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The gene therapy has been successful in treatment of spinaloed injury (SCI) in several
animal models, although it still remains unavailable foriaical practice. Surprisingly,
regardless the fact that multiple reports showed motor receery with gene therapy,
little is known about molecular and cellular changes in the gst-traumatic spinal

cord following viral vector- or cell-mediated gene therapylin this study we evaluated
the therapeutic ef cacy and changes in spinal cord after tratment with the genes

encoding vascular endothelial growth factor (VEGF), gliaell-derived neurotrophic
factor (GDNF), angiogenin (ANG), and neuronal cell adhesiomolecule (NCAM)
applied using both approaches. Therapeutic genes were usedor viral vector- and

cell-mediated gene therapy in two combinations: (1) VEGFGDNFCNCAM and (2)

VEGRCANGCNCAM. Fordirect gene therapy adenoviral vectors based on serotype 5
(Ad5) were injected intrathecally and focell-mediated gene delivery human umbilical
cord blood mononuclear cells (UCB-MC) were simultaneouslyransduced with three

Ad5 vectors and injected intrathecally 4 h after the SCI. Thef cacy of both treatments

was con rmed by improvement in behavioral (BBB) test. Moleglar and cellular changes
following post-traumatic recovery were evaluated with immno uorescent staining using

antibodies against the functional markers of motorneurongHsp27, synaptophysin,

PSD95), astrocytes (GFAP, vimentin), oligodendrocytes [i§2, NG2, Cx47) and microglial
cells (Ibal). Our results suggest that both approaches witlintrathecal delivery of

therapeutic genes may support functional recovery of postraumatic spinal cord via
lowering the stress (down regulation of Hsp25) and enhanc@nthe synaptic plasticity

(up regulation of PSD95 and synaptophysin), supporting godendrocyte proliferation

(up regulation of NG2) and myelination (up regulation of @ and Cx47), modulating

astrogliosis by reducing number of astrocytes (down regutéon of GFAP and vimetin)
and microglial cells (down regulation of Ibal).

Keywords: spinal cord injury, glial cells, gene therapy, hu
endothelial growth factor, glial cell-derived neurotrophi

man umbilical cord blood mononuclear cell, vascular
¢ factor, angiogenin, neural cell adhesion molecule
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INTRODUCTION Glial Derived Neurotrophic Factor (GDNF)

Glial derived neurotrophic factor (GDNF) is well known factor
To date the interest to the gene therapy is growing and mo¢itfat to rescue neurons following ischemia, neurodegeneration or
by results from animal research that show a potential foheurotrauma. Intraspinal injection of recombinant adens
chronic SCI. Novel approach with recombinant genes is ablearrying recombinant gene of GDNF into the injured spinaldor
to provide genes encoding neurotrophic factors, growth fexto can preserve neuronal bers and promoted functional recovery
and cytokines, employing the dual or triple gene combinatjonsfollowing SCI (fai et al., 2008 Recently, on the rat model of
which consist of transgenes with dierent functionsslemov  SC| we demonstrated that UCB-MCs-mediated GDNF therapy
etal., 201p Simultaneous delivery of various therapeutic genegan improve tissue sparing, although the number of myelinated
into post-traumatic spinal cord may not only support the perswas higher compare to the number of bers measured after
viability of a ected injury cells and stimulate their regenéion,  direct injection of Ad-GDNF {ukhamedshina et al., 2015b
but also in uence dierent mechanisms of the SCI including Moreover, in this study we observed distinct molecular reami

in ammation, demyelination, astrogliosis, and othetsr@ietal.,  in the di erent populations of glial cells in various areas of the
2010; Walthers and Seidlits, 2Q16urrently, several therapeutic post-traumatic rat spinal cord.

genes are considered to be e ective for single gene therapy,

i.e., encoding neurotrophic BDN\@kajima et al., 2007NGF  Hypoxia-Inducible Factor Angiogenin

(Romero et al., 20Q;LGDNF (Chou et al., 201y growth VEGF, (ANG)

FGF Qe Laporte et al., 20),LAngiogenin Povysheva et al., pynoxia-inducible factor angiogenin  (ANG)  promotes
2019, anti-apoptotic BCL-2, BCL-XLY(ukawa et al., 2092and  motoneuron survival bothin vitro and in vivo Kieran et al.,
anti-in ammatory IL-10, IL-1RA hou et al,, 200pfactors,  2009. ANG is a neuronally secreted factor that is endocytosed
and cell adhesion NCAM and L1 moleculeSHaudhry et al., py astroglia and mediates neuroprotection in paracrine fashi
2006; Thuret et al., 2006; Walthers and Seidlits, p0The (Skorupa et al., 20)2The role of this factor in pathophysiology
search for the best single candidate or the optimal combamati ¢ 5 s poorly understood. Major data on the role of ANG on
of several therapeutic genes is particularly important forghing| cord regeneration were received in ALS models. Thus,
translation of th_e gene thera_lpy strategy to cIinic_. In oureeC A1 S mice injected with the Ad-VEGEAd-ANG combination
study, along with other ndings, we observed improvementsshowed a 2-3 week delay in manifestation of the disease, higher

and prolongation of lifespan in amyotrophic lateral sclerosisyotor activity at the advanced stages of the disease, anedser
(ALS) mice after transplantation of the umbilical cord blood, {he Jifespan (smailov et al., 2074

mononuclear cells (UCB-MCs) simultaneously transducedhwit
three adenoviral vectors (Ad) encoding vascular endogtheli The Molecule L1
growth factor (VEGF), glial derived neurotrophic factor (BIB)  The molecule L1 from the family of Ig-like cell adhesion mallec
and neural cell adhesion molecule (NCAM). Recently we alsgg-CAM) was the most studied with respect to the problem of
describe a positive e ect of UCB-MC simultaneously transducedpinal cord injury (akovcevski et al., 2013 he key members
with three adenoviral vectors Carrying VEGF, GDNF and NCAMof |g_CAM fam||y are L1 cell adhesion molecule (L]_-CAM) and
for treatment of SCI in mini-pigs Iflamov et al., 20)7with  neural cell adhesion molecule (N-CAM), which play a critical
earlier functional recovery. The role of each factor andirthe role in surface interactions of neurons by bmdmg to eachent
combination has to be further investigated. This study wagnd to the extracellular matrix (ECM) proteins. The mechanisms
speci cally focused on the following factors: of L1-CAM and N-CAM e ect in regeneration are supposed
to be mediated through their activation of the tyrosine kiaas
receptors of broblast growth factor (FGF), epidermal growth
Vascular Endothelial Growth Factor (VEGF) factor (EGF), and nerve growth factor (NGFE¢lombo and
Vascular endothelial growth factor (VEGF) has a known direcMeldolesi, 201p Injection of adeno-associated virus (AAV)
neuroprotective e ect on rat spinal cord neurons, which couldencoding the L1 cell adhesion molecule (AAV-L1) at the time
be mediatedin vitro through VEGFR2/FIk-1 receptorD(ng of acute thoracic compression injury of adult mice promotes
et al., 200k Importance to maintain VEGF production is functional recovery and associated with ameliorated ativsig
dictated by its low level in the injured spinal cordié¢rrera and axonal regeneration in the lumbar spinal coldc:¢ et al.,
et al.,, 200R It has been shown that VEGF can decreas€012). Stem cellsChen J. et al., 2005; Cui et al., 2Dbt glial
secondary degeneration of the neurons and improves funation cells (avdas et al., 2010; Xu et al., 2phased L1 gene delivery
outcome in experimental SCMW(idenfalk et al., 2003 VEGF promoted functional recovery in rodent SCI models. In this
delivery by neural stem cells can enhance proliferation @ gli regard, NCAM is still poor investigated molecular. Astracyt
progenitors, angiogenesis, and improve tissue sparing a@tér Sscar formation at the injury site was found to be higher in
(Kim et al., 2009 Adenovirally delivered bio-engineered zinc- NCAM = compared with NCAM= mice (Saini et al., 2006
nger transcription factor, designed to activate expressidrall  and it was suggested that transduction of UCB-MCs with Ad-
isoforms of endogenous VEGF-A, resulted in an attenuatibn oONCAM can contribute to their homing and survivability after
axonal degradation, decreased level of apoptosis, a signi caintravenous transplantation into ALS mice.
increase in vascularity, improvements in behavioral outeem In this study we evaluated the e ect of triple gene therapy on
following SCI (iu et al., 2010; Figley et al., 2014 motor recovery after contusion in rat in two gene combinatso
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(1) VEGFCGDNFCNCAM and (2) VEGFEEANGCNCAM, and Ad5-NCAM1 at MOI 10; and simultaneously with Ad5-
and also evaluated the molecular and cellular reaction¥dEGF165, Ad5-ANG, and Ad5-NCAM1 at MOI 10. For injection
in post-traumatic spinal cord after gene therapy. Earlie? 10 UCB-MCSCAd5-GFP in 20m of saline; 2 1P
we have demonstrated that specic gene combination®JCB-MCLAd-VEGF16%Ad-GDNFCAd-NCAML1 in 20ml of
VEGFCGDNFCNCAM improve functional outcome in saline; and 2 10° UCB-MCLAd-VEGF16&Ad-ANGCAd-
amyotrophic lateral sclerosis (ALS) mouse modigb(mov et al., NCAML1 in 20ml of saline were prepared.

2016. We also described that administration of Ad5 carrying

VEGF and ANG into skeletal muscles of ALS mice decrease they,q|uation of Transgenes Expression in
manifestation of pathological signs and increased the [ifEns .

(Ismailov et al., 2004 The same combination of adenovirusesVItrO . - .
was tested in a 2-year clinical trial and showed increaséfen | ~Of uantitative reverse-transcription PCR (qRT-PCR) asialy

- : e UCB-MCs were harvested ve days after transduction with
span of patients with ALSZ@valishin et al., 2008 Based on
nature of response, in VEGFGDNFCNCAM combination, Ad5-VEGF165, Ad5-GDNF and Ad5-NCAML1. Total RNA from

VEGF and GDNF were considered as neuroprotective faC,[O,g(gienetically engineered UCB-MCs was isolated using the TRIZOL
and. in VEGEANGCNCAM combination. VEGE and nvitrogen). cDNA were obtained by 100 U Maxima Reverse
ANG were considered as angiogenic factors. Based on the‘gganscrl_ptase (Th?r(/nlcz) GIS:(lzlggtlgDEEA). JONgztl\jrlm'_Pe ,\;he
results, for present study we have selected two combinatioffi&Pression rate o ' an aghian
VEGECGDNECNCAM and VEGECANGCNCAM. The e ect method was employed. All primers and probes used in the

of gene therapy in post-traumatic spinal cord may be achieved b Udﬁ are listed |r|1Tab(Ije l. tEetﬁ I-t|(r:nFexPS§%RRwalsTperfogrg;dsan(ti
delivery of the therapeutic genes either by viral vector-iatedl esults were analyzed wi e cealfime ystem

or cell-mediated administration and in this study we also(Bio'Rad)' The level of mMRNA was normalized using 185 rRNA

compared the spinal cord changes after intrathecal delive S housekgep!ng gene. For each sample, PCR re.acnonsl were
of the triple gene combinations using adenoviral vectors v erformed in triplicate. The cDNA levels were determined using
the standard curve. The standards used for the standard curve

UCB-MCs. were generated using serial dilutions of plasmid DNA with
corresponding cDNA inserts. Expression level of target genes
MATERIALS AND METHODS naive (non-transduced) UCB-MC was considered as 100%.
Using enzyme-linked immunosorbent assay (ELISA) the
Preparation of Adenoviral Vectors and level of soluble VEGF in the conditioned culture media after
Genetically Engineered UCB-MCs incubation of UCB-MCs transduced with Ad5-VEGF165, Ad5-

This study was reviewed and approved by an institutional revie GDNF, and Ad5-NCAM1 was estimated. After transduction
board “Kazan State Medical University Animal Care CommitteeUCB-MCs were incubated for 96h at 37 in a humid
and all procedures were performed according to protocol “Workatmosphere, the medium was collected and centrifuged ab300

with hematopoietic stem cells. SMK-MI-02.04-07. licenselbs- for 10min, ltered through a 0.22m lIter. Concentration of
01-001421. VEGF in conditioned medium was measured with a VEGF

DuoSet ELISA kit from R&D Systems (#DY293B DuoSet)

Adenoviral Vectors according the manufacturer's protocol. UCB-MCs transduced

Adenoviral vectors carrying VEGF165, GDNF, ANG, NCAM1
and green uorescent protein (GFP) genes were generated by
the method of homologous recombination based on the humaAABLE 1| RT-PCR primers and TagMan probes.
adenovirus serotype 5 (Ad5) in Gamaleya Research Institute %L nes
Epidemiology and Microbiology (Moscow, Russia) as describe

Primer and probes

previously Ghcherbinin et al., 20)4For injection 2 10’ Virus  hveGF-Forward TACCTCCACCATGCCAAGTG
particles of Ad5-GFP in 2@ of saline; 2 10’ virus particles  vegr-reverse TGATTCTGCCCTCCTCCTTCT
mixture of Ad5-VEGF165, AdS-GDNF and AdS5-NCAML in nyegr-tmprober [FAMITCCCAGGCTGCACCCATGG[BH1]
20 m of saline; and 2 107 virus particles mixture of Ad5- cpnE-Forward CGCTGAGCAGTGACTCAAAT
VEGF165, Ad5-ANG and Ad5-NCAML1 in 201 of saline were | cpne-Reverse CGATTCCGCTCTCTTCTAGG
prepared. hGDNF-Probe* [FAM]TCCATGACATCATCGAACTGATCAGG[BH1]
hNCAM1-Forward AGATGAGGGCACTTATCGCT
Mononuclear Cells N hNCAM1-Reverse GATGGTAGGTGGCACATTCA
Mononuclear cells from human umbilical cord blood (UCB- \ycami-probe* [FAMICCGTGCCAGGATTCTGCCCTIBHI]
MCs) were |solat§d by standard technique of sgdmentampn 0185 TM-Forward GCCGCTAGAGGTGAAATTCTTG
to a density barrier (Ficoll, 1.077_g/m|) as described presdly)_ 18S-TM-Reverse CATTCTTGGCAAATGCTITCG
(Islamov et al., 20)Pased on the license of Kazan State Medicalgg 1y-prober [HEXJACCGCGCAAGACGGACCAG[BH2]

University Stem Cell Bank. Genetically engineered UCB-MCs
were obtained following transduction of the cells with AG8-P *TagMan probes is labeled at the $end with the uorescence FAM (HEX) and a 8
at MOI 10; simultaneously with Ad5-VEGF165, Ad5-GDNF,quenching acceptor Black Hole (BH1/BH2).
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with Ad5-GFP were examined 96h after incubation usingmotor activity (immobility), and loss of ambulation (indkiy to
uorescent microscopy to assess expression of the greeaccess food or water), dehydration (skin pinch test), presaifc

uorescent protein. large open wounds, and rapid weight loss. During this study 11
rats were euthanized under anesthesia according to thereit
Animals and Treatments for euthanasia and humane endpoints. The mortality rate of

Fifty four female Wistar rats (Pushchino Laboratory, Rugsiathe experimental animals in early post-operative period in this
weighing 250-300g were used in this study. Rats were houseidy corresponded to the severity of the surgery as destribe
one per cage under standard laboratory conditions withpreviously Zhang etal., 2006
unlimited access to food and water and a 12-h light/dark o
schedule. The experimental protocol was consistent with thAssessment of Locomotor Activity
recommendations of the Physiological Section of the Russiahll animals were assessed for open eld locomotion using the
National Committee on Bioethics. All animal treatments, Basso-Beattie-Bresnahan (BBB) score. The test for furadtio
anesthesia, surgery, post-operative care, perfusion, afiélcovery was conducted beginning from the seventh day after
euthanasia at the endpoints were approved by the Kazagurgery and was followed with daily interval and nished at
State Medical University Animal Care Committee (Permit30 dpi.
Number 5, from 27 May 2014). Before surgery animals )
were randomly assigned to seven experimental groupklistological Assessment
(Table 2. For histology rats were anesthetized with chloral hydrate
All surgical procedures were performed under Zolitil 100,(80 mg/ml, 0.4ml per 100g; Sigma, Saint Louis, MO) and
3 mg/kg (Virbac Laboritaries, France) and Xyla, 4.8 mg/kdntracardially perfused with 4% paraformaldehyde (PFA, Sigma
(Interchemie werken De Adelaar B.V , Netherlands) in phosphate-buered saline (PBS, pH 7.4) as previously
anesthesia. The model of SCI was performed in a standadescribed [{lukhamedshina et al., 2012, 20)6@he depth of
way (Mukhamedshina et al., 2015bWeight-drop injury for —anesthesiawas assessed with pedal re ex (toe pinch) andieye bl
moderate contusion injury of spinal cord was induced using arfe ex. Spinal cord fragments (30 mm) were harvested after 30
impact rod (weight 10 g, diameter 2 mm) dropped from a heightdpi and divided in three segments: epicenter of injury (10 mm),
of 25 mm onto the exposed spinal cord after laminectomy at Thg+ostral (L0 mm), and caudal (10 mm) from the contusion site
Th9 level Figure 1A). Four hours after surgery animals were (Figure 1B). Rostral and caudal parts were postxed in 4%
intrathecally injected between L4 and L5 vertebras eithgr\@0  paraformaldehyde at € overnight. Transverse free- oating
miof saline, 2 10 virus particles in 20ri of saline, or UCB-MCs  sections (2@hm) were obtained from the site adjacent to the
(2 1Pcellsin 2ar of saline). After the surgery all animals were epicenter of injury with a cryostat (Microm HM 560, Thermo
housed in standard conditions (21 3 C, 12h light/dark cycle) Scientic, Waltham, MA). The rostral part was chosen for
with ad libitum access to food and water. Rats received dailgtudying of therapeutic gene expression to con rm the ability
antibiotic Ceftriaxone (Sandoz, Austria) intramusculaify0  of adenoviral vectors and UCB-MCs to pass from injection site
mg/kg) and anesthetic Ketorol (Dr. Reddy's Laboratories, Lt Via epicenter to the rostral areas of the spinal cord. The cauda
Hyderabad, Andhra Pradesh, India) for 5 days post-injury Jdpi part (region below the contusion injury) was selected to eatd
Bladder and colon were manually emptied until spontaneoughe glial and neural cells response to gene therapy. We found
voiding returned. The conditions of the rats were evaluatedhat caudal part of the spinal cord had preserved morphology of
every day till the end point of the experiment. Daily monitogin  white and gray matter after contusion compare to injury siddw
included main criteria for euthanasia, such as body tempeeat cavitations and scar formations. Thus, the cellular and mdbc
(hypothermia), breathing (increased respiratory rate andr§,0  reaction during regeneration was evaluated primary in chuda
region of the spinal cord.
For immuno uorescent analysis sections were washed in PBS
TABLE 2 | Experimental groups. with 1% Triton X-100 (Sigma) three times for 5 min, and blodke
in 5% normal goat serum for 1 h at room temperature (RT).
For immuno uorescent labeling sections were treated ovgiih
at 4 C with a combination of primary antibodiesTéble 3
Saline 4 09% NaCl followed by incubation in a mixture of secondary antibodies

Group Number  Solution (20 ul) for
of animals intrathecal injection

Ad-GFP 8 2 107 virus particles of Ad-GFP for 2h at RT. DAPI (1Gng/ml in PBS, Sigma) was used for
Ad-VEGF-GDNE-NCAM 5 2 107 virus particles of Ad- visualization of nuclei. Propidium lodide solution (Pl,ng/ml

VEGF16%C Ad-GDNFCAJ-NCAM1 in PBS, Sigma) was used for staining both DNA in nucleus and
Ad-VEGE-ANG-NCAM 4 2 107 vitus particles of RNA in cytoplasm (Nissl substance in neuroni)i et al., 201k

Ad-VEGF16%Ad-ANGCAd-NCAM1  Processed sections were mounted on slides, embedded inajlyce
UCB-MCsCAd-GFP 6 2 106 of UCB-MCSCAd-GFP (GalenoPharm; Saint Petersburg, Russia) and observed ander
UCB-MCsCAd-VEGF-GDNF- 6 2 105 of UCB-MCsCAd- LSM 510-Meta microscope (Carl Zeiss; Oberkochen, Germany).
NCAM VEGF165CAd-GDNFCAd-NCAM1L The numbers of immunopositive cells (Hsp27, GFAP,
UCB-MCsCAd-VEGF-ANG- 7 2 10° of UCB-MCsCAd- Vimentin, Olig2, NG2, and Ibal) were quanti ed by reseanche
NCAM VEGF165CAd-ANGCAd-NCAM1

blind to examined groups of animals in the ventral horns (VH),
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Rostral part
10 mm
Epicenter Th 10 mm
of injury Tna
l 10 mm

Impact rod

Caudal part

Cc |

FIGURE 1 | Experimental design.(A) Spinal cord injury and intrathecal injection(B) Spinal cord fragment (30 mm) divided in three segments: rol (10 mm) and

caudal (10 mm) from the epicenter of injury (10 mmJC) Spinal cord zones used for immuno uorescent staining. Severspinal cord areas were selected: ventral horn
(VH); ventral corticospinal tract (CST); dorsal root entgone (DREZ); area of the central canal (CC); dorsal funic{iiiF); the ventral funiculi (VF); outer area of the lateral
funiculi at the line passing through the central canal (LF).

TABLE 3 | Primary and secondary antibodies used in immuno uorescenttining.  value corresponding markers. Digital images were obtairsiugu
a 40 objective lens from 5 adjacent optical slices (observed

Antibod Host Diluti s . : .
ntibody os fution ouree area 0.09 mr) with the standardized values of the pinhole,
ANG Mouse 1150 Sigma laser power and scanning speed. All images were analyzed
Cxa7 Mouse 1150 sanacrz  following the same semi-automated in-house algorithm. Byje
GDNE Rabbit 1100 Santacruz  fOr each channel, thg Igwest intensity 3|gnals' within aacikt
GEAP Mouse 1:200 santacruz  Were remov_ed to minimize background. Negatlve contr(_)l_sewer
GFAP Rabbit 1:250 Santa Cruz optalned using the same prqtocol, but without the addition of
HNA (Human Nuclear Antigen) Mouse 1:150 Millipore primary or secondary antibodies.
HSP27 Rabbit 1:200 Abcam ..
NG2 Mouse 1:2000 Abcam Statls“cal Analyse_s_ ) . .
Olig? Rabbit 1150 Sigma :jmmuno uorescentdstalnlng andin \élltr?j moleculfarhanaly5|s
osP Rabbit 1100 Santa Cruz ata are presentg as mean sFan. ard error of the m(?an
PSDIS Rabbit 1200 Abcam (SEM). To determine statistical signi cance, we used a Sttslen
. . ‘ t-test distribution or a one-way analysis of variance (ANQVA
Synaptophysin Rabbit 1:150 Abcam . \ . L
VEGE Goat 1300 Sigma with Tukey's test. A value of 0.05 was considered statisticall
- ' signi cant. Data were analyzed using Origin 7.0 SRO (OriginLab
Vimentin Mouse 1:1200 Santa Cruz . T
) ) ) i Northampton, MA) software. To determine statistical
Anti-goat IgG conjugated with Donkey 1:200 Invitrogen

Alexa 488 signi cance of BBB data we used a U Wilcoxon-Mann-Whitney
test using SPSS Statistics 22 (IBM, Armonk, New York, US)

Anti-rabbit IgG conjugated with Donkey 1:200 Invitrogen . o oo

Alexa 555 software, wher@ < 0.05 was considered statistically signi cant.
Anti-mouse IgG conjugated with Donkey 1200 Invitrogen Descriptive St'atIStICS for each. group prgsepted as Median
Alexa 647 (Lower Quartile; Upper Quartile). Quantitative data were

presented as mean SEM and comparisons between groups
were performed with Studentstest.p < 0.05 was considered to
main corticospinal tract (CST), lateral and ventral funies! ndicate signi car:t(# erences between groups. All analysesav
(LF and VF), area around the central canal (CC), and dorsdierformed in a “blinded” manner with respect the treatment
root entry zone (DREZ)Rigure 1C) in merged images from 10 9"OUP-

adjacent optical slices (512512 pixel resolution, observed area

0.05 mn¥; acquisition distance, Orfm). Only cells with clearly RESULTS

outlined nuclei were considered. Genuine co-localizatioas )

con rmed by viewing the localization of immunopositive cetin ~ Molecular Analysis of Transgene

orthogonal projections of all three channels. The threstiold EXxpression in UCB-MCs in Vitro

counting cells as co-localized was a coe cient of co-lacation The mRNA level of VEGF165, GDNF, and NCAM1 in gene
of at least 0.5. The level of PSD95, synaptophysin, and Cx4ngineered UCB-MCs was con rmed using the RT-PCR analysis.
expression was evaluated according the uorescence densiBene expression data were normalized to 18S ribosomal RNA
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A BBB test

BBB score
®

1k

(R N

7 9 11 13 15 17 19 21 23 25 27 29 30
Days after surgery
90 B s
16
2 80
o 14
kS
S 70 o 12
] <— Maximum S 10
g 1 [<— Median @
Zz 60 <— Minimum @ 8
[l ucB-MCs+Ad-GFP 6
50
l [l UCB-MCs+Ad-VEGF +Ad-ANG+Ad-NCAM N
40 [ UCB-MCs+Ad-VEGF +Ad-GDNF+Ad-NCAM 2
0
T 9 11 13 15 17 19 21 23 25 27 29 30
Days after surgery
FIGURE 2 | Green uorescent protein (GFP) expression in umbilical cord C = 5
blood mononuclear cells (UCB-MCs) 96 h following transduain with 16
RTIS . . . «— Maximum
Ad5-GFP (multiplicity of infectiorD 10). (A) Bright eld; (B) uorescent eld. = i & i r
. . . . . . {4 pper quartile
(C) UCB-MCs count in post-traumatic spinal cords in the rostratlirection to ' T %{ e
the injury epicenter 30 days after intrathecal injectionDifference between g1 g & Lower duaniie
groups carrying gene NCAM and the group in which UCB-MCs were % i E U v——
transduced with reporter gene GFPP < 0.05. 1 [ saline
8 [0 Ad-GFP
@ [l UCB-MCs+Ad-GFP
[l Ad-VEGF+Ad-GDNF+Ad-NCAM
. 9 [l UCB-MCs+Ad-VEGF+Ad-GDNF+Ad-NCAM
level and demonstrated higher level of mRNA for VEGF165, i I AG-VEGF +AG-ANG +AG-NCAM
[l UCB-MCs+Ad-VEGF+Ad-ANG+Ad-NCAM

GDNF and NCAM1 at 121.2 0.47, 96.81 0.64, and 118.2 30 days after surgery

0.87 times correspondingly compare to non-transduced cells
(P < 0.05). Concentrations of VEGF measured in conditioned FIGURE 3 |BBB Pe”gfmance-(A)Gfoups ”eateg Wit:: genes encoging

. VEGF165, GDNF, and NCAM1(B) Groups treated with genes encodin

medium of UCB-MCEAd-VEGF-GDNF-NCAM and UCB.- VEGF165, ANG, and NCAMl(((Z))Comerative analysisgof the BBB ratge’z in all
MCsCAd-GFP groups were 724.3 and 181.8 pg/ml, reSpeCtlvevaaxperimental groups at 30 day after SCI. *Difference betweetherapeutic and
Fluorescent microscopy of the reporter GFP gene expression (irkontrol groups, P < 0.05.
UCB-MCs showed approximately 80% of the transduced cells
(Figure 2). The GFP uorescence in UCB-MCs was evident for

amonth after cells transduction with Ad5-GFP. and NCAM)-treated and from control groupg={gure 3A). The
] results of the BBB test in therapeutic groups with genes engodi
Behavioral Assessment VEGF, ANG, and NCAM were similar to data presented above

Recovery of the hind limbs motor activity measured with(Figure 3B). The greater functional improvement in therapeutic
BBB score was not signi cantly di erent between experimentagroups (Ad-VEGF-ANG-NCAM and UCB-MGSAd-VEGF-
groups during the rst 3 weeks after SCFigure 3). At the  ANG-NCAM) in comparison with control (Saline) group was
end of the forth week on 27 dpi statistically higher BBB scorevident on 27 dpi § < 0.05), however within the therapeutic
was observed in therapeutic groups (Ad-VEGF-GDNF-NCAMgroups (Ad-VEGF-ANG-NCAM vs. UCB-MG3Ad-VEGF-
and UCB-MC£Ad-VEGF-GDNF-NCAM) in comparison with  ANG-NCAM) signi cant di erence was not found. The BBB
control (Saline) groupg< 0.05). At the same time no signi cant score in UCB-MCEAd-GFP on 27 dpi was not di erent from
di erence was registered between control groups (Saline @s. A gene (VEGF, ANG, and NCAM)-treated grougsdure 3B).

GFP) and between the therapeutic groups (Ad-VEGF-GDNF- Figure 3C shows the cumulative data for all groups at 30
NCAM vs. UCB-MCE£Ad-VEGF-GDNF-NCAM). The rate of dpi. The BBB score was higher in all gene-treated groups in
recovery in the cell-treated group (UCB-MCAd-GFP) on 27 comparison with control groupsp(< 0.05). The meanings
dpi was not signi cantly di erent from gene (VEGF, GDNF within the gene-treated groups (Ad-VEGF-GDNF-NCAID
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FIGURE 4 | Ad-GFP, Ad-VEGF, Ad-ANG, Ad-NCAM, and Ad-GDNF transductiointo the spinal cord cells. Green uorescent protein (GFP)x@ression at different time
points (A) and the mean uorescent intensity(B) in the spinal cord sectioned rostrally to the site of injuryféer intrathecal injection of Ad-GFP. Nuclei were
counterstained with DAPI (blue). Visualization of the repthinant VEGF, NCAM, ANG, and GDNF in the VH (green uorescengeostrally to the contusion epicenter
after intrathecal injection of adenoviral vector combinains carrying corresponding genes. Neurons were counterstined with Pl (red). Scale bar® 200 nm in (A),
30mm in (C).

14.5 [14, 15], UCB-MG3Ad-VEGF-GDNF-NCAM D 15 in the spinal cords after direct gene therapy was studied using
[14, 15], Ad-VEGF-ANG-NCAM D 15.5 [14.75, 16.5] and speci c antibodies against the target molecules on 30 dpi i tw
UCB-MC<Ad-VEGF-ANG-NCAM D 14.5 [14, 15]) were not experimental groups: Ad-VEGF-ANG-NCAM and Ad-VEGF-
di erent as well as the BBB score within the control groupsGDNF-NCAM (Figure 40). Immuno uorescent analysis reviled
(SalineD 8.5 [7.75, 9] and Ad-GFP 8 [6.5, 8]). At 30 dpi the reconbinant molecules (VEGF, GDNF, ANG, NCAM) in post-
BBB score in cell-treated group (UCB-MCAd-GFPD 10 [9, traumatic spinal cord rostral to the injury epicenter followg
11.25]) was signi cantly higher than in control groups andswa intrathecal injection of adenoviral vectors carrying humgenes

not di erent from all gene-treated groups$-{gure 30). encoding VEGF, GDNF, ANG, and NCAM.
Expression of the therapeutic genes in transplanted
Immuno uorescent Analysis genetically modied UCB-MCs in the rostral spinal cord.

Expression of the reporter and therapeutic genes in rostrahnti-Human Nuclear Antigen (HNA) antibodies were used
spinal cord after direct gene therapy. The expression of GFfr identi cation of human UCB-MCs in spinal cord in the
after intrathecal injection of Ad-GFP was studied on 2, 4, 7yostral direction to the injury epicenter. HNA-positive cells
14, and 21 dpi employing additional group of animals D  were found in spinal cord gray and white matters of all
15) (Figures 4A,B. The mean intensity of GFP uorescence animals with grafted UCB-MCS in the following experimental
was signi cantly enhanced during the rst week and reachedgroups: (1) UCB-MCSAd-VEGF-ANG-NCAM, (2) UCB-

a maximum of 7 dpi. Decrease of mean intensity of GFRMCSCAd-VEGF-GDNF-NCAM, and (3) UCB-MGSAd-GFP
was observed on 14 dpi and the level of the mean intensitgt 30dpi Figure 20. HNA-positive cells were count on 50
was continued to decrease gradually further at 21 and 30 dpsections for each animal (3 rats per group). The number
Similar short period of expression for adenoviral vectors wasf UCB-MCs in UCB-MCE£Ad-VEGF-ANG-NCAM, and
described previouslyApdellatif et al., 2006 Expression of the UCB-MC<CAd-VEGF-GDNF-NCAM groups was not di erent
therapeutic genes encoding VEGF, ANG, GDNF, and NCAMand was 86 (75, 90) and 88 (84, 95), respectively [results are
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FIGURE 5 | Double immuno uorescent staining of grafted UCB-MCs in rogtal spinal cord at 30 day after SCI and intrathecal cell traqdantation. (A) HNAC -cells (red)
expressing VEGF (green)B) HNAC -cells (red) expressing GDNF (greeniC) HNAC -cells (red) expressing ANG (greenjD) HNAC -cells (red) expressing NCAM
(green). Indicated cells corresponds to the morphology of #cord blood mononuclear cells with round nuclei surroundedy a thin rim of cytoplasm.

presented in the form Me (min; max). At the same time theSaline group (29.56 3.47) Figure6). This eect was
number of UCB-MCs in these groups was signi cantly highermost prominent in the UCB-MCE&Ad-VEGF-GDNF-
compare to the control group UCB-M@Ad-GFP—47 (43,55)]. NCAM (13.67 0.85) and Ad-VEGF-GDNF-NCAM

It worth to mention, that UCB-MCs after intrathecal injectiat  (13.84 0.39) groups. The reduction of the Hsp27
the level of L4-L5 (lower the epicenter of injury) were obsetin  expression in UCB-MGSAd-GFP group was not con rmed
the rostral lumbar spinal cord (above the epicenter of theipju  (Figure 6).

To detect the expression of VEGF, GDNF, ANG, and NCAM in

UCB-MCs a double immuno uorescent staining with (1) HNA psSp9s

antibodies and (2) antibodies against one of the recombinanthe level of post-synaptic marker (PSD95) expression was
transgene products was used at 30 dpi. HNA-positive cells fwhitigher in VH in all gene-treated groups at 30 dpi compare to
expressed VEGF, GDNF and NCAM, were found in the UCBcontrol groups Figure 7). The highest level of mean density
MCsCAd-VEGF-GDNF-NCAM group and VEGF, ANG and of PSD95 was in the UCB MC#d-VEGF-GDNF-NCAM
NCAM were found in the UCB-MCEAd-VEGF-ANG-NCAM  group (26.48 2.33) in comparison with Saline group (14.27
group. These results support the fact that genetically modied 2.74). Expression of PSD95 in cell-treated group (UCB-
UCB-MCs are able to synthesize therapeutic molecules iMCsCAd-GFP[17.11 3.48]) did not di er from control groups
spinal cord tissue up to 30 days after intrathecal transplamtat (Figure 7).

(Figure 5).

Expression of the Neural and Glial Ey”aptqphys'” . . .

. . xpression of synaptophysin (pre-synaptic marker) in the VH
Molecular Markers in the Caudal Spinal was higher in all gene-treated groups compare to control groups
Cord (Figure 7). The highest level of mean density of synaptophysin
HSP27 was found in UCB-MCEAd-VEGF-ANG-NCAM group (36.12

The downregulation of the Hsp27 expression in VH 3.44) when compared with Saline (15.32.18) group. In the
was found in all therapeutic groups compare to theUCB-MCSCAd-GFP group the synaptophysin expression level
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FIGURE 6 | Hsp27 expression.Upper panel: Immuno uorescent staining of the caudal spinal cord cross setions with Abs against Hsp27 (red) caudally to the site of|
injury in control (Saline) and therapeutic groups. Nucldil(e) were counterstained with DAPI. Scale bad 50 mm. Lower panel: Histogram of the statistical analysis of
Hsp27-positive cells number in VH zone. Data are presentedsamean SEM, p < 0.05 (one-way ANOVA).

(15.98 1.14)was not signi cantly di erent from control groups the number of NG2-immunopositive cells in VF was higher in all

(Figure 7). gene-treated when compared with Saline (19.88.49) group.
_ ) The number of OIlig2/NG2-immunopositive cells was
GFAP and Vimentin decreased in gene treated groups in all studied areas of

The analysis of GFAP-, vimentin- and GFAP/vimentin-the spinal cord with exception of the CC zone. Increase of
immunopositive astrocytes showed reduced number in DRED|ig2/NG2-immunopositive cells number was found in the
in all gene treated groups in comparison to control and UCB-Ad-VEGF-GDNF-NCAM (19.00 2.58) and UCB-MOSAd-
MCsCAd-GFP groupsKigure 8). The most signi cant decrease VEGF-GDNFCNCAM (16.59  1.66) groups in comparison
in the number of GFAP-positive cells was documented in theyith Saline group (10.8 3.00) Figure 9).

groups with GDNF and particularly in Ad-VEGF-GDNF-NCAM

(8.04 1.19) and UCB-MOSAd-VEGF-GDNF-NCAM groups Cx47

(6.18 0.76) when compared to Saline group (17.251.50) The higher level of mean density of Cx47 (oligodendrocyte

(Figure 8). gap junction marker) in VH was identi ed in all gene treated
_ groups when compared to the control group&idure 10.
NG2 and Olig2 Interestingly, in DREZ, expression of Cx47 was signi cantly

The analysis of oligodendrocyte cell line with the expres&ib higher in therapeutic groups with ANG (Ad-VEGF-ANG-

Olig2 revealed the increased number of Olig2-immunopositiv NCAM [45.34 3.03] and UCB-MCE Ad-VEGF-ANG-NCAM

cells in DREZ and VH in groups with GDNF. Thus, in the VH [51.80 1.63]) compare to Saline (20.26 1.46) group. The

the number of Olig2-positive cells in Ad-VEGF-GDNF-NCAM |evel of the oligodendrocyte gap junction marker expression

(48.14 4.88) and UCB-MCSAd-VEGF-GDNF-NCAM (47.25 UCB-MCSAd-GFP group in DREZ (32.97 2.46) was not
5.91) were signi cantly higher in comparison with Saline signij cantly di erent from Saline group.

(26.33 5.35) and UCB-MCSAd-GFP (23.44  1.22)

groups Figure 9. The signi cant increase of oligodendrocytes Ibal

precursors (NG2-immunopositive cells) was found in VH in the The number Ibal-immunopositive cells (microglia cells) was

Ad-VEGF-ANG-NCAM group (29.00 2.58) when compared lower in groups with GDNF gene, in DREZ (Ad-VEGIESDNF-

to other therapeutic and Saline (26.335.35) groups. Although NCAM [16.87  2.55] vs. Saline [23.00 0.95] in 1.4-fold
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FIGURE 7 | Recovery of synaptic proteins expression in the caudal spai cord. Upper panel: The PSD95 and synaptophysin (red) detected with speci ¢ Absni the
VH zone caudally to the site of spinal cord injury in controS@line) and therapeutic groups. Nuclei (blue) were countsained with DAPI. Scale baD 50 mm. Lower
panel: Comparison of mean density level between different experiemtal groups for PSD95 and synaptophysin. Data are presenteas mean SEM, b < 0.05
(one-way ANOVA).

and UCB-MC€£Ad-VEGF-GDNF-NCAM [17.05 1.23] vs. [22.67 1.76] in 1.6-fold) at 30 dpiRigure 11). The number

Saline [23.00 0.95] in 1.3-fold) and in CC (Ad-VEGF-GDNF- of microglia cells in UCB-MGSAd-GFP group in DREZ (25.43
NCAM [9.17 1.85] vs. Saline [22.67 1.76] in 2.5-fold and 1.54) and CC (20.20 2.92) areas did not di er from Saline
UCB-MC<LAd-VEGF-GDNF-NCAM [12.22 1.36] vs. Saline group (Figure 11).
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FIGURE 8 | Triple gene therapy reduces reactive astrogliosis in the gd-traumatic caudal spinal cord.Upper panel: GFAP (red) and Vimentin
(yellow)-immmunoreactivity in the DREZ caudally to the S@picenter in Ad-GFP-, Ad-VEGF-ANG-NCAM-, and Ad-VEGF-GDNNCAM-treated rats. The white
arrows show the co-localization of GFAP and Vimentin in asicytes. Nuclei were counterstained with DAPI. Scale bad 100 nm. Lower panel: Comparison between
different groups for GFAP- and Vimentin-positive cells coied in DREZ. Data are presented as mean SEMp*< 0.05.

DISCUSSION has been considered to be less invasive and more attractive.
With this approach, cerebrospinal uid (CSF) ow helps with

Many current pre-clinical studies utilize two main approacheswider dissemination of the viral vectors throughout the CNS
for CNS therapeutic gene delivery—uviral- and cell-mediatedand also facilitates the widespread di usion of the produced
Most commonly used invasive technique with direct injectionrecombinant molecules. Less invasive subdural injectign i
of viral vectors carrying recombinant genes lead to the llocamore feasible for clinical application and numerous reports
transgene expression and as a result targeting the cellsein tlre addressing intraspinal transplantation (at site of Iesiof
injection site. Another approach with subdural gene deliverythe gene-cell constructs. MSC, neural progenitor cells, Sahwan
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FIGURE 9 | Triple gene therapy effect on the myelin-forming cells in éhcaudal spinal cord.Upper panel: Double immuno uorescent labeling showing co-localization
of the oligodendrocyte precursor marker NG2 (red) with the gn-oligodendrocyte marker Olig2 (green) in VH zone of rat go-traumatic spinal cord 30 days after direct
or cell-mediated gene therapy. Nuclei (blue) were countetained with DAPI. Scale baiD 100 mm. Lower panel: Comparison between different experimental groups
for NG2- and Olig2-positive cells counted in VH zone. Data arpresented as mean SEM, p < 0.05.

cells or broblast were also used as carriers of genes engodithe intrathecal administration of gene modi ed UCB-MNs
neurotrophic factors (BDNF, GDNF, CNTF, NT3 and other) improved nervous tissue sparing and locomotor functional
(Walthers and Seidlits, 20).5Neural progenitor cellsliepore recovery [(slamov et al., 2007 In the present investigation
et al.,, 200pand MSC Bakshi et al., 2004derived from bone we applied the same strategy using rat model of SCI. The
marrow were delivered into the injured spinal cord by lumbaraim of this study was to evaluate the molecular and cellular
puncture. Of note, intraspinal transplantation of naive UCB-changes in post-traumatic spinal cord in response to intragthec
MNs (Zhu et al., 201pand intrathecal administration of di erent administration of triple gene combinations using adenoviral
populations of UCB cellsi¢him et al., 2010; Liu et al., 2013; vectors or UCB-MNs as carriers of the therapeutic genes.
Yao et al., 20)Ghave been already employed in clinical trials forSimilar to our study on mini pig, we found functional

treatment of SCI. improvement in rats with SCI after intrathecal administiati of
_ adenoviral vectors or genetically engineered UCB-MCs wiit t
Functional Recovery combinations of therapeutic genes: (1) VEGEDNFCNCAM

Previously we reported positive results with a novel theraigpeutand (2) VEGEEANGCNCAM that was demonstrated based
strategy for SCI treatment in mini pigs with SCI whereon Basso-Beattie-Bresnahan (BBB) score. The pattern ofrmoto
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FIGURE 10 | Gene therapy effect on communication between glial cells érocytes and oligodendrocytes) in the caudal spinal cordUpper panel: Visualization of the
expression of Cx47 (green). Nuclei were counterstained WitDAPI. Scale barD 100 mm. Lower panel: Histogram of the mean labeling intensity of Cx47 in VH, DREZ
and CC of experimental animals. Data are presented as mean 3E *p < 0.05.

recovery in gene-treated groups was consistent with our ptevi  Heat Shock Protein 27

studies showing improvement after intraspinal injection ofHeat shock protein 27 belongs to the family of molecular
Ad5-VEGRCAd5-ANG vectors on BBB scor@vysheva et al., chaperons with the speci ¢ function to increase the surviligbi
2017. Thus, intrathecal delivery of the therapeutic genes wasf cells in condition of stress. In the CNS induction of
found to be as eective as intraspinal approach of genédsp27 occurs within de ned spatial and temporal parameters

administration. in response to various pathological conditiorfsgnklin et al.,
2005. Increased expression of Hsp27 was described in lumbar
Molecular and Cellular Reaction motoneurons after axotomyiglamov et al., 20Q3and cortical

The pathologic events, commonly observed in spinal cord aftdfeurons after |schem|av(ap der Weerd et al., 20).0The )
contusion injury include the death of cells (neurons, glial|ncreased level of Hsp27 is related to the severity of SCI, in

cells, and their precursors), followed by secondary destreic contrast_ the_decrease of Hsp27 expre_s_sion in all therapeutic
processes, such as neuritis demyelination and glial scgarringi:OUpS in this st_ud)l;_|§ugg?s;[/s;che posmveTﬁ ect of thle gene
induced by reactive astrocytes and microglial cells. Irs thit erapy on surviva ility 0 neurons. ese resu ts are
study we have demonstrate various cellular and molecuIa‘fons's'temWIth the expression of pre- and post-syngphc proteins.
events that re ect the positive e ect of triple gene therapyThus’ the level oPSD_95and syna_ptophysn(e_xcludmg UCB-
after SCI. In this study evaluation of the molecular and'vlCS)CAdGFP group) in VH was hlgherthan in control groups.
cellular reactions in post-traumatic spinal cord to geneBase on these results, motoneurons in gene treated rats avay h

therapy was performed based on the immuno uorescen{
method. For this specic neuronal (Hsp27, PSD95 and
synaptophysin), oligodendrocytic (Olig2, NG2, and Cx47)Astrogliosis

astrocytic (GFAP, vimentin), and microglial (Ibal) marker Astrogliosis is one of the known SCI pathogenic factors.
were used. The level of the target molecules expression wastrocytic markers (GFAP, vimentin) in DREZ in this study
estimated as the therapeutic genes e ect on the spinal congitiss showed signi cantly decreased expression at the site ofusion
regeneration. in gene treated rats. Both molecules are associated with

ower stress and higher recovery of synaptic function.
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FIGURE 11 | Ibal expression in the post-traumatic caudal spinal cordUpper panel: Immuno uorescent staining of spinal cord cross sections withAbs against Ibal
(red) caudally to the site of injury in CC and DREZ. Nuclei (le) were counterstained with DAPI. Scale bab 100 mm. Lower panel: Comparison between different
groups for Ibal-positive cells number. Data are presented amean SEM, p < 0.05.

intermediate laments, but GFAP is considered to be a speci che reduction of astrogliosis can be related with microlideT
marker for mature cells and for vimentin—for di erentiating induction of astrogliosis by activated microglia is wellekym
astrocytes $chnitzer et al., 1981Thus, the gene therapy may fact (Rohl et al., 2007; Tilleux et al., 200Tn our study in
potentially control proliferation and di erentiation of astcytes DREZ of gene treated rats we observed decrease in number of
and prevent development of astrogliosis. The possible impact ittbal-immunopositive cells, which could be also considered as an
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inhibiting factor for astrogliosis. Accordingly, via rection in  is highly supportive by experimental modelZh( et al.,
DREZ of astrocytes and microglia, gene therapy may prevent th#16. The e cacy of UCB-MCs is based on their homing
astrogliosis at the site of contusion. toward the neurodegeneration loci, production of growth and

To evaluate the myelination we used oligodendrocytimeuroprotective factors, ability to give rise to endothlefiad
markers for mature oligodendrocytes (Olig2 and Cx47) and fomicroglial cells (slamov et al., 20)5The employment of UCB-
their precursors (NG2). Our data demonstrates that in gené&ICs as carriers for genes encoding neurotrophic factors may
treated rats there was higher number of Olig2-immunopositiv signi cantly enhance their therapeutic e cacyieda et al., 2004;
cells in DREZ and VH. In the same zones of the spinalChen H. K. et al.,, 2005 The gene encoding neuronal cell
cord we observed the elevated level of the oligodendrocytdhesion molecule NCAM for gene engineering of UCB-MCs
gap junction marker (Cx47) expression. All gene treatedve used to improve migration potential and increase viabity
rats had increased number of NG2-immunopositive cellghe transplanted UCB-MCs in the spinal cord of experimental
in VF. The highest level of Olig2/NG2-immunopositive rats. Here we demonstrated that after the intrathecal itijecthe
cells was also found in CC. The results show thahumber of UCB-MCs expressing recombinant NCAM in post-
gene therapy activates proliferation of oligodendrocytesraumatic spinal cord was higher in comparison with UCB-MCs
precursors in CC and supports myelination in DREZ, VH, carrying reporter gene GFP.
and VF.

. CONCLUSION

Comparison of Gene and Gene-Cell
Constructs Numerous studies demonstrated the positive e ect of direct

The comparative analysis was performed based on the (81d cell-mediated gene therapy on improvement of motor
presence of GDNF or ANG in triple gene combinations andPerformance and morphological characteristics in animal eied
(2) the way the therapeutic genes were delivery—viral vectoRf SCI, however, the molecular and cellular changes leading
or cell-mediated. The presence of GDNF gene in studied gerf@ the spinal cord recovery after gene therapy still need
constructs had a prominent e ect on expression Of Hsp27future |nVest|gat|0nS |n the present WOI‘k we demonstrate
synaptophysin, PSD95, Olig2, Cx47, vimentin, GFAP, and Ibagorrelation between recovery of motor functions and specic
Gene combination containing ANG gene revealed a Superidpnolecular and cellular changes in post-traumatic spinal cord
e ect on expression of Synaptophysin’ NG2 and Cx47. PairfO”OWing viral vector- and cell-mediated triple gene therapy.
wise comparison of viral vector- and cell-mediated treattsen Our results suggest that both vector- and cell-mediated
with the same gene combinations (Ad-VEGF-GDNF-NCAMtherapies with intrathecal delivery of therapeutic genes may
vs. UCB-MCE Ad-VEGF-GDNF-NCAM and Ad-VEGE-ANG- facilitate functional recovery via down regulation of heat
NCAM vs. UCB-MCEAd-VEGF-ANG-NCAM) revealed some Shock proteins (Hsp27) and up regulation of synaptic proteins
advantages and disadvantages on the expression of diereftSD95 and synaptophysin) in spinal cord neurons. Other
neuronal and glial markers. The response of the particulafactors they may contribute to recovery may include inciiegis
markers to gene therapy (viral- or cell-mediated) was uneveRumber of oligodendrocyte (up regulation of NG2, Olig2,
in dierent areas of the spinal cord potentially because@nd Cx47), reducing number of astrocytes (down regulation
of the localization in relation to the contusion site, targe ©f GFAP and vimetin), and microglial cells (down regulation
cells type ratio, and features of intercellular communicatio of Ibal).

Meanwhile, the UCB-MGSAd-VEGF-GDNF-NCAM construct

in general demonstrated the superior e ect in VH area onAUTHOR CONTRIBUTIONS

stress (Hsp27), synaptic plasticity (PSD95), myelinizatiiige,

Cx42), and in DREZ area on astrogliosis (GFAP, vimentinRl, YC, and IL designed model framework and wrote the
Ibal). manuscript. Al, TP, FB, MS, FF, RG, BN, DL, and IS conducted

In our previous study we have shown that at the 30thexperiments, data collection and analyzed data and cortetbu
post-operative day, equal positive locomotor recovery wak® manuscriptwriting.
observed after both intraspinal injection of Ad-GDNF and UCB-
MCsCAd-GDNF. However, after UCB-MCs-mediated GDNF FUNDING
therapy, the area of preserved tissue and the number of spared
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present results are also in line with data demonstratinguéss
sparing after cell-mediated gene therapy and can be explaindiCKNOWLEDGMENTS
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also by the e ect of the UCB-MCs. The rationality for using Kazan Federal University was supported by the Russian
of UCB-MCs in cell therapy for neurodegenerative disorder§sovernment Program of Competitive Growth.

Frontiers in Pharmacology | www.frontiersin.org 15 November 2017 | Volume 8 | Article 813



Izmailov et al.

Gene Therapy for Spinal Cord Injury

REFERENCES

Abdellatif, A. A., Pelt, J. L., Benton, R. L., Howard, R. M., Tssulfa, Ping, P.,
et al. (2006). Gene delivery to the spinal cord: comparison betweéimitah
adenoviral, and retroviral vector delivery systethd\eurosci. Re84, 553-567.
doi: 10.1002/jnr.20968

Bakshi, A., Hunter, C., Swanger, S., Lepore, A., and Fische(2004).
Minimally invasive delivery of stem cells for spinal cord injury: ademes
of the lumbar puncture techniqueJ. Neurosurg. Spinel, 330-337.
doi: 10.3171/spi.2004.1.3.0330

Chaudhry, N., Desilva, U., and Smith, G. (2006). Cell adhesion miglec
L1 modulates nerve-growth-factor-induced CGRP-IR ber sprogti Exp.
Neurol.202, 238-249. doi: 10.1016/j.expneurol.2006.06.001

Islamov, R. R., Rizvanov, A. A., Mukhamedyarov, M. A., Salafotdin. I.,
Garanina, E. E., Fedotova, V. Y., et al. (2015). Symptomatic improveme
increased life-span and sustained cell homing in amyotrophic latelatasis
after transplantation of human umbilical cord blood cells genetically
modi ed with adeno-viral vectors expressing a neuro-protectivetda
and a neural cell adhesion 496 molecu®urr. Gene Therl5, 266-276.
doi: 10.2174/1566523215666150126122317

Islamov, R. R., Sokolov, M. E., Bashirov, F. V., Fadeev, F. O.,r@hnA.
M., Naroditskiy, B. S., et al. (2017). A pilot study of cell-mediatghe
therapy for spinal cord injury in mini pigsNeurosci. Lett644, 67-75.
doi: 10.1016/j.neulet.2017.02.034

Ismailov, S. M., Barykova, I. A., Shmarov, M. M., Tarantul, V. Z.sBaw, I. V.,
Kucherianu, V. G., et al. (2014). Experimental approach to the gesraply of

Chen, H. K., Hung, H. F., Shyu, K. G., Wang, B. W., Sheu, J. R., motor neuron disease with the use of genes hypoxia-inducibtefa&Genetika
Liang, Y. J., et al. (2005). Combined cord blood stem cells and gene 50,591-601. doi: 10.1134/S1022795414050056

therapy enhances angiogenesis and improves cardiac performance
mouse after acute myocardial infarctiokur. J. Clin. Invest35, 677-686.
doi: 10.1111/j.1365-2362.2005.01565.x

Chen, J., Bernreuther, C., Dihné M., and Schachner, M. (20Dé&l). adhesion
molecule I1-transfected embryonic stem cells with enhanced sursiygdort
regrowth of corticospinal tract axons in mice after spinal cord injudy
Neurotrauma 22, 896-906. doi: 10.1089/neu.2005.22.896

Chou, A. K., Yang, M. C., Tsai, H. P., Chai, C. Y., Tai, M. H., KwarL., et al.
(2014). Adenoviral-Mediated glial cell line—derived neurotroplactér gene
transfer has a protective e ect on sciatic nerve following constrn-induced
spinal cord injury.PLoS ONB:e92264. doi: 10.1371/journal.pone.0092264

Colombo, F., and Meldolesi, J. (2015). L1-CAM and N-CAM: from ailbve
proteins to pharmacological targetSrends Pharmacol. ScB6, 769-781.
doi: 10.1016/j.tips.2015.08.004

Cui, Y.-F., Xu, J.-C., Hargus, G., Jakovcevski, |., Schadfineand Bernreuther,
C. (2011). Embryonic stem cell-derived L1 overexpressing neural gajgee
enhance recovery after spinal cord injury in miceLoS ONE6:17126.
doi: 10.1371/journal.pone.0017126

De Laporte, L., des Rieux, A., Tuinstra, H. M., Zelivyanskaya, M.De
Clerck, N. M., Postnov, A. A., et al. (2011). Vascular endothefawth
factor and broblast growth factor 2 delivery from spinal cord bridges
enhance angiogenesis following injudy.Biomed. Mater. Res.98, 372-382.
doi: 10.1002/jbm.a.33112

Ding, X., Mao, B., Jiang, S., Li, S., and Deng, Y. (2005). Neuexytive e ect
of exogenous vascular endothelial growth factor on rat spinal cergonsin
vitro hypoxia.Chin. Med. J118, 1644—-1650.

Figley, S. A, Liu, Y., Karadimas, S. K., Satkunendrarajah, KesF&., Spratt,
S. K., et al. (2014). Delayed administration of a bio-engineenect nger
VEGF-A gene therapy is neuroprotective and attenuates allodyfi@viog

traumatic spinal cord injury.PLoS ONB:96137. doi: 10.1371/journal.pone.00

96137
Franklin, T. B., Krueger-Naug, A. M., Clarke, D. B., Arrigo, A.-fd &urrie,

Jakovcevski, 1., Djogo, N., Holters, L. S., Szpotowicz, E.,Smidhchner, M.
(2013). Transgenic overexpression of the cell adhesion molecuterielirons
facilitates recovery after mouse spinal cord injuNeuroscienc@52, 1-12.
doi: 10.1016/j.neuroscience.2013.07.067

Kieran, D., Sebastia, J., Greenway, M. J., King, M. A., Cormang D.,
Concannon, C. G., etal. (2008). Control of motoneuron surviyedigiogenin.
J. Neurosck8, 14056-14061. doi: 10.1523/JNEUROSCI.3399-08.2008

Kim, H. M., Hwang, D. H., Lee, J. E., Kim, S. U., and Kim, B. G. (2d09)ivo
VEGF delivery by neural stem cells enhances proliferation of glial pitmen
angiogenesis, and tissue sparing after spinal cord injetyoS ONE4:4987.
doi: 10.1371/journal.pone.0004987

Lavdas, A. A., Chen, J., Papastefanaki, F., Chen, S., SehakhnMatsas, R.,
etal. (2010). Schwann cells engineered to express the cell adhesizule L1
accelerate myelination and motor recovery after spinal cord injarp. Neurol.
221, 206-216. doi: 10.1016/j.expneurol.2009.10.024

Lee, H. J.,, Bian, S., Jakovcevski, |., Wu, B., Irintchev, A.Sahachner, M. (2012).
Delayed applications of L1 and chondroitinase ABC promote recoveey aft
spinal cord injury.J. Neurotraum&9, 1850-1863. doi: 10.1089/neu.2011.2290

Lepore, A. C., Bakshi, A., Swanger, S. A., Rao, M. S., and Fiscl2005).
Neural precursor cells can be delivered into the injured cervical apin
cord by intrathecal injection at the lumbar cor@rain Res1045, 206—216.
doi: 10.1016/j.brainres.2005.03.050

Lim, S. T., Airavaara, M., and Harvey, B. K. (2010). Viral vedmrseurotrophic
factor delivery: a gene therapy approach for neurodegenerativesdseéthe
CNS.Pharmacol. Re61, 14-26. doi: 10.1016/j.phrs.2009.10.002

Liu, J., Han, D., Wang, Z., Xue, M., Zhu, L., Yan, H., et al. (20@Bjical analysis
of the treatment of spinal cord injury with umbilical cord mesenchymnains
cells.Cytotherapyl5, 185-191. doi: 10.1016/j.jcyt.2012.09.005

Liu, Y., Figley, S., Spratt, S. K., Lee, G., Ando, D., SuroskygetRal.
(2010). An engineered transcription factor which activates YHG
enhances recovery after spinal cord injulfeurobiol. Dis.37, 384-393.
doi: 10.1016/j.nbd.2009.10.018

R. W. (2005). The role of heat shock proteins Hsp70 and Hsp27 in cellulamMukhamedshina, Y. O., Garanina, E. E., Masgutova, G. A., GalieRR., Sanatova,

protection of the central nervous systermt. J. Hyperth 21, 379-392.
doi: 10.1080/02656730500069955

Herrera, J. J., Nesic-Taylor, D. O., and Narayana, P. A. (2009ucBédascular
endothelial growth factor expression in contusive spinal cordurypj J.
Neurotrauma 26, 995-1003 doi: 10.1089/neu.2008.0779

Ichim, T. E., Solano, F., Lara, F., Paris, F., Ugalde, F., Rodrigjez et al. (2010).
Feasibility of combination allogeneic stem cell therapy for spined injury: a
case reportint. Arch. Med.3:30. doi: 10.1186/1755-7682-3-30

Ikeda, Y., Fukuda, N., Wada, M., Matsumoto, T., Satomi, A.,0yakna, S., et al.
(2004). Development of angiogenic cell and gene therapy by transgilamof
umbilical cord blood with vascular endothelial growth factor gedgpertens.
Res27,119-128. doi: 10.1291/hypres.27.119

Islamov, R. R., Hendricks, W. A., Katwa, L. C., McMurray, R. J.,IP&&,, Spanier,
N. S., et al. (2003). E ect of 17 beta-estradiol on gene expressitumbar
spinal cord following sciatic nerve crush injury in ovariectomizecenBrain
Res966, 65—75. doi: 10.1016/S0006-8993(02)04191-4

Islamov, R. R., Rizvanov, A. A., Fedotova, V. Y., Izmailov, ASA.ullov, Z. Z.,
Garanina, E. E., et al. (2016). Tandem delivery of multiple therapgeties
using umbilical cord blood cells improves symptomatic outcomes in M.
Neurobiol 54, 4756-4763. doi: 10.1007/s12035-016-0017-x

E. R., Chelyshey, Y. A,, et al. (2016a). Assessment of gliatissag sparing,
behavioral recovery and axonal regeneration following acute trantgtlan of
genetically modi ed human umbilical cord blood cells in a rat model of spina
cord contusionPLoS ONH.1:e0151745. doi: 10.1371/journal.pone.0151745

Mukhamedshina, Y. O., Shaymardanova, G. F., Garanina, E. Eut8alav, I. I.,
Rizvanov, A. A., Islamov, R. R., et al. (2016b). Adenoviral veetoying glial
cell-derived neurotrophic factor for direct gene therapy in comparisath w
human umbilical cord blood cell-mediated therapy of spinal cord injury ih ra
Spinal Cordb4, 347-359. doi: 10.1038/sc.2015.161

Mukhamedshina, Y. O., Shaymardanova, G. F., Muhitov, A. R.fusditzov, .,
Zarubina, V.N. Rizvanov, A., et al. (2012). Survival and dirgiation of
endogenous Schwann cells migrating into spinal cord under theénee of
neurotrophic factorsCell. Transpl. Tissue Eng.125-129.

Nakajima, H., Uchida, K., Kobayashi, S., Inukai, T., Horiuchi, Yayama,
T., et al. (2007). Rescue of rat anterior horn neurons after spinal
cord injury by retrograde transfection of adenovirus vector carrying
brain-derived neurotrophic factor genel. Neurotrauma24, 703-712.
doi: 10.1089/neu.2006.0004

Niu, J., Li, C., Wu, H., Feng, X., Su, Q., Li, S., et al. (2015). &ropi
iodide (PI) stains Nissl bodies and may serve as a quick marketofal

Frontiers in Pharmacology | www.frontiersin.org 16

November 2017 | Volume 8 | Article 813



Izmailov et al.

Gene Therapy for Spinal Cord Injury

neuronal cell countActa Histochem117, 182-187. doi: 10.1016/j.acthis.2014.Widenfalk, J., Lipson, A., Jubran, M., Hofstetter, C., EbendalC&o, Y., et al.

12.001

Povysheva, T. V., Shmarov, M. M., Logunoy, D. Y., Naroditsky,SBulman,
I., Ogurcov, S., et al. (2017). Astrocytes mediated post-tragnsainal cord
regeneration in rats after intraspinal injection of recombinanteadviral
vectors Ad5-VEGF and Ad5-ANGJ. Neurosurg. Spin@7, 105-115.
doi: 10.3171/2016.9.SPINE15959

Rohl, C., Lucius, R., and Sievers, J. (2007). The e ect ofatet microglia
on astrogliosis parameters in astrocyte culturBsain Res.1129, 43-52.
doi: 10.1016/j.brainres.2006.10.057

Romero, M. I., Rangappa, N., Garry, M. G., and Smith, G. M. (2001)ctimal
regeneration of chronically injured sensory a erents into adult spewad after
neurotrophin gene therapyl. NeuroscR1, 8408-8416.

Saini, V., Loers, G., Kaur, G., Schachner, M., and JakduicéW2016). Impact of
neural cell adhesion molecule deletion on regeneration after mouselsyrd
injury. Eur. J. Neurosc#4, 1734-1746. doi: 10.1111/ejn.13271

Schnitzer, J., Franke, W. W., and Schachner, M. (1981). Immuacdieemical
demonstration of vimentin in astrocytes and ependymal cells of deirggand

(2003). Vascular endothelial growth factor improves functionaicome and
decreases secondary degeneration in experimental spinal cordstamtojury.
Neuroscienck0, 951-960. doi: 10.1016/S0306-4522(03)00399-3

Xu, J.-C., Bernreuther, C., Cui, Y.-F., Jakovcevski, |., Hargu, Xiao, M.
F., et al. (2011). Transplanted L1 expressing radial glia and asteocyt
enhance recovery after spinal cord injury. Neurotrauma28, 1921-1937.
doi: 10.1089/neu.2011.1783

Yao, L., He, C., Zhao, Y., Wang, J., Tang, M., Li, J., et al. Y28u&an umbilical
cord blood stem cell transplantation for the treatment of chronic spowd
injury: Electrophysiological changes and long-term e cableural Regen Res
8, 397-403. doi: 10.3969/j.issn.1673-5374.2013.05.002

Yukawa, Y., Lou, J., Fukui, N., and Lenke, L. G. (2002). Optiraatment timing
to attenuate neuronal apoptosis via Bcl-2 gene transferitro and in vivo.
J. Neurotraumd9, 1091-1103. doi: 10.1089/089771502760341992

Zavalishin, I. A., Bochkov, N. P., Suslina, Z. A., Zakharova\MTarantul, V. Z.,
Naroditskiy, B. S., et al. (2008). Gene therapy of amyotrophic ladelatosis.
Bull. Exp. Biol. Medl145, 483—-486.

adult mouse nervous systeth.Cell Biol90, 435-447. doi: 10.1083/jcb.90.2.435Zhang, J., Wang, H., Zhang, C., and Li, W. (2016). Intratheealothpression

Shcherbinin, D. N., Esmagambetov, |. B., Noskov, A. N., SelganiY. O.,
Tutykhina, 1. L., Shmarov, M. M., et al. (2014). Protective immurgponse
against Bacillus anthracis induced by intranasal introductiba ;ecombinant
adenovirus expressing the protective antigen fused to the Fearagof IgG2a.
Acta Naturaes, 76—84.

Skorupa, A., King, M. A., Aparicio, I. M., Dussmann, H., Coughlan, Bteen,
B., et al. (2012). Motoneurons secrete angiogenin to induce BiAvage in

astrogliaJ. NeuroscB2, 5024-5038. doi: 10.1523/JNEUROSCI.6366-11.2012

Tai, M.-H., Cheng, H., Wu, J.-P., Liu, Y. L., Lin, P. R., Kuo,,Jes al.
(2003). Gene transfer of glial cell line-derived neurotrophic fagimmotes
functional recovery following spinal cord contusidexp. Neurol183, 508-515.
doi: 10.1016/S0014-4886(03)00130-4

Thuret, S., Moon, L. D. F., and Gage, F. H. (2006). Therapeugcienhtions after
spinal cord injury.Nat. Rev. Neurosdi, 628-643. doi: 10.1038/nrn1955

Tilleux, S., Berger, J., and Hermans, E. (2007). Induction ofgl&isis by activated
microglia is associated with a down-regulation of metabotropic ghate

versus epidural decompression in the treatment of severe spinal ciomy in
rat model: a randomized, controlled preclinical reseathOrthop. Surg. Res.
11:34. doi: 10.1186/s13018-016-0369-y
Zhou, Z., Peng, X., Insolera, R., Fink, D. J., and Mata, M. (2004)0 promotes
neuronal survival following spinal cord injunfExp. Neurol.220, 183-190.
doi: 10.1016/j.expneurol.2009.08.018
Zhu, H., Poon, W., Liu, Y., Leung, G. K., Wong, Y., Feng, Y|, €2816). Phase IlI
clinical trial assessing safety and e cacy of umbilical cord blmednonuclear
cell transplant therapy of chronic complete spinal cord inju@gll Transplant.
25, 1925-1943. doi: 10.3727/096368916X691411

Conict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or nancial relativps that could

be construed as a potential con ict of interest.

Copyright © 2017 Izmailov, Povysheva, Bashirov, Sokolov, F&ke#ulin,

receptor 5J. Neuroimmunoll89, 23-30. doi: 10.1016/j.jneuroim.2007.06.011 Naroditsky, Logunov, Salafutdinov, Chelyshev, Islamov amd\L& his is an open-

van der Weerd, L., Tarig Akbar, M., Aron Badin, R., Valentim, L. Whomas,
D. L., Wells, D. J., et al. (2010). Overexpression of heat shock prati
reduces cortical damage after cerebral ischethi€ereb. Blood Flow Metab.
30, 849-856. doi: 10.1038/jcbfm.2009.249

Walthers, C. M., and Seidlits, S. K. (2015). Gene delivery steatég promote
spinal cord repairBiomark. Insight40, 11-29. doi: 10.4137/BMI.S20063

access article distributed under the terms of the Creatiwem©ns Attribution
License (CC BY). The use, distribution or reproductiorhierdorums is permitted,
provided the original author(s) or licensor are credited #rat the original
publication in this journal is cited, in accordance withegoted academic practice.
No use, distribution or reproduction is permitted whichsdus comply with these
terms.

Frontiers in Pharmacology | www.frontiersin.org 17

November 2017 | Volume 8 | Article 813



