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Spinal cord injury: pathogenetic principles of molecular &=
and cellular therapy
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ABSTRACT

Spinal cord injury is a prognostically unfavorable condition due to the subsequent development of primary and secondary
damage to the nervous structures, leading to various disorders of motor and sensory capabilities, which is also accompanied
by dysfunction of the autonomic nervous system. Considering the initial complexities of regeneration processes in the central
nervous system, in order to select treatment tactics for patients with spinal cord injury, it is important for doctors to know the
cellular basis of the pathophysiological processes occurring in the spinal cord in the acute and chronic phases after injury,
including in order to adequately select cells-targets of pharmacological drugs. Existing methods of treating neurotrauma can
still do little to help prevent the death of neurons and the formation of glial scars, which make it impossible for the migration
of cells involved in the processes of post-traumatic remodeling of the spinal cord and become an obstacle to the sprouting of
regenerating axons. Unfortunately, preventing the formation of a glial scar remains an unsolved problem in clinical practice.
In addition, in the case of spinal cord injuries in the clinic, it is extremely important to provide humoral stimulation to maintain
the viability of nerve structures, for example, using numerous growth factors that are well known today, which have a beneficial
effect on the intracellular regeneration of neurons and other cells involved in these processes, but the methodology for their
delivery into the central nervous system has only been tested in animal models. That is why there is an urgent need to develop
fundamentally new approaches to the treatment of the consequences of spinal cord injury, including cellular technologies
based on transplantation of stem or differentiated cells in order to restore nerve structures and secretion of growth factors, the
use of genetic constructs carrying genes for neurotrophic factors that can minimize development of post-traumatic destructive
processes in the central nervous system. This review is devoted to these issues.
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CnuHHOMO3roBas TpaBMa: naToreHeTU4ecKue
NPUHLMNBI MOJIEKYJIAPHOM M KNIETOYHOM Tepanum

P.P. Tapudynun, A.A. U3mannos, H.B. bonuyk, M.B. Hurmet3sHoBa, B.B. Banuynnuu

KasaHckuii rocyaapcTBeHHbIi MeaMLMHCKMIA yHuBepcuTeT, T. KasaHb, Poccus

AHHOTALUA

TpaBMa CMMHHOO MO3ra — NPOrHOCTMYECKM HEBNAronpUATHOE COCTOSHWE U3-3a Pa3BUTHS NOCSIE HEE MEPBUYHBIX M BTOPUUHBIX
NOBPEXAEHWIA HEPBHBIX CTPYKTYP, NPUBOASALLMX K pa3HO0OPa3HbIM pacCTPOMCTBaM ABUraTesNbHbIX M CEHCOPHbIX BO3MOXHOCTEN,
YTO TaKIKe COMPOBOXAAETCA AMCHYHKLMAMU BEreTaTUBHON HEPBHOW CUCTEMBI. YUUTbIBAS M3HAYaNbHbIE CIIOXHOCTM MPOLLECCOB
pereHepaLyy B LLEHTpasbHON HepBHOI cUcTeMe, s BbIOopa TaKTUKY JIeYeHWs NaLMEHTOB C TPABMOW CMIMHHOTO Mo3ra BpadaM
BaXKHO 3HaTb K/ETOYHbIE 0CHOBbI NATO(GU3MONOrUYECKUX NPOLLECCOB, NPOTEKAIOLLMX B CMIMHHOM MO3Te B OCTPYH M XPOHUYECKYH
dasbl nocne NOBPEXAEHMS, B TOM YUC/IE U 1S TOTO, YTOObI aleKBATHO BbIDPATh KNETKU-MULLEHW (hapMaKONorMYecKux npe-
napatos. CyLecTByloLLMe METOLLI TEPaNKUW HEMPOTPABM NOKa Maso YeM MOTyT MoMOYb B NPeaoTBpaLLeHn rmbenm HelipoHoB
1 06pa3oBaHms MWanbHbIX PYOLIOB, KOTOpbIE AENaloT HEBO3MOXHON MUTPaLMI0 KIETOK, Y4acTBYHOLLMX B MpoLieccax nocTTpaB-
MaTWU4ECKOro PEMOJENIMPOBaHUSA CMIMHHOIO MO3ra, U CTAHOBSATCA Nperpafioii 1S NpopacTaHns pereHepupyHoLLIMX akcoHoB. K co-
aneHuto, HefonyLleHue GopMUPOBaHUA MWANbHOTO pybua ANs KIMHUYECKON NPAKTUKM OCTAETCA A0 CUX NMOP He PeLLEHHOM
3apayeil. Kpome Toro, npu TpaBMax CMMHHOMO MO3ra B KIIMHWUKE Ype3BblYaliHo BaXKHO 00eCneynTb ryMopasbHy CTUMYIALMIO
NOAJEPIKAHMSA N3HECTIOCOBHOCTU HEPBHBIX CTPYKTYP, HanpuUMep C UCMOJb30BaHUEM MHOFOUMUCIIEHHBIX XOPOLUO U3BECTHbIX
Ha CerofHALIHMIA AeHb GaKTOPOB pocTa, 61aronpuATHO BAMSIOLLMX Ha BHYTPUKIETOUHYIO pereHepaLyio HEPOHOB U APYTUX KIle-
TOK, BOBJIEYEHHbIX B 3TV NPOLIECCHI, HO METOA010TUS UX AOCTABKU B LIEHTPasIbHYI0 HEPBHYHO CUCTEMY 0TpaboTaHa ToNbKO B Mofie-
NAX Ha XMBOTHbIX. BoT noyeMy cywecTByeT ocTpas Heobxo0aMMOCTb B pa3paboTke MPUHLMNUANBHO HOBbIX NOAXOA0B K JIEYEHMI0
NOCNEeACTBUI TPaBMbl CMIMHHOMO MO3ra, BKJOYAOLUMX KNETOYHbIE TEXHOMOTMM, OCHOBAHHbIE Ha TPAHCMIAHTALMM CTBOMOBbIX
v AnddepeHLMpOBaHHBIX KNETOK, C LeJbi0 BOCCTAHOBNEHUA HEPBHBIX CTPYKTYP W CEKpeLum pocToBbIX GaKTOpoB, UCMOMb30-
BaHWe reHETUMECKUX KOHCTPYKLMIA, HECYLLMX FeHbl HEMPOTPOUYECKMX HaKTOPOB, CNOCOBHBLIX MUHUMWU3WUPOBATL Pa3BUTHE NOCT-
TpaBMaTUYECKMX AECTPYKTMBHBIX MPOLIECCOB B LIEHTPasIbHOM HEPBHOW cucTEMe. 3TUM BOMpOCaM MOCBALLEH HacToALMIA 0630p.

KnioueBble cnoBa: TpaBMa CMMHHOTO MO3ra; HEMPOITUS; HelpoTpoduyeckne haKTopbl; FeHHas Tepanus; KNeTouHas Tepanus;
0630p.
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ATP, adenosine triphosphate; GABA, y-aminobutyric acid; IL, interleukin; UBMC, umbilical cord blood mononuclear cells; SC,
spinal cord; SCI, spinal cord injury; CNS, central nervous system; ASIA, Impact scale of the American Spinal Injury Association;
BDNF, brain-derived neurotrophic factor; FGF, fibroblast growth factor; GFAP, glial fibrillary acidic protein; VEGF, vascular en-

dothelial growth factor.

BACKGROUND

Spinal cord injury (SCI) is a sudden and unpredictable event
that damages part of the spinal cord, causing motor and sen-
sory impairments and autonomic nervous system dysfunc-
tion [1]. Such injuries induce debilitating conditions that affect
a person’s physical, psychological, and social well-being [2].

The effects of SCI largely depend on the severity and level
of injury [3]. The irreversibility of functional disorders is due to
the initially limited regeneration in the central nervous system
(CNS), which is reflected by the lack of neuronal replacement,
difficulty in regeneration of damaged axons, and difficulty in
restoring damaged functional relationships [4].

Currently, treatment for the consequences of SCI are li-
mited and aimed at surgical intervention at the earliest in the
acute phase to limit the loss of neurological functions as fea-
sible. However, increasing negative pathophysiological pro-
cesses, such as mass death of nerve and glial cells, nerve
process demyelination, neuroinflammation, ischemia, hema-
toma formation, cystic cavities, and glial scars, lead to pro-
gressive neurodegeneration and suppress the possibilities for
regeneration [3].

Currently, there is no unified and effective method of
treating such patients. Thus, new treatment methods aimed
at inhibiting the development of the main morphofunctional
changes occurring in the spinal cord (SC) after neurotrauma
and stimulating post-traumatic neuroregeneration should be
established [5].

The consequences of SCI are a devastating neurological
condition that often leads to disability, functional impairment
in various body systems, and psychological stress in the pa-
tient [6]. Long-term treatment, daily care, and financial costs
further negatively affect the family, thereby creating signifi-
cant social problems. More than 50% of patients with such in-
juries are unable to restore fully impaired functions and re-
turn to a full-quality life [7]. According to some data, over the
past 70 years, the number of SCI patients has increased 200
times, and 8000 SCI cases are recorded annually in Russia [8].

Depending on its causes, SCl is classified into traumatic
and nontraumatic [9]. Traumatic injuries may result from a di-
rect blow to the spine or may be associated with compression,
flexion, extension, or rotation of the spine beyond the physi-
ological range [2]. Nontraumatic injuries are due to neurode-
generative diseases, tumors, or infections affecting the SC [9].

The American Spinal Injury Association (ASIA) impairment
scale is commonly used in classifying SCI [10]. Using the ASIA
scale, based on a standardized examination of SCI patients,
which involves testing the dermatomes and myotomes of cer-
tain segments of the SC and determining voluntary contraction

of the anus and the sensation of anorectal pressure, the level,
severity and completeness (complete/incomplete) of damage
to the SC are established.

Complete SC injury is characterized by the absence of all
motor and sensory functions distal to the injury site, including
the sacral roots. In cases of incomplete damage to the SC,
motor and/or sensory function below the injury site is par-
tially preserved [11]. Based on time parameters, acute (up to
48 hours), subacute (48 hours to 14 days), intermediate (14
days to 6 months), and chronic (>6 months) phases are dis-
tinguished [9].

The pathogenesis of SCI includes the direct impact of inju-
ry (primary injury) and development of secondary post-trau-
matic consequences. Primary injuries resulting from vertebral
displacement or spinal fracture lead to compression, the most
common manifestation of neurotrauma, or transection (rup-
ture) of SC structures [12]. In this case, violations of the SC in-
tegrity are accompanied by bleeding and hematomas, which
leads to decreased blood supply, up to its complete cessation
in the site of injury with the development of local ischemia of
the nervous tissue [13].

The processes described above, as well as blood-spinal
barrier permeability impairment and increased edema, en-
hance negative changes in the gray and white matter of the
SC, causing mass death of nerve cells through necrosis or
apoptosis. The main causes of neuronal death are physical
exposure, hypoxia, and excitotoxicity [12].

Thus, primary injuries trigger a subsequent cascade of ir-
reversible negative changes in the site of injury and SC seg-
ments remote from the epicenter of injury (secondary inju-
ries), which lead to further degeneration of nervous tissue and
increasing neurological dysfunction [9].

Secondary damage is predominantly associated with neu-
roinflammation. The migration of macrophages and other leu-
kocytes into the SC tissue is accompanied by an increase in
the level of pro-inflammatory cytokines, such as tumor ne-
crosis factor a and interleukin (IL)-1B. The development of in-
flammation and involvement of macro- and microglial cells
in the response prevent the morphofunctional restoration of
the SC [9, 13].

The overall negative consequences of secondary injuries
significantly aggravate the effect of primary disorders caused
by injury, which ultimately leads to irreversible changes in the
structural organization of the SC, including the formation of
glial scars and cystic cavities. Pronounced pathomorphologi-
cal changes in combination with unsatisfactory axonal growth
and remyelination indicate that the SC has a low potential for
independent recovery [14]. In this regard, effective methods
are required to stimulate the SC post-traumatic regeneration.
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NEUROGLIAL RESPONSE IN SPINAL
INJURY

Astrocytes

Astrocytes make up approximately 25%-50% of all the CNS
cells and are classified into protoplasmic (located in the gray
matter and have several branched short processes) and fibril-
lar (with numerous long, non-branching processes localized
in the white matter) [15]. Astrocytes perform several func-
tions, including maintaining ionic and water homeostasis, uti-
lization of neurotransmitters and metabolic end products in
neurons, participating in immune reactions, and regulating
synaptic plasticity [16]. Perivascular astrocyte feet, in contact
with endothelial cells, are part of the blood—brain and blood-
spinal barriers, ensuring their structural integrity and func-
tioning [17].

Astrocytes are activated in response to various stimuli, in-
cluding inflammation, ischemia, and injury, and are involved
in the pathological process in the form of reactive astroglio-
sis [18]. Many intercellular signaling molecules are capable of
triggering reactive astrogliosis or regulating the degree of its
manifestation, including growth factors and cytokines such as
IL-6, ciliary neurotrophic factor, tumor necrosis factor a, in-
terferon y, IL-11, IL-10, transforming growth factor B, fibro-
blast growth factor (FGF) type 2, lipopolysaccharides, neu-
rotransmitters (glutamate and norepinephrine), adenosine
triphosphate (ATP), nitric oxide (NO), and neurodegeneration-
associated products such as -amyloid [19].

After SCI, astrocytes, under the influence of signaling mol-
ecules, acquire the phenotype of reactive astrocytes [18]. Glial
fibrillary acidic protein (GFAP), which is part of the cytoskel-
eton of astrocytes, is a widely used marker of reactive astro-
cytes, which degree of the level increase correlates with the
severity of SC damage [20]. Moreover, an increase in GFAP ex-
pression in astrocytes is accompanied by their characteristic
morphological changes [21].

Currently, it is notable that the morphological changes that
occur in astrocytes during their transition to a reactive state
consist of hypertrophy of the body and processes, but in par-
allel, there is an increase in both the number of processes
and their length. Morphological changes vary depending on
the type of astrocytes, their density of distribution, and lo-
cation at the time of injury [22]. Reactive astrocytes located
distant from the injury epicenter have a stellate shape and
hypertrophied processes without a predominant orientation,
whereas those adjacent to the injury epicenter have longer
processes oriented toward the injury [23].

In recent years, numerous studies have shown that ac-
tivation of astrocytes can lead to changes in their functions
and the release of a number of cytokines (tumor necrosis
factor a, IL-6, IL-10, IL-1B), chemokines (CCL2, CCL3), neu-
rotrophic factors (brain-derived neurotrophic factor [BDNF],
glial neurotrophic factor), amino acids (y-aminobutyric acid
[GABA], glutamate), and extracellular matrix components
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(e.g., chondroitin sulfate proteoglycans, collagen I, fibronec-
tin, matrix metalloproteinase-9), which are capable of chan-
ging the microenvironment of SC neurons after its injury [24].
Thus, chondroitin sulfate proteoglycan secreted by reactive
astrocytes inhibits axon regeneration, and bone morphoge-
netic protein and endothelin-1 have an inhibitory effect on the
differentiation of oligodendrocyte precursors, which ultimate-
ly reduces the efficiency of remyelination [22].

Moreover, molecules released by reactive astrocytes in-
volve an increasing number of native astrocytes in the pro-
cess, acquiring a reactive phenotype, which increases se-
condary damage in the SC [24].

However, reactive astrogliosis can be considered a pro-
tective mechanism that limits the site of the epicenter of neu-
rotrauma. In the chronic phase of SCI, reactive astrocytes ac-
quire the phenotype of “scar-forming” cells, which, together
with perivascular stromal cells, microglial cells, oligodendro-
cyte precursors, fibroblasts, and macrophages of bone mar-
row origin, form the astroglial scar [18, 25].

The formed glial scar forms a dense border structure
around the injury epicenter, isolating the damaged site from
the surrounding nervous tissue and preventing the migra-
tion of leukocytes to the injury epicenter [26]. Thus, one of
the crucial functions of the glial scar is delimiting the site of
SC damage from healthy tissue to prevent its further secon-
dary damage.

Positive aspects of the involvement of astrocytes in over-
coming the consequences of injury include morphogenetic
protein Sonic hedgehog secretion, which activates signaling
cascades to restore tight junctions between endothelial cells
in the blood-brain barrier, and the ability to phagocytose dead
cells with the participation of ATP-hinding transport proteins
(ABCA1) [24].

Microglial cells

Microglial cells represent a heterogeneous group of CNS
macrophages and constitute about 10%-15% of all glial cells.
The first generation of microglial cells originates from the
blood islet cells of the yolk sac, which migrate into the de-
veloping brain before the onset of vasculogenesis [27]. In the
early stages of prenatal development, microglial cells have
an amoeboid (round) shape with short thick processes and
immunological, histochemical, and morphological proper-
ties common with other tissue macrophages. However, du-
ring development, early microglial cell processes elongate
and branch, and the cells acquire a shape characteristic of
postnatal ramified (branched) microglia [28].

They indirectly participate in CNS development and its ho-
meostasis and secrete neurotrophic factors (BDNF, insulin-
like growth factor-1, hepatocyte growth factor) that promote
the survival of neurons and significantly contribute to the for-
mation of neural networks [29].

Microglial cells are involved in most processes associat-
ed with disorders of the structure and functions of the CNS
[27]. One of the earliest functional signals for the activation
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of microglial cells is ATP, which is released from damaged
cells and identified by specific G-protein receptors P2Y on
their membrane [30]. The release of cytokines and other fac-
tors, such as IL-1pB, tumor necrosis factor a, damage-associ-
ated molecular fragment, interferon y, and nitric oxide (NO),
by damaged CNS cells also activates the microglia and in-
creases the rate of their proliferation [31].

When activated, microglial cells undergo specific morpho-
logical changes. They acquire a round, amoeboid body with
short processes, similar to the structure of tissue macro-
phages [30]. As part of their homeostatic functions through
cytokine secretion, they provide rapid information signaling in
response to CNS damage or infection [27].

In the case of SCI, microglia is one of the first types of
cells to respond to damage, and the number of activated
microglial cells increases maximally by day 7 after neurotrau-
ma [32]. Additionally, it is known that in pathology, monocytes
can penetrate the blood-brain barrier and differentiate into
microglial-like cells [33].

At the site of SC damage, two types of microglial cells are
distinguished, namely, M1 (pro-inflammatory) and M2 (anti-
inflammatory), which can participate in SC damage but trig-
ger regeneration mechanisms, whereas the phenotypes of
these cells and their functions are relatively dynamic and can
change, including depending on the microenvironment in the
injury site.

Activated M1 microglia contributes to secondary damage
to the SC by releasing pro-inflammatory factors (IL-1B, IL-
6, tumor necrosis factor a, CCL5, inducible nitric oxide syn-
thase), which create a neurotoxic environment at the injury
site and limit the possibilities of post-traumatic regeneration
[34]. Furthermore, M2 microglial cells, which produce trans-
forming growth factor B, IL-10, and IL-1Ra and clear the inju-
ry site of cellular debris, create a neuroprotective intercellu-
lar environment after SCI [35].

However, the status and functional state of M2 cells is ex-
tremely complex. Accumulated research data has revealed
various M2 cell phenotypes, such as M2a, M2h, M2c, and
M2d, where each phenotype is characterized by unique bio-
logical functions that ensure the process of post-traumatic
regeneration of the SC, maintaining homeostasis, suppressing
inflammation, and producing neurotrophic factors [32].

Oligodendrocytes

Oligodendrocytes are myelin-forming cells of the CNS, which
also perform a supporting function and are responsible for
axon integrity. In the formed CNS, oligodendrocyte progenitor
cells are the main proliferating cell type that maintains oli-
godendrocyte count, which constitute approximately 5% of all
CNS cells. This feature of oligodendrocytes enables the rapid
restoration and renewal of myelin, which can be lost as a re-
sult of aging/decay or various diseases [36].
Oligodendrocytes are cells that are susceptible to any
changes in their microenvironment. As a result of primary
damage in SCI associated with ischemia, oxidative stress, and
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accumulation of cytotoxic metabolites (free radicals and cy-
tokines) in the microenvironment, oligodendrocytes die, and,
as a result, the balance of myelination/demyelination of nerve
processes is disturbed [37].

The number of oligodendrocytes that have entered into
apoptosis is maximum at the injury epicenter, which results in
complete demyelination of axons in this site, whereas axons
located at a distance from the injury focus remain more intact.

Axon regeneration inhibiting molecules secreted by oligo-
dendrocytes are a crucial negative factor. Neurite outgrowth
inhibitor A (Nogo-A), oligodendrocyte-myelin glycoprotein,
and myelin-associated glycoprotein cause axonal growth
cone damage and concomitant neurite retraction [31]. Long-
term loss of oligodendrocytes in the chronic phase of SCI is
a main obstacle to effective functional restoration of SC path-
ways [38].

Ependymocytes

Ependymocytes are neuroepithelial cells lining the SC central
canal and cerebral ventricles. They originate from radial gli-
al cells [39]. Cubic-shaped ependymocytes containing micro-
villi and 1-4 cilia on the apical surface form an epithelial-
like layer that performs the delimiting function of the central
channel of the SC and ensures the movement of cerebrospi-
nal fluid [40]. Moreover, neuroepithelial cells have pronounced
heterogeneity and differ in localization, morphology, surface
markers, and functions [39].

Ependymocytes represent a self-renewing population of
cells; however, their limited proliferation increases conside-
rably after SCl in animals. Fernandez-Zafra et al. revealed that
the lining thickness of the SC central canal in presence of neu-
rotrauma increases due to the proliferation of stem/proge-
nitor ependymal cells, which subsequently migrate from the
central canal and participate in brain remodeling [41].

Ependymal progenitor cells migrate to the SC injury site
and differentiate into oligodendrocytes and astrocytes, which
are involved in the formation of glial scar [42, 43]. The rate of
proliferation and differentiation of ependymal progenitor cells
depends on damage severity [39]. However, the characteris-
tics of SC ependymocytes vary greatly among different spe-
cies. Ependymal cells in human SC do not proliferate; howe-
ver, they exhibit properties of neural stem cells when cultured
in vitro [44].

Thus, the abovementioned aspects of molecular and cel-
lular changes that occur during primary and subsequent se-
condary injuries in SCI determine the use of specific pathoge-
netic therapy for the consequences of spinal cord injury in the
acute and chronic phases.

GENE THERAPY

Gene therapy involves the delivery of normal genes into re-
cipient cells to correct the function of similar mutant genes or
change the functional activity of cells, providing overexpres-
sion of biologically active molecules critical for therapeutic
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purposes [45]. Artificial genetic material can be delivered into
the recipient’s body using plasmid or viral vectors (direct gene
therapy) or cellular carriers of the transgene (cell-mediated
gene therapy) [46].

Increasing the level of neurotrophic factors in the site
of neurodegeneration positively affects SC neuroplasticity.
Hence, several studies in the field of gene therapy for SCI fo-
cused on the use of various neurotrophic factors [47].

Neurotrophic factors are proteins that regulate neuroge-
nesis, functional activity, synaptic plasticity, and neuronal sur-
vival [48]. Selecting neurotrophic factors to control neuronal
death in SCI depends partially on the sensitivity of a particular
population of nerve cells to a particular factor [49]. In exper-
iments stimulating post-traumatic SC regeneration, factors
including BDNF, neurotrophins, glial neurotrophic factor, and
vascular endothelial growth factor (VEGF) are widely used [50].

BDNF is secreted by neurons or glial cells and induces
a significant effect on brain neuroplasticity under pathologi-
cal conditions. It binds to tyrosine kinase receptor B and acts
through a paracrine or autocrine mechanism [51]. The effi-
ciency of BDNF has been associated with cholinergic, se-
rotonergic, dopaminergic, and GABAergic neurons [52]. In
experiments on rats with SCI, BDNF was found to have a neu-
roprotective effect (reduces the counts of neurons and oligo-
dendrocytes in apoptosis), promote regeneration, and propa-
gate axons after SCI [53].

Neurotrophin-3 is from a large family of neurotrophin
proteins and is widely distributed in the CNS. The highest ex-
pression of the neurotrophin-3 gene was determined in the
motor neurons of the developing SC; however, it decreases
in adulthood. This factor ensures the survival of motor neu-
rons and modulates the formation of their synapses with tar-
get cells [54]. The positive effect of neurotrophin-3 on axonal
growth in the corticospinal tract has been demonstrated in the
acute and chronic phases of SCI in rats [48].

Glial neurotrophic factor is a critical growth factor in the
CNS and peripheral nervous system, which is revealed in
high concentrations during neurogenesis [55]. Moreover, as
a neuroprotective agent, glial neurotrophic factor can reduce
blood—spinal barrier permeability and nitric oxide synthase
levels. These effects reduce cell damage and SC swelling
during trauma and provide supportive effect on the functio-
nal state of many different types of cells in the nervous tissue
[56]. Further, in presence of glial neurotrophic factor overex-
pression in rats with SC transsection, axonal remyelination
was accompanied by an improvement in functional para-
meters [53].

VEGF is a well-known angiogenic factor, participating in
vasculogenesis and angiogenesis [57], and neurotrophic fac-
tor [58]. The VEGF family includes VEGF-A (formerly known
as VEGF), VEGF-B, VEGF-C, VEGF-D, VEGF-E, and placental
growth factor. Studies have demonstrated the positive effect
of VEGF on neuroplasticity following SCI [59].

The FGF family needs mentioning. Members of this fami-
ly, including FGF1, FGF2, FGF4, and FGF10, reduce secondary
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damage after neurotrauma, such as inflammation and astro-
cyte activation, and can stimulate axonal regeneration and
angiogenesis [60]. In several studies, insulin-like growth
factor-1 and ciliary neurotrophic factor, which promote oli-
godendrocyte survival, axonal growth, and myelination, have
been used to stimulate regeneration after SCI [61, 62]. Addi-
tionally, nerve growth factor can support the survival of neu-
rons and stimulate the growth of their axons, promoting nerve
regeneration and motor function recovery after SCI [63].

Most of the listed neurotrophic factors are capable of
blocking neuronal apoptosis and maintaining the vital activity
of damaged nerve cells; however, they are rapidly destroyed
after their direct administration. Thus, to maintain stably the
level of neurotrophic factors in the injured SC, gene therapy
methods are more advisable [64].

CELL-BASED THERAPY

Over the past decade, significant advances in cell technolo-
gy have contributed to the introduction of cell therapy for CNS
pathology correction [65]. In experiments, cell therapy is ac-
tively used in various models for the treatment of post-trau-
matic and post-ischemic injuries of the CNS and neurodege-
nerative diseases [66].

The results of SCI are complex, including the simultane-
ous development of various pathophysiological processes,
which involve numerous types of SC cells that die in the acute
and/or chronic phases [67]. Therefore, the issue on which type
of cells should be transplanted remains to be resolved. Addi-
tionally, the survival of transplanted cells and their integra-
tion with cells of survivors of traumatic injury remain unclear
[68, 69].

For cell therapy of SCI, various stem and mature cells of
both allogeneic and autogenous origin are used. The expected
effect of cell therapy is determined by the type of transplanted
cells [70, 71]. To date, evaluation of the effects of transplan-
tation of several types of cells, including neural stem, mes-
enchymal stem, Schwann, neuroepithelial ensheathing, and
umbilical cord blood mononuclear cells (UBMCs), has shown
promising results in overcoming the consequences of SCI [72].

Neural stem cells

Neural stem cells have a high therapeutic potential for restor-
ing damaged SC structures after injury, because they are ca-
pable of proliferation and differentiation into neurons and neu-
roglial cells [73]. Neural stem cell transplantation into the SC
following traumatic injury has shown positive effects on cord
cell viability, neurite growth, and remyelination. Moreover,
young neurons resulting from neural stem cell transplanta-
tion after SCI exhibit active axonal growth into the recipient
tissue. They potentially act as “mediators” in the restoration
of damaged interneuron connections, for example, in the re-
generation of the cortical-spinal tract axons [74]. Clinical tri-
al studies using neural stem cells are limited to information
about their early termination [75].

BOI: https://doi.org/10.17816/KMJ601864



REVIEWS

Mesenchymal stem cells

Mesenchymal stem cells are attractive candidates for use in
cell therapy for SCI owing to the simple and safe procedure
for their isolation from various sources (bone marrow, umbi-
lical cord blood, adipose tissue), the possibility of autotrans-
plantation, and the limited risk of tumor development [76].

Previously, it was established in vitro that the positive ef-
fect of mesenchymal stem cells on neuroregeneration is as-
sociated with their ability to differentiate into neuronal or glial
cells [77]. However, recent studies have shown that the the-
rapeutic effect is mainly achieved because of their potential to
secrete a wide range of hiologically active molecules, which,
through a paracrine mechanism, influence the functional state
of various cells at the focus of injury.

Mesenchymal stem cells are believed to secrete VEGF,
hepatocyte growth factor, insulin-like growth factor-1, stan-
niocalcin-1, transforming growth factor B, and granulocyte-
macrophage colony-stimulating factor, which promote the
survival of damaged neurons and oligodendrocytes. Together
with placental growth factor, monocyte chemotactic pro-
tein-1, FGF, and IL-6, they induce a stimulating effect on an-
giogenesis. Proliferation and regeneration of intact neurons
is supported by secreted mesenchymal stem cells, namely,
glial neurotrophic factor, BDNF, and nerve growth factor [78].

The ease of obtaining and culturing autologous mesenchy-
mal stem cells and their ability to produce factors crucial for
the restoration of SC after injury have become the main reasons
for conducting clinical trials with their use [79]. However, most
trials only indicated the fact that transplantation of mesenchy-
mal stem cells does not lead to tumor transformation and does
not cause any other side effects. In one study, 7 of 14 patients
with chronic SCI showed improved ASIA scores; however, this
remains to be confirmed in future larger randomized trials [76].

Schwann cells

Schwann cells are responsible for the myelination of nerve
processes in peripheral nerves and ensure their regen-
eration after damage, which was the basis for the use of
Schwann cells in cell therapy for SCI [80]. In the Schwann
cell transplantation site, a microenvironment is created that
is both neuroprotective and beneficial for axonal regenera-
tion through trophic factors (nerve growth factor, BDNF, ci-
liary neurotrophic factor, and neurotrophin-3), extracellular
matrix components (e.qg., fibronectin, laminin, and collagen),
and adhesion molecules (NCAM and L1) that are produced
by transplanted cells.

Clinical trials of cell therapy using autologous Schwann cells
in patients with thoracic SCl in the subacute and chronic phas-
es showed that participants did not experience complications
associated with autologous Schwann cell transplantation [81].

Neuroepithelial ensheathing cells

Despite the fact that the overwhelming majority of CNS neu-
rons lose their ability to proliferate in adulthood, humans have
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constantly renewed neurons, for example, the hippocampus
and olfactory lining [82].

Neuroepithelial ensheathing cells are specialized gli-
al cells that surround olfactory neurons and their process-
es [83]. The use of these cells for cell therapy of SCl is based
on their properties to stimulate the renewal of olfactory neu-
rons and the growth of their processes in the CNS and beyond
it [84]. Neuroepithelial ensheathing cells transplanted into the
injured SC synthesize neurotrophic factors (nerve growth fac-
tor, BDNF, neurotrophin-3), induce a positive effect on myeli-
nation, and increase the density of blood vessels in the site of
injury due to VEGF production [85].

A clinical trial demonstrated the safety and absence of
complications of autologous ensheathing neuroepithelial cell
transplantation in SCI patients; however, larger studies are re-
quired to confirm improved neurological outcome [75].

Umbilical cord blood mononuclear cells

UBMCs as a material for cell therapy are attracting increased at-
tention from specialists in the field of regenerative medicine. The
cellular composition of the mononuclear fraction includes hema-
topoietic stem, progenitor endothelial, and mesenchymal stem
cells and other stem cells with pluripotent properties; therefore,
they can be considered as a potential source for cell therapy
for ischemic, traumatic, and neurodegenerative diseases [86].

Additionally, UBMCs synthesize various cytokines, ILs, and
growth, angiogenic, antioxidant, and neurotrophic factors,
which can also have a stimulating effect on the regeneration
of tissues and organs. Moreover, factors such as availability,
ease of obtaining and storing, and safety of allotransplantation
are attractive [87]. Thus, the International Association of Neu-
rorestoratology recommended UBMCs for clinical use [88].

In clinical trials, UBMCs and mesenchymal stem cells iso-
lated from umbilical cord blood are used for the treatment of
SCI. Safety, restoration of sensitivity of the dermatomes near
the injury site, and slight restoration of motor activity were
established in clinical trials after UBMC transplantation into
the SC of patients with chronic SCI [89].

The clinical trial conducted at the N.V. Sklifosovsky Re-
search Institute of Emergency Medicine involved patients with
severe SCI (cervical, thoracic, and lumbar) who received intra-
venous UBMCs (300 million in 100 ml of solution) on day 3 af-
ter surgical decompression and/or stabilization of the SCI [90].

Several research groups have transplanted UBMCs + mes-
enchymal stem cells in SCI patients. Thus, in one trial, after
a course of treatment that included four intrathecal infusions
with an interval of 1 week, SCI patients achieved improve-
ment in motor and sensory functions and ability to control bo-
wel and bladder functions [91]. In another study, improved au-
tonomic function and restoration of evoked potentials were
demonstrated in patients with chronic SCI 12 months after in-
trathecal and intravenous administration of UBMCs + mesen-
chymal stem cells [92].

Our studies in rat and mini-pig models with contusive SCI
in the thoracic region after intrathecal infusion of genetically
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modified UBMCs overexpressing VEGF, glial neurotrophic fac-
tor, and NCAM adhesion molecules, in combination with epi-
dural electrical stimulation, revealed restoration of motor
activity of the hind limbs and positive remodeling SC in the
neurotrauma site [93, 94].

CONCLUSION

SCl remains one of the most serious problems of modern
healthcare. It is associated with complex morphofunctional
changes that occur in the injured SC during the development
of both primary and secondary damage affecting various brain
structures and, as a consequence, the ineffectiveness of the
applied therapeutic approaches. Therefore, a search for no-
vel treatment methods is required, including modern deve-
lopments in the field of biotechnology.

Gene therapy and transplantation of cellular material for
SCl are considered promising methods for overcoming the
consequences of injury. However, to date, despite the pre-
sence of convincing evidence of the efficiency of gene and
cell therapy in animal models of SCI, clinical studies only
confirm the safety of using certain types of cells for the
treatment of SCI. However, gene therapy for SCl is not used
in clinical trials.

A wide variety of vector systems, therapeutic genes,
and their combinations and various methods of delivering
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