 60 genes. In general, these genes are linked
with angiogenesis (for example, the VEGF gene),
erythropoiesis, gluconeogenesis, and vasodilation,
whose activities are intimately related to survival
under hypoxia.'®

Use of this gene was tested in a clinical trial named
the WALK study in patients with PAOD and intermittent
claudication.'® In this study, 289 patients received
20 injections of the adenoviral vector Ad2/HIF-1a/VP16
into muscles affected by ischemia. The patients were
monitored for 12 months, and changes in walking were
observed. The study was double-blind and randomized.
Median peak walking time was 0.82 minutes in the
placebo group and 0.82 minutes, 0.28 minutes, and
0.78 minutes in experimental groups given doses
of 2x10°%, 2x10", and 2x10" of Ad2/HIF-1a/VP16,
respectively. There was no significant difference in
ankle-brachial index (ABI) or in quality of life between
groups treated with placebo and groups treated with
the Ad2/HIF-1a/VP16 vector. Therefore, the authors
concluded that the gene therapy investigated in the
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Figure 1. Image illustrating formation and remodeling of vessels in adulthood. Angiogenesis, vasculogenesis, and arteriogenesis
are processes that lead to formation and remodeling of vessels in adulthood (the details of these processes are described in the

text). EPC: endothelial precursor cell.
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Figure 2. Image illustrating gene therapy for critical limb ischemia with growth factor genes.

study was not an effective treatment for patients with
intermittent claudication.

FGF-1 (fibroblast growth factor-1): also known as
aFGF (acid FGF) is member of the FGF family, which
has several biological activities such as endothelial
cell proliferation and migration, angiogenesis, cell
survival, morphogenesis, and tissue repair, among
others. Several activities related to angiogenesis
observed in vitro and in vivo studies prompted testing
of FGF in patients.'>?° Among the several clinical trials
using this growth factor, those conducted using the
non-viral 1 FGF-1 vector (NV1FGF) are probably
the best known. The NVIFGF vector is a plasmid
vector for expression of FGF-1 that was designed
and produced by Sanofi-Aventis. Although FGF1 is
anon-integrating vector, its expression has persisted
in muscle for several weeks in some patients.”!

The results of the phase 1?? and 11 clinical trials
satisfactorily achieved their proposed objectives,
enabling progression to phase II1.>* The phase III
study, known as TAMARIS, was a multicenter,
double-blind, and randomized study conducted at

171 centers in 30 countries. The 525 patients who
participated in the study were in a clinical condition
that was inappropriate for revascularization and had
ischemic ulcers or gangrene. Hemodynamic parameters
for study enrollment were ankle pressure <70 mmHg
and/or toe pressure < 50 mmHg, or transcutaneous
oxygen pressure < 30 mmHg. The primary objective
of this study was to demonstrate the clinical benefits of
NVI1FGF in extending survival time to major amputation
or death of patients with limb ischemia and non-healing
ulcers in whom revascularization was infeasible.
The patients received eight intramuscular injections
of 0.5 mg of NV1FGF or placebo at approximately
2-week intervals. The numbers of amputations and
deaths were not statistically different between groups
treated with NV1FGF and placebo, i.e., the therapeutic
effect of NVIFGF was not demonstrated.

HGF (hepatocyte growth factor): it is another
pleiotropic factor that acts on several physiological
activities such as cell proliferation, angiogenesis,
morphogenesis, and motility.”® Endothelial and
smooth muscle cells express the HGF receptor cMet

Han et al. ] Vasc Bras. 2020;19:¢20190059. https://doi.org/10.1590/1677-5449.190059 5/10



and are the principal cells related to angiogenesis.?
Intramuscular injection of pDNA expressing HGF in
animals demonstrated angiogenic activity, prompting
the first gene therapy clinical trials. Morishita et al.
conducted a phase I/1la clinical trial with 22 patients
with peripheral arterial disease or Buerger disease at
Fontaine stages IIb to IV with four or eight injections
of pDNA expressing HGF (2 mg at four sites or 4 mg
at eight sites) on days 1 and 28. The main findings
that led to continuation of the study were increased
ABI and reductions in ulcers and pain.?’ A phase III,
randomized, double-blind, and placebo-controlled
study was then conducted with 44 patients.?®
The primary objectives were improvement of pain
at rest or reductions in ulcers in patients with ulcers,
and the secondary objectives were improvement of
ABI, amputation rates, and quality of life. There was
a significant improvement in primary objectives and
quality of life without significant negative effects, but
the amputation rate and ABI did not improve. This
gene therapeutic drug (Collategene) was conditionally
approved in Japan in 2019.

The BM202 vector is a plasmid that expresses two
isoforms of HGF.?* Oddly, expression of both isoforms
led to a significant improvement in ABI, which was
not observed in the study by Shigematsu et al.*®
Based on that study, a phase II study was approved
and is ongoing.

VEGEF (vascular endothelial growth factor): this
is the growth factor that has been most studied for
angiogenic therapy. There are four main isoforms
(VEGF A, B, C, and D), and alternative splicing,
which is a process for alternative substitution of
introns and joining of exons to form a new mRNA,
leads to formation of additional isoforms. Human
VEGF A can form VEGF121, VEGF165, VEGF189,
and VEGF206, the first two of which are most used
for gene therapy. It was recently observed that the
native or modified forms of the VEGF D isoform,
which act in lymphangiogenesis, can also actively
promote angiogenesis.***! The receptors of VEGF
are Flt-1 and FIk-1, also known as VEGFR-1 and
VEGFR-2, respectively. The VEGFR-1 receptor binds
to VEGF A and B, while VEGFR-2 only binds to
VEGF A.*? The VEGFR receptors act in conjunction
with neutropilin-1, which is considered a coreceptor
of VEGF. Both VEGFR-1 and VEGFR-2 are present
in endothelial cells.

The pioneering work with angiogenic therapy was
initiated in 1994 by Jeffrey Isner and his team, showing
that formation of vessels could be stimulated with a
plasmid vector expressing VEGF165 (phVEGF165)
at the tip of a hydrogel catheter.* Years later, the same
group conducted another clinical study, administering
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phVEGF165 directly into the ischemic limbs of
patients with PAOD. In that study, two applications
of 2 mg of phVEGF165 were administered with a
2-week interval.** Mean ABI increased significantly
and formation of collateral vessels was demonstrated
by angiography with contrast and magnetic resonance
angiography. There was significant improvement in
healing of ulcers in several patients. In addition to
demonstrating the efficacy of angiogenic therapy
for treatment of ischemic diseases, this study also
demonstrated use of the plasmid vector for ischemic
diseases, which is a vector that is simpler to design
and produce than other vectors, and, in combination
with the simple method of administration, this marked
the start of a new era in angiogenic therapy.

A number of different clinical trials of angiogenic
therapy with VEGF have been conducted.'® Although the
initial results were encouraging, studies conducted later
with larger sample sizes reported controversial results.
For example, a phase II study by Kusumanto et al.,*
in which phVEGF 165 was administered to 54 diabetic
patients with critical limb ischemia, was unable to
demonstrate improvements in terms of reductions in
amputation at 100 days, despite having demonstrated
significant improvements in pain, ulcer healing, and
ABI in some patients. Another phase II study, this one
using the adenoviral vector VEGF121 (AdVEGF121),
was conducted with 105 patients with peripheral arterial
disease.* The primary objective of increasing walking
time at 12 weeks was not achieved, and edema was
observed in several patients after administration of the
vector. The study’s conclusion was that intramuscular
administration of the AAVEGF121 vector was not
associated with improved exercise performance
or quality of life. These and other clinical trials of
angiogenic therapy with VEGF reported controversial
efficacy results.

Despite these controversies, in 2011, a plasmid
VEGF165 vector, given the commercial name
Neovasculgen, was approved in Russia for
treatment of patients with limb ischemia after a
phase IIb/III clinical trial with 100 patients. Patients
in this randomized study were treated twice with
1.2 mg of the pCMV-vegf165 vector with a 14-day
interval, or were given conventional treatment in the
control group.’” The distance walked without pain
increased 110.4%, 167.2%, and 190.8%, 6 months,
1 year, and 2 years after treatment, respectively.
Additionally, ABI and blood flow velocity also
improved significantly. The authors concluded the
article stating that treatment with pCMV-vegf165
is an effective method for treatment of moderate to
severe claudication caused by CLI.
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Why are the promising results observed in
pre-clinical trials not replicated at the same proportion
in clinical trials?

In general, pre-clinical studies of gene therapy
for limb ischemia have employed mice for testing.
Ischemia is induced surgically by closure of the distal
and proximal femoral artery followed by removal of
the arterial segment. In some models, the collateral
arteries are also closed to induce severe ischemia.*
As a result, local circulation is drastically reduced,
to the extent that no flow can be detected with laser
Doppler perfusion imaging (LDPI) soon after surgery.
Although ischemia is rapidly established by this
procedure, its pathophysiology is very different from
that caused by atherosclerosis, which is a slow process
that occurs with the deposition of fats and cells on
the artery wall. It is, therefore, a sub-representative
model of the human disease.

Furthermore, the mouse strain most often used
in these studies is C57/Bl6, possibly because of the
availability of a large amount of information about this
strain and the low cost of obtaining and maintaining
these mice. However, when these studies are compared
with other similar studies conducted with the Balb/c
strain, there is a notable difference in the degree of
ischemia and the results of the treatments applied.
Nowadays, it is known that this occurs because there
is a significant difference in the vascular anatomy of
these mouse strains due to the genetic variation® and
because the Balb/c lineage is much more sensitive
to ischemia than the C57/BI6 strain. If the degree of
ischemia generated and the responses to angiogenic
therapies are so different between two mouse strains,
how great a difference might there be between mice
and human patients?

Emergence of PAOD is a consequence of the
interplay between risk factors and the genetic factors
that each individual carries. Therefore, pathophysiologic
variations between patients are great, whereas in
the animal model the variation is minimal because
the environment has been conditioned to reduce
variations as much as possible, in order to facilitate
interpretation of the results. What are the chances
that a drug tested successfully in an animal model
under these conditions will have the same benefits
for patients with PAOD?

PROSPECTS FOR ANGIOGENIC
TREATMENTS FOR LIMB ISCHEMIA

To date, just two angiogenic therapy drugs have
been approved; Neovasculgen in Russia in 2011,
and Collategene in Japan in 2019. It is important to
point out that both drugs are based on plasmid vectors
carrying growth factors that act on endothelial cells to
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promote angiogenesis. As mentioned above, vectors
derived from plasmids are simply DNA molecules,
so there is no danger that they will replicate in the
body,* which is a great advantage over viral vectors.
Furthermore, production and quality control are
simpler and less expensive than with viral vectors.

However, the effectiveness of these drugs is still
questionable, because there are conflicting clinical
trial results. Formation of vessels is a complex process
involving proliferation and differentiation of precursor
cells under the control of many regulatory molecules.*!
Therefore, using a single factor that specifically acts
on endothelial cells is possibly insufficient to form a
mature vessel in an ischemic and inflamed environment.

The ideal angiogenic treatment for limb ischemia
would be one that can act on all or a majority of the
cells and molecules that participate in angiogenesis
and control of inflammation. Below, we suggest some
ways to achieve this ideal treatment.

1. Using more angiogenic genes: to date, all of
the clinical trials of gene therapy have been
conducted using a single gene per trial. Since
many genes are essential to angiogenesis, use
of more than one of these genes could produce
better therapeutic effects. In practice, this is
possible using bicistronic or tricistronic vectors
or cotransfection of several monocistronic vectors
to express several genes simultaneously in the
target tissues;

2. Using genetically modified stem cells: stem cells
have the plasticity to differentiate into other
cell types and express several pro-angiogenic
growth factors. Of the known types of stem cells,
mesenchymal stem cells are the most useful for
clinical use, because of the ease of obtaining them
in large quantities from bone marrow and fat and
their capacity to promote angiogenesis.* However,
guiding their differentiation into a cell type and
a type of activity is primarily dependent on the
cells’ microenvironment. Genetic modifications
with the vectors used for gene therapy could be
used to direct pro-angiogenic differentiation and
activity, performing ex vivo gene therapy;*

3. Using hematopoiesis genes: hematopoiesis, ischemia,
and inflammation are intimately interconnected
biological processes. Ischemia and inflammation
stimulate hematopoiesis to produce more blood
cells, and monocytes and macrophages are the
principal elements that participate in control of
inflammation and angiogenesis.* Monocyte and
macrophage subpopulations can be classified
according to their inflammatory activities
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as proinflammatory or anti-inflammatory.*
These subpopulations can promote or inhibit
angiogenesis and fibrogenesis for repair of
ischemic and inflamed tissues. The genes that
code for colony stimulating factors such as
granulocyte-macrophage colony-stimulating factor
(GM-CSF), granulocyte colony-stimulating factor
(G-CSF), and macrophage colony-stimulating factor
(M-CSF), and interleukins such as IL4 and IL13
participate in directing and increasing these
subpopulations of monocytes and macrophages.
Therefore, used correctly, these genes could lead
to formation and remodeling of vessels in a more
efficient manner in the ischemic and inflamed
environment.*¢4’

In summary, it can be stated that gene therapy
for limb ischemia is already a clinical reality, since
the two gene therapy drugs are already available on
the market. The efficacy of the drugs covered in this
review is still questionable, but what is important is
that the history of gene therapy shows that scientific
and technological research are overcoming the
barriers of the unknown and are enabling creation
of new, more effective, and safer drugs with natural
or synthetic genetic materials in combination with
nanocarriers or genetically modified viruses. In Brazil,
the regulatory framework for advanced therapies
including gene therapy, cell therapy, and tissue
engineering was approved this year by the National
Agency for Sanitary Vigilance (Agéncia Nacional de
Vigilancia Sanitaria - ANVISA).* As a result, gene
therapy drugs that have already been approved or are
under clinical trials in other countries can be sold or
tested in Brazil. In view of this, it is important that
Brazilian medicine is prepared to take advantage of
these technologies and their products, by keeping
up to date.
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Terapia génica de isquemia de membro é uma realidade?

Is gene therapy of limb ischemia a reality?

Sang Won Han' (2, Carlos Alberto Vergani Junior? (2, Paulo Eduardo Ocke Reis?

Resumo

O conceito de terapia angiogénica surgiu no inicio da década de 90, o que pode ser feito com genes que codificam
fatores de crescimento para promover a formagao de novos vasos e o remodelamento de vasos colaterais. Como o
procedimento dessa terapia geralmente consiste em apenas inje¢des locais de vetores, esse processo é pouco invasivo,
rapido e de simples realizagdo. Entretanto, desde as primeiras evidéncias clinicas do efeito de terapia génica com o
fator de crescimento de endotélio vascular (vascular endothelial growth factor, VEGF) vistos nos pacientes com doenga
arterial obstrutiva periférica até hoje, apenas dois farmacos de terapia angiogénica foram aprovados, um na Russia
€ outro no Japdo, o que parece um nimero muito pequeno diante do grande nimero de investimentos feitos por
meio de estudos pré-clinicos e clinicos. Afinal, podemos considerar que a terapia angiogénica ja é uma realidade?
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Abstract

The concept of angiogenic therapy emerged in the early 1990s, which can be done with genes that encode growth
factors to promote the formation of new vessels and the remodeling of collateral vessels. As the procedure of this
therapy usually consists of only local injections of vectors, this process is little invasive, quick and simple to perform.
However, since the first clinical evidence of the effect of gene therapy with VEGF seen in patients with the peripheral
artery disease to date only two angiogenic therapy drugs have been approved, one in Russia and another in Japan,
which seems a very small number in view of a large number of investments made through pre-clinical and clinical
studies. After all, can we consider that angiogenic therapy is already a reality?
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INTRODUCAO

Os casos de doenga arterial obstrutiva periférica
(DAOP) aumentam significativamente em individuos
com mais de 70 anos de idade e com diabetes'?.
Com a populagdo mundial cada vez mais velha
e apresentando maus habitos adquiridos com a
vida moderna, como sedentarismo e alimentagao
inadequada, a prevaléncia de diabetes e de obesidade
morbida também aumentou, promovendo ainda mais
o aumento de pacientes com DAOP. E uma doenga
silenciosa na fase inicial; portanto, sua descoberta
ocorre quando o quadro patologico esta bem avangado,
o que dificulta a preven¢do e o tratamento também.
O principal sintoma no inicio da evolu¢do da DAOP
¢ a dor durante a deambulacdo, o que caracteriza
a claudicacdo intermitente. Conforme progride, a
doenga evolui para dor mesmo em repouso, mais
proeminente a noite, e tilceras nos membros inferiores
que ndo cicatrizam facilmente; esses sintomas sao
consequéncias de diminui¢ao progressiva da perfusdo
tecidual e sdo caracteristicas de isquemia critica de
membros inferiores (ICMI)*.

Aprincipal causa da DAOP ¢ a aterosclerose, que pode
afetar artérias de todo o corpo. Por isso, esta associada
a outras doengas arteriais obstrutivas (coronariana,
cerebral e carotidea) e, consequentemente, o risco de
eventos cardiovasculares como o derrame cerebral
e o infarto do miocardio aumenta em cerca de 6%
por ano em pacientes com DAOP*. De acordo com o
Transatlantic Inter-Society Consensus®, aproximadamente
30% dos pacientes com ICMI sofrerdo amputagao,
porque os tratamentos de revascularizagdo e clinico
ndo sdo factiveis para essa populagdo, e 25% desta
morrera dentro de um ano. A evolugdo de cada paciente
¢ variavel e o estagio da doenca ¢ sintoma-dependente;
portanto, o prognostico ¢ variavel de acordo com
cada caso. Pacientes portadores de DAOP com
mais de 50 anos t€ém um prognostico pior dentro de
5 anos: aproximadamente 10% sofrerdo amputagdo
de membros e outros 10-15% deverdo morrer em
decorréncia de doengas cardiovasculares. Em resumo,
esse conjunto de dados indica um progndstico pior
para a sociedade moderna, que envelhece cada vez
mais com habitos ndo saudaveis.

Como aterosclerose ¢ a principal causa da DAOP
e das doencas cardiovasculares, os tratamentos
clinicos dessas doencas sdo similares aos usados
nos pacientes com isquemia cardiovascular, como o
uso de medicamentos para a reducdo de lipidios, o
controle de hipertensao, o uso de agentes que evitam
a agregacao plaquetaria e o controle de glicemia para
os pacientes diabéticos com DAOPS. Para claudicagio
intermitente (um dos principais sintomas iniciais da
doenca que pode evoluir para ICMI), o medicamento
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mais utilizado ¢ o cilostazol, que é o inibidor de
fosfodiesterase tipo III e atua como antiplaquetario
e vasodilatador®. Entretanto, a farmacoterapia que
atua no endotélio para vasodilatagdo, angiogénese ¢
remodelamento de vasos a fim de melhorar a fungao
vascular desses pacientes tem trazido pouco beneficio
porque, provavelmente, as artérias desses pacientes
ja estdo no ambiente de aterosclerose, fibrose e
calcificagdo que dificulta a interagdo adequada entre
farmacos e seus receptores.

Atualmente, os procedimentos mais usados para
tratar ICMI sdo a cirurgia de revascularizagdo e a
angioplastia percutanea. Entretanto, como os pacientes
com ICMI sdo, em geral, idosos, fumantes ¢ diabéticos,
aproximadamente 30% desses pacientes nao podem
ser submetidos ao procedimento vascular apesar de
todos os avangos nessa area, sendo a amputa¢do muitas
vezes a unica opg¢ao. Somente nos Estados Unidos,
estima-se que ocorram entre 120 e 500 amputagdes
de membros inferiores por milhao de habitantes por
ano?®. Gastos para tratamentos de doencas arteriais
periféricas nos Estados Unidos chegaram a mais
que 4 bilhdes de dolares em 20016, e esse valor deve
aumentar a cada ano devido ao aumento de fatores
de risco como diabetes, obesidade e aumento da
expectativa de vida.

Diante da proje¢do de um aumento continuo de
pacientes com DAOP ¢ das limitagdes de opgdes
terapéuticas convencionais, seja cirurgia aberta por
bypass ou angioplastias com baldo de angioplastia ¢
stent para revascularizagdo do membro, a terapia génica
com genes que expressam os fatores de crescimento
surgiu como uma solug@o desses problemas no inicio
da década de 90. Esta revisdo sumariza os ensaios
clinicos de terapia génica para isquemia de membro e
coloca opinides sobre o futuro de terapia angiogénica
sob o olhar dos autores.

CONCEITO DE TERAPIA ANGIOGENICA
COM GENES, CELULAS E PROTEINAS

A nova aposta de tratar doengas isquémicas ¢ a
utilizacdo de fatores de crescimento para promover
a formagao de novos vasos e/ou o remodelamento
de vasos pouco funcionais. Esses fatores, que sdo de
natureza proteica, podem ser administrados na forma
proteica, génica ou via células que expressam esses
fatores; essa modalidade terapéutica é conhecida por
angiogénese terapéutica’. Em relagdo a cirurgias, a
angiogénese terapéutica ¢ muito menos invasiva e de
execugdo mais simples, sendo geralmente € feita por
meio de uma simples injegdo no tecido alvo. Além disso,
como os principios ativos sdo fatores de crescimento,
suas agdes sdo especificas somente nas células que
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expressam seus receptores; consequentemente, as
terapias génica e proteica deveriam provocar menos
efeitos secundarios que a terapia celular, porque
esta ultima produz um grande nimero de fatores.
As principais caracteristicas de cada terapia estdo
mostradas na Tabela 1.

O conceito de tratar doengas com genes surgiu no
final da década de 1960, quando a biologia sintética
se tornou realidade com a descoberta da estrutura
de DNA, dos cédigos genéticos e das enzimas para
engenharia genética, entre outros®. Entretanto, o
primeiro ensaio clinico de terapia génica ocorreu
somente em 1990, nos EUA, apds aprovagdo
do protocolo pelo orgao federal Food and Drug
Administration (FDA), o qual foi realizado para
tratamento de duas pacientes com severe combined
immunodeficiency causada pela deficiéncia de
adenosine deaminase (SCID-ADA)’. Desde esse
ensaio clinico, 2.597 ensaios ja foram aprovados
até 2019 no mundo, segundo o site'.

Aterapia génica é realizada por meio da transferéncia
de um vetor com gene terapéutico ao paciente, que
pode ser feita dirctamente ao paciente (terapia génica
in vivo) ou com as c¢lulas modificadas geneticamente
(terapia génica ex vivo). A maioria das terapias génicas
clinicas para DAOP tém sido feitas in vivo usando os
vetores de plasmideo (pDNA) ou de adenovirus (Ad),
porque estes tém uma boa capacidade de transfec¢ao
(vetor ndo viral) ou transdugdo (vetor viral) in vivo.
Os vetores Ad sdo mais eficazes que os pDNA para
transferéncia génica, mas, como as proteinas capsidicas
sd30 muito imunogénicas, a resposta imune anterior
precisa ser controlada para aplicagdes repetidas'!. Outra
desvantagem do uso de Ad ¢ a maior complexidade
da producao dos vetores e do controle de qualidade,
que gera alto custo em relacdo ao pDNA. Por outro
lado, o uso de pDNA para terapia génica requer maior
quantidade deste ou um carreador (por exemplo,
lipossoma) para compensar a baixa eficiéncia da
transferéncia génica in vivo, mas, como esse vetor €
considerado bem menos imunogénico e mais estavel
que vetores virais, ha um bom numero de estudos
clinicos usando pDNA'".

Tabela 1. Comparagéo entre as terapias angiogénicas.

Terapia génica de isquemia de membro

ESTUDOS CLINICOS DE TERAPIA GENICA
PARA ISQUEMIA DE MEMBRO

Estudos clinicos de terapia angiogénica realizados
até hoje tém usado apenas um unico gene por vez para
promover a formagdo de novos vasos a partir dos
vasos pré-existentes por brotamento (angiogénese)
e/ou a partir de células precursoras endoteliais
(vasculogénese) e/ou remodelamento de vasos
colaterais (arteriogénese) (Figura 1)'2. O procedimento
de terapia génica ¢ bastante simples, consistindo em
inje¢@o intramuscular de vetores (Figura 2), mas a
tecnologia para cria¢do e producdo desses vetores,
que visam alterar um estado tecidual funcionalmente
desarranjado e patoldgico, ¢ complexa.

Entre os genes mais usados para terapia angiogénica
nos estudos clinicos estdo os genes do fator de
crescimento de endotélio vascular (VEGF)", do
fator de crescimento de fibroblasto (FGF)™, do fator
de crescimento de hepatocitos (HGF)" e do fator
induzivel por hipoxia (HIF-1a)'®!"". Os detalhes
desses fatores e os estudos clinicos com esses genes
sdo descritos abaixo.

HIF-1a (hypoxia inducible factor -1a, fator
induzivel por hipéxia la): esse fator ¢ codificado
pelo gene HIF-1a humano constitutivamente e se
localiza no citosol. Em condi¢des de normoxia, esse
fator ¢ degradado via ubiquitinagdo, mas sob hipoxia
se transloca para o ntcleo e se associa ao HIF-1B e a
outros fatores acessorios para formar um complexo
proteico que atua na transcri¢ao de mais de 60 genes.
Em geral, esses genes estdo ligados a angiogénese
(por exemplo, o gene do VEGF), eritropoese,
neoglicogénese e vasodilatacdo, cujas atividades sao
intimamente ligadas a sobrevivéncia sob hipoxia's.

O uso desse gene foi testado num estudo clinico
denominado WALK em pacientes com DAOP e
claudicagdo intermitente'®. Para esse estudo, 289 pacientes
receberam 20 injegdes do vetor adenoviral Ad2/HIF-1a/
VP16 nos musculos afetados por isquemia. Esses
pacientes foram monitorados durante 12 meses,
observando-se a mudanca de caminhada. Foi um
estudo de duplo-cego e randomizado. O pico mediano

Terapia proteica’ (TP)

Terapia celular? (TC) Terapia génica’ (TG)

Complexidade da produgao +++
Custo de produgao ++ [ +++
Estabilidade do farmaco +
Aplicabilidade entre diferentes pacientes Sim
Durabilidade do efeito terapéutico +
Imunogenicidade -+

+/++ +++
+/++ ++/+++
+ ++ [ +++
Nao Sim
+/ ++ ++ [ +++
-+ + (pDNA, AAV, RV, LV); +++ (AdV)

"terapia com proteinas humanas; *terapia com células autologas; *terapia com genes humanos; pDNA (vetor plasmidial); AAV (vetor do virus adeno-associado);
RV (vetor retroviral); LV (vetor lentiviral); AdV (vetor adenoviral). Os sinais representam a intensidade processual entre os parametros analisados: muito (+++), médio

(++), pouco (+) ou nada (-).
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Figura 1. llustragio de formacdo e remodelamento de vasos na fase adulta. Angiogénese, vasculogénese e arteriogénese sio
processos que levam a formagao e ao remodelamento de vasos na fase adulta (os detalhes desses processos estdo no texto).

EPC: célula progenitora endotelial.
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Figura 2. llustracio de terapia génica com genes de fator de crescimento para isquemia critica de membro.

do tempo de caminhada foi de 0,82 minutos no grupo
placebo e de 0,82 minutos, 0,28 minutos ¢ 0,78 minutos
para os grupos que receberam 2x10°, 2x10'° e 2x10"
de doses do Ad2/HIF-1a/VP16, respectivamente.
Nao houve diferenca significativa no indice de
tornozelo-braquial (ITB) e na qualidade de vida entre
os grupos tratados com placebo e os grupos tratados
com o vetor Ad2/HIF-1a/VP16. Assim, os autores
concluiram que a terapia génica desse estudo nao foi
efetiva no tratamento de pacientes com claudicagao
intermitente.

FGF-1 (fibroblast growth factor-1, fator de
crescimento de fibroblasto-1): também conhecido
por aFGF (FGF 4cido), faz parte da familia de
FGF, a qual atua em vérias atividades bioldgicas
como proliferacdo e migracdo da célula endotelial,
angiogénese, sobrevivéncia celular, morfogénese e
reparo tecidual, entre outras. Varias atividades ligadas
a angiogénese observadas in vitro e in vivo levaram
ao uso do FGF nos pacientes para testes'*?. Entre
os ensaios clinicos com esse fator de crescimento, os
conduzidos com o vetor non-viral 1 FGF-1 (NV1FGF)
sdo0 provavelmente os mais conhecidos. O NVI1FGF
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¢ um vetor de plasmideo para expressdao de FGF-1
que foi desenhado e produzido por Sanofi-Aventis.
Apesar de ser um vetor ndo integrativo, a expressao de
FGF1 tem persistido no musculo por varias semanas
em alguns pacientes?®'.

Os resultados dos estudos clinicos de fase I e 11*
atingiram os objetivos propostos satisfatoriamente,
0 que permitiu avangar para a fase I11*. O estudo de
fase 111, conhecido por TAMARIS, foi um estudo
multicéntrico realizado em 171 centros de 30 paises,
duplo-cego e randomizado. Os 525 pacientes que
participaram desse estudo estavam com a condigdo
clinica inadequada para revasculariza¢do e com tlcera
isquémica ou gangrena. Os parametros hemodindmicos
para inclusdo no estudo foram pressao do tornozelo
<70 mmHg e/ou do dedo < 50 mmHg, ou pressdo
de oxigénio transcutanea < 30 mmHg. O principal
objetivo desse estudo foi mostrar o beneficio clinico
do NVIFGF em retardar o tempo de amputagdo maior
ou a morte dos pacientes com isquemia de membro
e ulcera ndo cicatrizante cuja revascularizacao
ndo era possivel. Esses pacientes receberam oito
injegdes intramusculares de 0,5 mg de NV1FGF ou
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placebo com um intervalo aproximado de 2 semanas.
Os niimeros de amputagao ou morte entre 0s grupos
tratados com NV 1FGF e placebo ndo foram diferentes
estatisticamente, ou seja, o efeito terapéutico do
NVI1FGF néo foi evidenciado.

HGEF (hepatocyte growth factor, fator de crescimento
de hepatocitos): € outro fator pleiotropico que atua
em diversas atividades fisioldgicas como prolifera¢ao
celular, angiogénese, morfogénese e motilidade®.
As células endoteliais e musculares lisas expressam
o receptor de HGF, cMet, e sdo as principais células
ligadas a angiogénese®. Injegdo intramuscular do
pDNA expressando HGF nos animais tem evidenciado
a atividade angiogénica, o que motivou os primeiros
estudos clinicos de terapia génica. Morishita et al.
realizaram o estudo clinico de fase I/Ila com
22 pacientes com doenga arterial periférica ou doenga
de Buerger nos estagios Fontaine IIb a IV com
quatro ou oito inje¢des de pDNA expressando HGF
(2 mg em quatro locais ou 4 mg em oito locais) nos
dias 1 e 28. Aumento de ITB, diminui¢do de ulcera
¢ dor foram os principais resultados que motivaram
a continuidade desse estudo?’. O estudo de fase III,
randomizado, duplo-cego ¢ placebo-controlado foi
realizado com 44 pacientes®. Os objetivos primarios
foram o melhoramento de dor em repouso ou a redugéo
de ulcera nos pacientes com ulceras, ¢ os objetivos
secundarios foram a melhora do ITB, da taxa de
amputagdo e da qualidade de vida. Houve melhora
significativa dos objetivos primarios ¢ da qualidade
de vida sem efeitos negativos significativos, mas a
taxa de amputag@o ¢ o ITB ndo sofreram melhora.
Este medicamento de terapia génica, Collategene,
recebeu aprovacdo condicional no Japdo em 2019.

O BM202 ¢ um vetor de plasmideo que expressa duas
isoformas de HGF?. Curioso ¢ que a expressdo das duas
isoformas levou a uma melhora significativa do ITB,
o que ndo foi visto no estudo do Shigematsu et al.?®.
Baseado nesse estudo, um estudo de fase II foi
aprovado e estd em andamento.

VEGEF (vascular endothelial growth factor, fator de
crescimento endotelial vascular): € o fator de crescimento
mais estudado para fins de terapia angiogénica. Ha
quatro principais isoformas (VEGF A, B,CeD),eo0
splicing alternativo, que € um processo de remogao
alternativa de introns e de jung@o de éxons para
formar um novo mRNA, leva a formagao de mais
isoformas. O VEGF A humano pode formar VEGF121,
VEGF165, VEGF189 e VEGF206, sendo que as duas
primeiras isoformas sdo as mais usadas para terapia
génica. Recentemente foi visto que as formas nativas
ou modificadas da isoforma VEGF D, que atua em
linfangiogénese, também podem promover angiogénese
ativamente®®’!. Os receptores de VEGF sao Flt-1,

Terapia génica de isquemia de membro

Flk-1, que também sdo denominados de VEGFR-1
e VEGFR-2, respectivamente. O VEGFR-1 se liga
a VEGF A ¢ B, enquanto que o VEGFR-2 se liga a
apenas VEGF A*. Os VEGFRs atuam junto com
a neutropilina-1, que ¢ considerada a correceptora
do VEGF. Nas células endoteliais, os VEGFR-1 ¢
VEGFR-2 estdo presentes.

O trabalho pioneiro de terapia angiogénica foi
iniciado em 1994 por Jeffrey Isner e seu grupo, em
que a formagao de vasos pode ser estimulada com a
aplicagdo de um vetor de plasmideo com VEGF165
(phVEGF165) na ponta de um cateter de hidrogel®.
Anos depois, 0 mesmo grupo realizou outro estudo
clinico aplicando phVEGF165 diretamente nos
membros isquémicos dos pacientes com DAOP. Nesse
estudo, foram realizadas duas aplica¢des de 2 mg
de phVEGF165 com um intervalo de 2 semanas®.
O indice médio do ITB aumentou significativamente
e a formagdo de vasos colaterais foi evidenciada por
angiografia com contraste e angiografia de ressonancia
magnética. Houve melhora significativa da cicatrizagdo
de ulceras em varios pacientes. Esse trabalho, além
de ter demonstrado a eficcia de terapia angiogénica
no tratamento de doencgas isquémicas, revelou que
a utilizagdo do vetor de plasmideo, que € um vetor
de desenho e produgdo simples em relagdo a outros
vetores, ¢ a forma simples de aplicagdo marcaram a
nova era da terapia angiogénica.

Varios estudos clinicos de terapia angiogénica com
VEGEF tém sido realizados'’. Apesar dos resultados
empolgantes verificados inicialmente, outros estudos
que vieram posteriormente, com tamanhos de amostras
maiores, mostraram resultados controversos. Por exemplo,
um estudo de fase II realizado pelo Kusumanto et al.*
aplicando phVEGF165 em 54 pacientes diabéticos
com isquemia critica de membro ndo conseguiu
demonstrar melhora na reducdo de amputacao
em 100 dias, apesar de ter demonstrado melhora
significativa de dor, cicatrizacdo de ulcera e do ITB
em alguns pacientes. Outro estudo de fase II, mas
usando o vetor adenoviral VEGF121 (AdVEGF121),
foi realizado em 105 pacientes com doenca arterial
periférica®. O objetivo primario de aumentar o tempo
de caminhada em 12 semanas ndo foi alcangado,
e foi observado edema em varios pacientes apos
a aplicag@o do vetor. A conclusdo do estudo é que
uma aplicacao intramuscular do vetor AAVEGF121
ndo estava associada com a melhora de performance
de exercicio e da qualidade de vida. Esses e outros
estudos clinicos de terapia angiogénica com VEGF
mostraram resultados controversos de efetividade.

Apesar dessas controvérsias, em 2011 o vetor
plasmidial com VEGF165, cujo nome comercial ¢
Neovasculgen, foi aprovado na Riissia para tratamento
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de pacientes com isquemia de membro ap6s um estudo
clinico de fase IIb/III com 100 pacientes. Nesse estudo
randomizado, os pacientes foram tratados com 1,2 mg
do vetor pCMV-vegf165, duas vezes com intervalo
de 14 dias, ou com tratamento convencional para o
grupo controle”’. A distdncia de caminhada sem dor
aumentou 110,4%, 167,2% e 190,8% apds 6 meses,
1 ano e 2 anos de tratamento, respectivamente. Além
disso, o ITB e a velocidade do fluxo sanguineo
também tiveram melhoria significativa. Os autores
concluem o artigo dizendo que o tratamento com o
pCMV-vegfl65 ¢ um método efetivo para o tratamento
de claudicacdo moderada a severa causada por [CMI.

Por que os resultados promissores vistos nos ensaios
pré-clinicos ndo se repetem na mesma propor¢ao nos
ensaios clinicos?

Os estudos pré-clinicos de terapia génica para
isquemia de membro, em geral, tém se realizado
usando camundongos para testes. A isquemia ¢ induzida
cirurgicamente com fechamento da porcao distal
e proximal da artéria femoral seguido de remogao
dessa extensdo arterial. Em alguns modelos, as
artérias colaterais também sao fechadas para induzir
isquemia severa®. Com isso, a circulagdo local se reduz
drasticamente a ponto de ndo se verificar nenhuma
pelo laser Doppler perfusion imaging (LDPI) logo
apos cirurgia. Embora a isquemia seja restabelecida
rapidamente por esse procedimento, a fisiopatologia
dessa isquemia ¢ muito diferente daquela gerada por
aterosclerose, a qual ¢ um processo lento que ocorre
com acimulo de gorduras e células na parede da artéria.
Portanto, ¢ um modelo muito pouco representativo
da doenca humana.

Além disso, a linhagem de camundongos mais
usada nesses estudos ¢ a C57/Bl6, talvez devido
a disponibilidade de uma grande quantidade de
informagoes sobre essa linhagem e ao baixo custo
para obten¢do ¢ manutengdo. No entanto, quando
esses estudos sdo comparados com outros estudos
similares realizados com a linhagem Balb/c, observa-se
diferenca notavel no grau de isquemia e nos resultados
das terapias empregadas. Hoje se sabe que isso ocorre
porque a anatomia vascular entre essas linhagens
de camundongo tem uma diferenca significativa
em decorréncia da variagdo genética®® e porque a
linhagem Balb/c ¢ bem mais sensivel a isquemia do
que a C57/Bl6. Se o grau de isquemia gerada e das
respostas da terapia angiogénica entre as linhagens
de camundongo tem uma grande diferenga, quanto
seria essa diferenca entre camundongos e pacientes
humanos?

O surgimento da DAOP ¢ consequéncia do jogo
entre os fatores de risco, além do fator genético que
cada um carrega. Portanto, a variagdo fisiopatologica
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de cada paciente ¢ muito variavel, enquanto que no
modelo animal essa variagdo ¢ minima porque o
ambiente foi condicionado para reduzir a0 maximo
as variacdes a fim de facilitar a interpretagdo de
resultados. Qual ¢ a chance de uma droga testada
com sucesso num modelo animal nessas condi¢des
trazer o mesmo beneficio aos pacientes com DAOP?

PERSPECTIVAS DE TERAPIAS
ANGIOGENICAS PARA ISQUEMIA DE
MEMBRO

Até o momento, apenas dois farmacos de terapia
angiogénica foram aprovados: Neovasculgen, foi
aprovado na Russia em 2011, e Collategene no Japao.
E importante notar que ambos farmacos sdo construidos
com vetores de plasmideo carreando os fatores de
crescimento que atuam nas células endoteliais para
promogdo de angiogénese. Como foi comentado
anteriormente, os vetores derivados de plasmideo sao
apenas moléculas de DNA; portanto, ndo ha perigo
de se replicarem no organismo*, o que é uma grande
vantagem sobre os vetores virais. Além disso, o custo
para producao e controle de qualidade ¢ mais simples
e menos custoso que o dos vetores virais.

Entretanto, a efetividade desses farmacos ainda é
questionavel, porque ha controvérsias nos resultados
de ensaios clinicos. A formagdo de vasos é um
processo complexo que envolve multiplicagdo e
diferenciac@o de células precursoras sob o controle
de varias moléculas regulatorias*'. Assim, o uso de
um Unico fator que atua especificamente em células
endoteliais talvez ndo seja suficiente para formar um
vaso maduro num ambiente isquémico e inflamado.

A terapia angiogénica ideal para isquemia de
membro seria aquela que consegue atuar em todas
ou na maioria das células e moléculas que participam
da angiogénese e do controle da inflamacdo. Abaixo
sugerimos algumas formas de alcangar essa terapia
ideal.

1. Uso de mais genes angiogénicos: até hoje todos
os ensaios clinicos de terapia génica tém sido
realizados utilizando apenas um Unico gene
por vez. Como ha véarios genes essenciais em
angiogénese, o uso de mais de um desses genes
podera trazer melhores efeitos terapéuticos.
Na pratica, isso ¢ factivel usando vetores bi-ou
tricistronicos ou cotransfecc¢ao de varios vetores
monocistronicos para expressar varios genes
simultaneamente no tecido alvo;

2. Uso de células-tronco modificadas geneticamente:
as células-tronco tém plasticidade para se
diferenciar em outros tipos celulares e expressam
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varios fatores de crescimento pro-angiogénicos.
Entre os tipos de células-tronco conhecidos,
as células-tronco mesenquimais sdo as mais
adequadas para uso clinico, devido a facilidade
de obtencdo em grande quantidade da medula
oOssea e da gordura, e capacidade de promover
angiogénese®. Entretanto, o direcionamento da
diferenciacdo a um tipo celular e a um tipo de
atividade depende principalmente do microambiente
onde a célula se encontra. Modificagdes genéticas
com os vetores usados para terapia génica podem
ser usadas para direcionar a diferenciagdo ¢ a
atividade pro-angiogénica e realizar terapia
génica ex vivo®;

3. Uso de genes de hematopoese: a hematopoese, a
isquemia ¢ a inflamagéo sdo processos biologicos
intimamente interligados. A isquemia e a inflamagao
estimulam a hematopoese para produzir mais
células sanguineas, sendo os monocitos e os
macro6fagos os principais elementos que participam
no controle de inflamagdo e na angiogénese*.
As subpopulagdes dos monocitos e macrofagos
podem ser classificadas, em fungdo de suas
atividades inflamatorias, em pro-inflamatorias
e anti-inflamatoérias®. E essas subpopulagdes
podem promover ou inibir angiogénese e
fibrogénese para reparo do tecido isquémico
e inflamado. Os genes que codificam fatores
estimuladores de colonia como o fator estimulador
de colonias de granulocitos e macrofagos
(granulocyte-macrophage colony-stimulating
factor, GM-CSF), o fator estimulador de colonias
granulocitarias (granulocyte colony-stimulating
factor, G-CSF) e o fator estimulante de colonias
de macrofagos (macrophage colony-stimulating
factor, M-CSF) ¢ interleucinas como IL4 e IL13
participam no direcionamento e na ampliagao
dessas subpopulacdes de mondcitos e macrofagos.
Logo, o uso adequado desses genes podera levar
a formacdo e ao remodelamento de vasos de
forma mais eficiente no ambiente isquémico e
inflamado47.

Em resumo, pode-se afirmar que a terapia génica
para isquemia de membro ja ¢ uma realidade clinica,
visto que dois farmacos de terapia génica ja estdo
disponiveis no mercado. A eficacia dos farmacos vistos
nesta revisao ainda ¢ questionavel, mas o importante
¢ que o historico de terapia génica mostra que as
pesquisas cientificas e tecnologicas estdo vencendo
as barreiras de desconhecimentos ¢ estdo permitindo
a criag@o de novos fArmacos mais eficazes e seguros
com materiais genéticos naturais ou sintéticos em
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associacdo com nanocarreadores ou virus modificados
geneticamente. No Brasil, a regulamentacao de terapias
avancadas, que inclui a terapia génica, a terapia celular
e a engenharia tecidual, foi aprovada pela Agéncia
Nacional de Vigilancia Sanitaria (ANVISA) neste
ano*®. Com isso, os farmacos de terapia génica ja
aprovados ou em fase de testes clinicos no exterior
poderdo ser comercializados ou testados no Brasil.
Diante desse cenario, ¢ importante que a medicina
brasileira esteja preparada para usufruir dessa tecnologia
e dos produtos por meio de atualizagdes.
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