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The advantages of direct or cell-mediated gene therapy are 

obscure, although investigators demonstrate some efficacy 

of both types of gene therapy. Cell-mediated gene delivery is 

based on ex vivo transduction of auto- or allogenic cells. Stem 

cells (neural, mesenchymal) [2, 3] or different somatic cells 

(fibroblasts, mononuclear cells from umbilical cord blood) [4, 

5] may be used as bioreactors. Foundation of numerous banks 

for collection of human umbilical cord blood mononuclear 

cells (hUCBMC) has given rise to intensive study of 

hUCBMCs in cell therapy of degenerative disorders [6, 7]. 

Previously, we have shown that hUCBMCs genetically 

engineered for tandem delivery of neurotrophic factor 

(VEGF or GDNF) in combination with neuronal cell adhesion 

molecule (NCAM) improve symptomatic outcomes and in- 

crease life span in ALS mouse model [8]. In the present re- 

search, we developed innovative gene-cell constructs for ALS 

treatment based on hUCBMC genetically engineered to si- 

multaneous overexpress human VEGF, GDNF, and NCAM 

genes. The efficacy of hUCBMC-mediated gene therapy was 

examined using behavioral tests, life span measurement, and 

immunofluorescent analysis of the hUCBMC homing, surviv- 

al, and therapeutic gene expression in ALS. 

 

 

 

Material and Methods 

 
Gene Modification of hUCBMC 

 
Recombinant adenoviruses Ad5-EGFP, Ad5-GDNF, Ad5- 

NCAM1, and Ad5-VEGF165 were generated as described 

previously [8]. Gene modification of human umbilical cord 

blood cells (hUCBMC) was performed on the basis of stem 

cell bank of Kazan State Medical University. After 

purification, fraction of mononuclear cells from human um- 

bilical cord blood was seeded on 10-cm culture dish and 

transduced with recombinant adenoviruses with MOI 10. 

Before trasplantation the cells were incubated for 12–16 h in 

RPMI-1640 medium (Sigma, USA) supplemented with 10 % 

FBS and a mixture of antibiotic penicillin and streptomycin 

(100 U/ml and 100 μg/ml, respectively). 

 

Molecular Analysis of Recombinant Gene Expression 

 
hUCBMC simultaneously transduced with Ad5-VEGF165, 

Ad5-GDNF, and Ad5-NCAM1 were collected 5 days after 

culturing. RNA isolation was performed with RNA isolation 

kit from cell cultures according to the producer’s instructions 

(Sileks, Russia) and followed by synthesis of cDNA with use 

of 100 U Maxima Reverse Transcriptase (Thermo Scientific, 

USA). Samples of cDNA were analyzed by CFX 96 Real- 

Time PCR System (BioRad, USA). Nucleotide sequences of 

primers are shown in Table 1. The level of mRNA was nor- 

malized using 18S rRNA as housekeeping gene. Standard 

curves for relative quantitation of the NCAM1, VEGF, and 

GDNF were generated using serial dilutions of plasmid 

DNA with corresponding cDNA inserts. Expression level of 

target genes in non-transduced hUCBMC was considered as 

100 %. All RT-PCR reactions were performed in triplicates. 

hUCBMC genetically engineered to express GFP were exam- 

ined using fluorescent microscope Axio Observer Z1 (Carl 

Zeiss, Germany). 

 

Animals and Treatments 

 
Transgenic for mutant human SOD1 gene (B6SJL-TG(SOD1- 

G93  A)dl1Gur/J) mice were  obtained from  Jackson 
 

Table 1 Nucleotide sequences of 

the primers and probes for real- 

time PCR 

 
 

Name of the primer Nucleotide sequence 
 

 

VEGF-TM-Forward ATCACCATGCAGATTATGCG 

VEGF-TM-Reverse TGCATTCACATTTGTTGTGC 

VEGF-TM-Probe [FAM]TCAAACCTCACCAAGGCCAGCA[BH1] 

GDNF-TM-Forward CGCTGAGCAGTGACTCAAAT 

GDNF-TM-Reverse CGATTCCGCTCTCTTCTAGG 

GDNF-TM-Probe [FAM]TCCATGACATCATCGAACTGATCAGG[BH1] 

18S-TM-Forward GCCGCTAGAGGTGAAATTCTTG 

18S-TM-Reverse CATTCTTGGCAAATGCTTTCG 

18S-TM-Probe [HEX]ACCGCGCAAGACGGACCAG[BH2] 

NCAM1-TM-Forward AGATGAGGGCACTTATCGCT 

NCAM1-TM-Reverse GATGGTAGGTGGCACATTCA 

NCAM1-TM-Probe [FAM]CCGTGCCAGGATTCTGCCCT[BH1] 

EGFP-TM-Forward AGCAAAGACCCCAACGAGAA 

EGFP-TM-Reverse GGCGGCGGTCACGAA 

EGFP-TM-Probe [FAM]CGCGATCACATGGTCCTGCTGG[BH1] 
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Laboratory (Bar Harbor, USA). Expression of mutant form of 

human copper/zinc superoxide dismutase-1 (hSOD1) de- 

velops in mice symptoms similar to amyotrophic lateral scle- 

rosis (ALS) in humans. ALS mice were bred at animal facility 

of Branch of Shemyakin and Ovchinnikov Institute of 

Bioorganic Chemistry (Russia) and presymptomatic mice 

were delivered to Kazan State Medical University and housed 

one per cage under standard laboratory conditions, with a 12-h 

light/dark schedule and unlimited access to food and water. 

Mature 26-week-old male and female ALS mice were 

randomly assigned to three groups according to different 

treatments: (1) control group (n = 8)—injection of    saline, 

(2) hUCBMC-GFP group (n = 7)—transplantation of geneti- 

cally engendered hUCBMC transduced with  Ad5-EGFP, 

(3) hUCBMC-VGN group (n = 11)—transplantation of genet- 

ically engendered hUCBMC transduced with Ad5-VEGF, 

Ad5-GDNF, and Ad5-NCAM. Presymptomatic 29-week-old 

ALS mice retroorbitally received 2 × 10
6 

genetically 

engineered hUCBMC in 100 μl of saline. Animal treatment 

protocol was approved by the Kazan State Medical University 

Animal Care and Use Committee. 

 

 
Behavioral Tests 

 
Two weeks before hUCBMC transplantation, presymptomatic 

27-week-old mice were trained to perform open field and paw 

grip strength tests as described previously [8]. Shortly, in the 

open field test, mice were placed to the arena for 3 min and the 

number of crossed lines (horizontal activity), vertical stands 

(vertical activity), and the number of explored holes in the 

arena floor (exploration activity) were analyzed. In the paw 

grip strength test, mice were allowed to grip a metal grid with 

all four paws, and the grid was slowly rotated over so that the 

mice were turned upside down. The time which mice were 

hanging to metal grid was evaluated and the best result from 

three attempts was recorded [9]. Behavioral tests were per- 

formed at 4- and 8-week time points after hUCBMC trans- 

plantation. Each of the tests was repeated twice per examina- 

tion week. Following the behavioral testing, ALS mice be- 

come paralyzed and reached the end point of disease which 

was determined when the animals could no longer forage for 

food or water. The end point of each mouse was monitored as 

a life span. 

 

 
Immunofluorescence 

 
At the terminal stage of the disease, the mice under ketamine- 

xylazine anesthesia were transcardially perfused first with 

cold PBS and then with cold 4 % paraformaldehyde in PBS 

(pH 7.4). The whole spinal cord was removed, postfixed with 

paraformaldehyde overnight at 4 °C and then immersed in 

30 % sucrose solution in PBS (pH 7.4) at 4 °C. Frozen free- 

floating (20 μm) serial cross sections of lumbar spinal cord 

were prepared. To demonstrate transplanted hUCBMC and to 

verify expression of therapeutic genes encoding VEGF, 

GDNF, and NCAM in gene-modified hUCBMC, the lumbar 

spinal cords of ALS mice were subjected to immunofluores- 

cent staining. After blocking of non-specific binding sites with 

normal donkey serum, the primary antibodies (Ab) were ap- 

plied overnight at 4 °C. Afterwards, sections were incubated 

with proper secondary Ab for 2 h at room temperature and cell 

nuclei were counterstained with bis-benzimide solution 

(Hoechst 33258 dye, Sigma-Aldrich, USA). Finally, sections 

were mounted on SuperFrost®Plus glass slides, embedded in 

anti-quenching medium and examined with a laser scanning 

microscope (LSM 510-Meta, Carl Zeiss, Germany). 

hUCBMC (HNA-positive cells) were counted in 100 sections 

from each mouse. The list of the used antibodies is presented 

in Table 2. In mice from hUCBMC-GFP and hUCBMC-VGN 

groups, the spleen and liver were additionally examined with 

 

 
 

Table 2 Primary and secondary 

antibodies for 

immunofluorescence 

Antigene Host Dilution Company 

a
GDNF Rabbit 1:100 

1:150 

Santa Cruz 

aVEGF Goat 1:125 Sigma 
aNCAM1, PE conjugated Mouse 1:100 

1:150 

Sorbent (Moscow, Russia) 

aHuman nuclei antigen (HNA) Mouse 1:150 Millipore 
bAnti-rabbit Alexa 488 Donkey 1:1000 

1:150 

Invitrogen 

bAnti-mouse Alexa 647 Donkey 1:150 Invitrogen 
bAnti-goat Alexa 488 Donkey 1:150 Invitrogen 

a Primary antibodies    
b Secondary antibodies    
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Fig. 1 Immunofluorescent study 

of the reporter GFP gene 

expression in hUCBMC 5 days 

after cell transduction with 

recombinant adenovirus 

Ad5-EGFP (MOI 10) in bright 

field channel (a) and green 

channel (b) 

 

 

 

 

 

 

 
 

antibodies to human nuclei antigen (HNA) to demonstrate the 

homing and survivability of hUCBMC in parenchymal organs 

of the mice at the terminal stage of the disease in the first 

month of the experiment. 

 
Statistical Analysis 

 
All data are presented as mean ± S.D. with statistical signifi- 

cance assessed by Student’s t test, with P < 0.01 being 

regarded as a statistically significant difference. 

 

 
Results 

 
In Vitro Study of hUCBMC 

 
The effectiveness of hUCBMC transduction with Ad5-EGFP 

or hUCBMCs transduction simultaneously with Ad5- 

VEGF165, Ad5-GDNF and Ad5-NCAM1 were examined  

5 days after cell culturing. hUCBMC transduced with Ad5- 

EGFP were studied with fluorescent microscopy. Cytoplasm 

of the transduced cells showed intensive green fluorescence 

(Fig. 1). In hUCBMC transduced with Ad5-VEGF165, Ad5- 

GDNF, and Ad5-NCAM1, the level of the therapeutic genes 

mRNA was evaluated by RT-PCR. Gene expression data nor- 

malized to 18S ribosomal RNA level demonstrated 91, 64, 

and 58 times higher level of mRNA for VEGF, GDNF, and 

NCAM correspondingly and relatively to non-transduced 

cells (Fig. 2). Herein, we demonstrate an evidence of the ef- 

fectiveness of simultaneous transduction of hUCBMC with 

tree adenoviral vectors carrying vegf165, gdnf, and ncam1 

genes. 

 
Behavioral Tests 

 
The effectiveness of intravenous hUCBC transplantation 

on the disease development in ALS mice was evaluated 

with open field and paw grip strength behavioral tests.   

In  presympomatic mice,  2  days  before hUCBMC 

transplantation, mice from all three groups had the similar 

results without significant difference (P > 0.05). In mice from 

control group, open field test showed the following number of 

attempts: horizontal activity—70.9 ± 2.7, vertical activity— 

10.2 ± 2.1, and exploration activity—6.3 ± 1.4. The paw grip 

strength behavioral test was 56.6 ± 4.2 s. Four weeks after 

saline or hUCBMC transplantation, the drastic decrease in 

vertical activity in open field and in paw grip strength tests 

were observed in control and hUCBMC-GFP experimental 

groups relatively to the hUCBMC-VGN group. The horizon- 

tal and exploration activities of the ALS mice in the open field 

did not markedly differ at 4-week time point in all experimen- 

tal groups in comparison with those of the presymptomatic 

mice (Fig. 3). 

At 8-week time point in open field test, vertical, horizontal, 

and exploration activities have continued to decrease but the 

meanings were significantly better in the hUCBMC-VGN 

group in comparison with those in the control and 

hUCBMC-GFP groups. In the paw grip strength test, the 

prominent reduction of the experimental time  in all   three 

 
 

Fig. 2  RT-PCR analysis of therapeutic gene expression in hUCBMC  

5 days after cell transduction. Data presented as mean ± S.D. for three 

independent experiments; the differences between transduced and 

non-transduced hUCBMC are statistically significant (P < 0.01) 
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Fig. 3 Behavioral test performance and survival rates of ALS mice at 4 

and 8 weeks after genetically modified hUCBMC transplantation. a 

Horizontal activity. b Exploration activity. c Vertical activity. d Grip 

strength test. Average meanings with standard deviation are shown; 

asterisk represents statistically significant differences between   mice 

groups (P < 0.05). e Survival rates of ALS mice (percentage of alive 

mice to initial amount of animals in group) is shown. X-axis—weeks 

after hUCBMC transplantation, Y-axis—parameters as percentage of 

initial. Experimental groups: hUCBMC-VGN (black), hUCBMC-GFP 

(red), and control (blue) 

 
 

groups was observed. In general, hUCBMC-VGN group of 

ALS mice had slower development of the disease symptoms. 

Evaluation of the survival rates of ALS mice between three 

experimental groups (Fig. 3) showed two crucial time points: 

4 and 8 weeks after hUCBMC transplantation. However, the 

survival of mice from hUCBMC-VGN group was higher 

compared to control and hUCBMC-GFP groups. It is worth 

 

to mention that hUCBMC-VGN mice lived for 4 weeks lon- 

ger than the control mice and for 2 weeks longer than the 

hUCBMC-GFP mice. 

Thus, analysis of the behavioral status of ALS mice dem- 

onstrated the slower rate of ALS symptom development and 

higher rate of survival of mice treated with hUCBMC overex- 

pressing therapeutic genes VEGF, GDNF, and NCAM. 



Mol Neurobiol 
 

 

 

 

Fig. 4 Visualization of grafted cells in ALS mice lumbar spinal cord 1 month after hUCBMC transplantation. Immunofluorescent staining demonstrates 

HNA
+
-cells (green). Nuclei are counterstained with DAPI (blue). Scale bar 20 μm 

 

 

 
Immunofluorescent Study of Lumbar Spinal Cord 

 
Immunofluorescent analysis of lumbar spinal cord was per- 

formed in mice sacrificed at the terminal stage of the disease 

between 3 and 9 weeks after hUCBMC transplantation. Using 

Abs to HNA, we have evaluated homing and survivability of 

hUCBMCs in spinal cord. HNA-positive cells were revealed 

in gray and white matter in both experimental groups (Fig. 4). 

The drastic difference in the number of HNA
+
-cells were 

found in the lumbar spinal cord of the mice from hUCBMC- 

GFP and hUCBMC-VGN groups. In mice sacrificed at 

7–8 weeks after hUCBMC transplantation, the number of 

HNA
+
-cells were higher in hUCBMC-VGN group (Fig. 5). 

The higher level of survivability of the grafted cells in spinal 

cord of ALS mice from hUCBMC-VGN group demonstrates 

to the important role of recombinant NCAM expression in 

hUCBMC for their survival. 

 

 
 

Fig. 5 The number of hUCBMC (HNA-positive cells) in lumbar spinal 

cord of ALS mice 7–8 weeks after cell transplantation. Black column— 

hUCBMC-VGN (n = 3), red column—hUCBMC-GFP (n = 3).  HNA- 

positive cells were counted in 100 sections from each mouse (*P < 0.05) 

 

To demonstrate therapeutic gene expression in HNA
+
-cells 

from hUCBMC-VGN group, the double immunofluorescent 

staining was performed. The lumbar spinal cord of ALS mice 

was stained in combination of Abs to HNA with VEGF, 

GDNF, or NCAM. Microscopic analysis revealed HNA
+
/ 

VEGF
+ 

cells, HNA
+
/GDNF

+ 
cells, and HNA

+
/NCAM

+ 
cells 

3–4 weeks after hUCBMC transplantation (Fig. 6). Round- 

shaped view of the cells corresponds to the morphology of 

the cord blood mononuclear cells with approximately 

8–10 μm in diameter. Big round nuclei are surrounded by a 

thin rim of cytoplasm and because of the spinal cord section 

with thickness (20 μm), we observe overlapped cytoplasmic 

and nuclear fluorescence. 

Investigation of the spleen and liver from mice of 

hUCBMC-GFP and hUCBMC-VGN groups during the first 

month after hUCBMC transplantation HNA-positive cells in 

parenchymal organs were not observed (data not shown). 

Xenotransplantation hUCBMC into mice blood without im- 

munosuppression demonstrated a high level of hUCBMC 

homing and survivability in CNS but not in the spleen or liver. 

These data demonstrate that hUCBMC may effectively cross 

the BBB and the immunoprivilege feature of the CNS pro- 

vides their defense from the mice immune system. 

 

 
Discussion 

 
Cellular strategy to motor neuron disease therapy is mostly 

based on the use of stem cells (neural and mesenchymal) 

and induced pluripotent stem cells [10]. In the past decade, 

researchers made popular for the cell therapy in different neu- 

rological conditions application of the hUCBMC [11, 12]. To 

enhance the effectiveness of the cell therapy in neurodegener- 

ative disorders, the approaches to combine cellular and gene 

therapies were proposed. For the first time, we demonstrated 

hUCBMC-based delivery of three therapeutic genes into the 

site of spinal motor neuron degeneration. Neural cell adhesion 
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Fig. 6 Evidence of therapeutic gene expression by hUCBMC in lumbar 
spinal cord of ALS mice 4 weeks after cell transplantation. Double 

immunofluorescent staining demonstrates HNA+-cells expressing 

VEGF, GDNF, or NCAM. Upper panel shows    HNA+/VEGF+-cells, 

middle panel—HNA
+
/GDNF

+
-cells, and lower panel—HNA

+
/ 

NCAM
+
-cells. Nuclei are counterstained with DAPI (blue). Scale bar 

20 μm 

 
 

molecule (NCAM1) was aimed to provide homing, migration, 

and survivability of the hUCBMC; glial-derived neurotrophic 

factor (GDNF) and vascular endothelial growth factor 

(VEGF) played then role of neuroprotective agents. The strat- 

egy of triple gene therapy is under active investigation in 

Parkinson’s disease. Stereotaxic intrastriatal injection of three 

adeno-associated virus vectors expressing tyrosine hydroxy- 

lase, aromatic-L-amino-acid decarboxylase, and GTP 

cyclohydrolase I resulted in effective dopamine production 

in parkinsonian rats [13]. Herein, it is worth to mention cell- 

based gene delivery is safer in terms of viral immunity and the 

level of recombinant molecule production. Moreover, we be- 

lieve the usage of hUCBMC for gene delivery results not only 

for expression of recombinant therapeutic genes. Grafted 

hUCBMC may be a source of biologically active molecules 

(cytokines, chemokines, growth and neurotrophic factors) and 

may give rise to different types of cells (more likely to endo- 

thelial and microglial cells). In our previous research,    we 

demonstrated that transplantation of hUCBMC cotransduced 

with adenoviral vectors expressing GDNF and NCAM or 

VEGF and NCAM genes into ALS mice resulted in prominent 

increase of mice life span and performance in behavioral tests 

comparing to treatment with native hUCBMC or hUCBMC 

transduced with an adenoviral vector expressing VEGF or 

GDNF. In the present paper, we proved the usefulness for 

cotransduction of hUCBC with an Ad vector carrying gene 

of NCAM. The number of HNA
+
-cells in lumbar spinal cord 

of ALS mice was higher in hUCBMC-VGN group at two 

studied time points. Mice from this group had better results 

in behavioral appearance and showed the longer period of life 

span. The data are related with our previous study and with 

results presenting that intramuscular transplantation of human 

mesenchymal stem cells engineered to simultaneously pro- 

duce VEGF and GDNF had the synergistic effect on protec- 

tion of neuromuscular junctions and survival of ALS rats [14]. 

Thus, the genetically engineered hUCBMC overexpressing 
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recombinant VEGF, GDNF, and NCAM is effective in ALS 

model and may have the potential as a new treatment option 

and candidate for further preclinical studies. 
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