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Two-year experiments were performed to evaluate the neurotrophic effect of hypoxia-
inducible factors (vascular endothelial growth factor and angiogenin) expressed in
recombinant human adenoviruses in amyotrophic lateral sclerosis. Randomized placebo-
controlled trial demonstrated safety and good tolerability of the recombinant antiviral
drugs. The life span of patients under conditions of hypoxia increased after treatment
with the test drug, which was probably related to improved resistance of motoneurons.
The presence of virus-neutralizing antibodies decreases the effectiveness of adenoviral
vectors, which necessitates differential approach to the selection of patients and conti-
nuous monitoring of gene therapy.
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Amyotrophic lateral sclerosis (ALS) is a fatal dis-
ease of the central nervous system. This disease is
characterized by progressive selective degeneration
of motoneurons, which results in the development
of atrophic paralysis, progression of respiratory
failure, and death of the patient.

The development of therapeutic approaches is
based on modern data on the mechanisms of moto-
neuron death obtained in vitro on cell cultures and
in vivo on transgenic animals.

Neurotrophic factors hold much promise for
the therapy of ALS [1,2].

It was shown that well-known factor of angio-
genesis, vascular endothelial growth factor (VEGF),
possesses neurotrophic function. A new class of
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hypoxia-inducible neurotrophic factors was iden-
tified.

Previous experiments showed that the decrease
in VEGF concentration results not only in the im-
pairment of neuronal perfusion, but also in a defi-
ciency of VEGF-mediated neuroprotection. Dele-
tion of the promoter of VEGF gene determining the
response to hypoxia is followed by damage to lo-
wer motoneurons in transgenic mice. The observed
changes are similar to those in ALS [7].

Genetic study showed that some polymor-
phisms of the human VEGF gene are associated
with reduced expression of VEGF and higher risk
of ALS (by 1.8 times) [6]. Blood VEGF concentra-
tion in these patients decreases by 50%. Moreover,
the concentration of VEGF in the cerebrospinal
fluid from patients correlates with the type and pro-
gression of ALS.

Previous observations showed that chromoso-
me 14 in 2 patients with sporadic ALS carries mu-
tant angiogenin gene [4]. These data confirm the

0007-4888/08/1454-0483 © 2008 Springer Science + Business Media, Inc.



484

involvement of angiogenic factors in neurodege-
nerative processes during ALS. Several polymor-
phisms of the angiogenin gene are associated with
the increased risk of ALS.

The discovery of neuroprotective functions of
angiogenic factors opens new prospects for the
therapy of ALS. Administration of VEGF-expres-
sing lentiviral vector to transgenic mice with G93A
mutation in the SODI1 gene increased the life span
of animals by 30%. Published data show that ex-
pression of the VEGF gene remains high for 12
months after intramuscular injection of viral vector
into extremities, tongue, diaphragm, etc. [5].

Here we studied the neurotrophic effect of an-
giogenic factors in ALS patients with neurodege-
nerative processes of the central nervous system.
We evaluated the safety, tolerability, and effec-
tiveness of a recombinant adenoviral expression
vector with encoding sequences for VEGF and an-
giogenin (ANG). This vector was injected intra-
muscularly to ALS patients.

MATERIALS AND METHODS

Recombinant adenoviral vector was used to study
neurotrophic function of angiogenic factors. VEGF
and ANG genes were retrogradely transported to
spinal motoneurons after intramuscular injection of
recombinant adenoviruses.

A recombinant adenovirus Ad5-VEGF was ob-
tained by the method of homologous recombination
in E. coli cells. The human VEGF gene was cloned
in a shuttle plasmid vector pShuttle-CMV (Strata-
gene). pShuttle-VEGF plasmid construct included
genomic regions of human adenovirus serotype 5
(essential for homologous recombination) and ex-
pression cassette with the vegf gene. Homologous
recombination in E coli strain BJ5183 cells was
performed between pShuttle-VEGF and pAd-Easy
plasmids (Stratagene). A pAd5-VEGF plasmid con-
struct contained the full-length genome of AdS.
The expression cassette with the vegf gene was in-
serted into E1 genomic deletion. Cell line 293 was
transfected with the pAd5-VEGF plasmid after hyd-
rolysis by the Pacl restrictase site (method of lipo-
fection, Lipofectamin-2000, Invitrogen).

Recombinant adenovirus Ad5-ang contained
expression cassette with the ANG gene in E1 geno-
mic deletion. It was obtained after homologous
recombination between pShuttle-ang and pAd-Easy
plasmid constructs. Cell line 293 was transfected
with the pAdS-ang plasmid.

Expression of the vegf gene was detected in the
culture medium of 293 cells infected with recom-
binant adenovirus Ad5-VEGF in a dose of 5 PFU/
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cell. An enzyme immunoassay (EIA) was perfor-
med with the commercial kit Human VEGF Quan-
tioGlo ELISA Kit (R&D Systems). Expression of
the ang gene was detected in the culture medium
of 293 cells infected with recombinant adenovirus
Ad5-ang in a dose of 5 PFU/cell. An enzyme im-
munoassay was performed with the commercial kit
Human Angiogenin Quantikine ELISA Kit (R&D
Systems).

The results were analyzed by Statistica 7 soft-
ware. The data are presented as means and standard
deviations.

All patients were examined and selected accor-
ding to international criteria for the inclusion and
exclusion.

The present study was performed on 10 pa-
tients with cervicothoracic sporadic ALS. The pa-
tients were randomly divided into 2 groups (5 pa-
tients per group) and received AdvVEGF+ANG or
placebo. They gave voluntary informed consent.
This trial was approved by the Ethics Committee of
the Research Center of Neurology.

The drug or placebo was injected bilaterally
into the trapezius, deltoid, and quadriceps muscle.
Injections were performed at 4-week intervals for
2 years. The single dose of study drug was 0.8 opt.
U (2x10° viral infectious particles).

Each group consisted of 4 men and 1 woman.
The age of patients in the treatment and placebo
group was 41.8+4.1 and 52.0+10.8 years, respec-
tively. The duration of the disease in patients of the
treatment and placebo groups was 17.6+8.9 and
15.0+11.7 months, respectively. Both groups were
of comparable sex, age, and type and duration of
the disease.

The safety and tolerability of the test drug were
estimated during monthly monitoring of physio-
logical parameters (blood pressure, heart rate, body
temperature, and body weight), laboratory tests of
the blood and urine (clinical and biochemical tests
and detection of oncology markers), recording of
ECG, and evaluation of undesirable events.

The progression of the disease was estimated
from the following parameters: neurological deficit
(according to the Amyotrophic Lateral Sclerosis
Functional Rating Scale Revised, ALSFRSR), vital
lung capacity (VLC/TVLC, spirometry), muscle
force of 36 muscles (according to the Manual Mus-
cle Test [MMT] scale), and survival of ALS pa-
tients. The electromyogram was recorded to verify
the diagnosis of ALS.

Blood VEGF concentration was measured under
basal conditions and 2 weeks after injection of the test
drug. EIA was performed with the commercial kit
Human VEGF Quantikine ELISA Kit (R&D Sys-
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tems). The amount of virus-neutralizing antibodies
was measured monthly by the reaction of virus
neutralization with wild-type human adenovirus
serotype 5 in culture of 293 cells (human embryo-
nic kidney cells) [3].

RESULTS

Five patients from the treatment group completed
the first year of this trial. One patient refused par-
ticipation in a further study after 1 year. One patient
of this group died during the second year (22 months
after the start of the trial). Three patients completed
the trial.

Three patients of the placebo group completed
the first year of this trial. One patient died 8 months
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Fig. 1. Increase in the severity of neurological deficit in ALS

patients (ALSFRSR) of the placebo (7) and treatment groups (2).
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Fig. 2. VLC in ALS patients of the control (placebo, 7) and treatment
groups (2).
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after the start of the trial. One patient died 10 months
after the start of the trial. One female patient died
23 months after the start of the trial. Two patients
completed the trial.

In all patients with ALS the disease progressed.
We revealed an increase in the severity of neuro-
logical deficit and decrease in the total score by the
ALSFRSR scale (Fig. 1). The patients exhibited
increasing pulmonary failure and reduction of VLC
(dynamics of VLC, Fig. 2), muscle strength (MTT
scale), and body weight.

Despite progressive pulmonary failure in all 10
patients, the life span under hypoxia (VLC<45%)
significantly differed in the treatment and placebo
groups. The patients receiving AdvVEGF+ANG
were more resistant to hypoxia than control patients
(Fig. 3).

The content of virus-neutralizing antibodies in
the blood significantly increased in patients of the
AdvVEGF+ANG group, while the amount of anti-
bodies in patients of the placebo group remained
unchanged over 24 months. The content of anti-
bodies increased most significantly in a patient
dying by the 22nd month. The effectiveness of
AdvVEGF+ANG in this patient decreased, which
was probably related to a strong immune response
and adenovirus neutralization.

Two-year study demonstrated the safety and
good tolerability of adenoviral vector after intra-
muscular injection to ALS patients. No serious un-
desirable events were observed.

Short-term (2-3 h) mild systemic reactions in 2
patients were manifested in the influenza syndrome
(fever, 38°C). AAdvVEGF+ANG had little effect on
the results of laboratory tests.

Taking into account possible oncogenicity of
angiogenic factors, tumor markers in the blood of
ALS patients were assayed before and 1 month or
1 year after the start of gene therapy. The following
tumor markers were evaluated in female patients:
epithelial cancer antigen (ECA), serum antigen (CA125),
and dimeric tumor pyruvate kinase (TuM2-PK).
The following tumor markers were evaluated in
male patients: ECA, prostate-specific antigen (PSA,
total and free), and TuM2-PK. The concentrations
of ECA, PSA, and CA125 remained unchanged in
patients of both groups. However, TuM2-PK con-
centration progressively increased in patients of the
treatment and placebo groups. No intergroup dif-
ferences were found in TuM2-PK concentration.
The increase in dimeric pyruvate kinase activity
with the progression of ALS probably reflects acti-
vation of metabolism in these patients. It cannot be
excluded that TuM2-PK serves as a marker of pro-
gressive neurodegeneration during ALS.
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Fig. 3. Life span of ALS patients during hypoxia (VLC<45%): control
(n=3, 1) and treatment groups (n=3, 2). *p<0.05 compared to the
control.

Two-year randomized placebo-controlled trial
demonstrated the safety and good tolerability of
adenoviral vector AdvVEGF+ANG in ALS patients.
Administration of angiogenic factors increases the
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resistance of these patients to hypoxia. The pre-
sence of virus-neutralizing antibodies decreases the
effectiveness of adenoviral vectors, which necessi-
tates differential approach to the selection of pa-
tients and continuous monitoring of gene therapy.
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