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Neurodegenerative disorders involve a continual and permanent deterioration of specific neuronal populations, leading to
severe and debilitating neurological impairments. Despite the development of various therapeutic strategies, current treatments
largely provide only symptomatic relief and are unable to halt or reverse disease progression. In this context, cell-based thera-
pies using stem or progenitor cells offer a promising alternative. Neural crest-derived cells (NCDCs) represent a multipotent
cell population that originates during embryogenesis and can give rise to diverse cell types. Importantly, these cells or their
derivatives persist in certain adult tissues such as skin, dental pulp, and the adrenal medulla, making them accessible for bio-
medical applications. Their high plasticity and availability from multiple sources make NCDCs a valuable candidate for regen-
erative medicine, including treatment of neurodegenerative disorders. However, one of the key safety requirements for cellular
therapeutics is the evaluation of tumorigenic potential. In this study, we assessed the tumorigenicity of a cell culture derived
from the adrenal medulla of neonatal pigs after subcutaneous transplantation into Balb/c mice. Immunodeficiency was induced
by intraperitoneal administration of cyclosporine A. The Neuro2a neuroblastoma cell line was used as a tumorigenic positive
control. Tumors developed in the groups that received Neuro2a cells (in 100% of the animals under immunosuppression and in
40% of the animals without it). No neoplasms were detected in the groups that received AGCC. Histological analysis con-
firmed the presence of malignant tumors only in the groups injected with NeuroZ2a cells. The obtained results indicate the ab-
sence of tumorigenic potential in AGCC and justify the feasibility of their further preclinical studies.

Keywords: neurodegenerative diseases; neural crest derived cells; tumorigenicity; cell therapy; adrenal gland cell culture; Neu-

ro2a cell line.

Introduction

Neurodegenerative diseases are characterized by the progressive
and irreversible loss of certain neuronal populations. Current treat-
ments for severe neurodegenerative diseases provide only partial
symptomatic relief. Given the limited availability of therapies capable
of halting disease progression, transplantation of stem or specialized
neural cells has emerged as a promising alternative.

For example, fetal striatal allotransplantation has been reported to
improve motor and cognitive function in patients with Huntington's
disease, although no sustained functional effect was observed (Barker
et al., 2013). Neural grafts derived from human embryonic stem cells
(hESCs) or induced pluripotent stem cells (iPSCs) have shown en-
couraging results in replacing dopaminergic neurons in Parkinson’s
disease (Hayashi et al., 2013; Jang et al., 2020). A number of clinical
trials are currently underway to evaluate the efficacy of stem or pro-
genitor cell transplantation for neurodegenerative disorders (Barker
etal., 2015; Athauda et al., 2017; Studer et al., 2017).

Stem cell-based therapies, particularly those utilizing mesenchy-
mal stem cells, have demonstrated potential benefits in various neuro-
logical conditions, including CNS injuries, stroke, multiple sclerosis,
and brain tumors, although most studies remain in the early stages of
development (Namiot et al., 2022). Transplantation of human neural
progenitor cells engineered to secrete glial cell line-derived neurotro-
phic factor in patients with amyotrophic lateral sclerosis was shown to
be safe, with long-term graft survival and sustained neuratrophic sup-
port for up to 42 months (Baloh et al., 2022). Similarly, in progressive
multiple sclerosis, intrathecal transplantation of human fetal neural
precursor cells proved feasible and safe, correlating with reduced
brain atrophy and increased neuroprotective factors (Genchi et al.,
2023). Autologous MSC-NTF transplantation in amyotrophic lateral
sclerosis patients slowed motor and respiratory decline (Petrou et al.,
2016), while Schwann cell transplantation after spinal cord injury pro-

moted axonal regeneration, remyelination, and partial functional reco-
very (Lu etal., 2025).

Recent advances have also reinforced the translational potential
of neuronal replacement strategies. A clinical study employing iPSC-
derived dopaminergic neurons in Parkinson’s disease reported preli-
minary improvements in motor function over 18-24 months (Chang
& Lee, 2025), underscoring the promise of pluripotent stem cell-deri-
ved grafts for restoring neuronal function in degenerative disorders.
Together, these findings highlight the growing clinical relevance of
stem cell-based therapies and their potential to transform the treat-
ment landscape of neurodegenerative diseases.

The neural crest is a transient embryonic population of multipo-
tent cells that migrate and differentiate into peripheral nervous system
components, melanocytes, adrenal medullary cells, craniofacial carti-
lage, bone and several other cell types (Leonard et al., 2020). It has
been demonstrated that stem and progenitor cells originating from the
neural crest are preserved in the adult organism (Soto et al., 2021).
Neural crest-derived stem cells (NCDSCs) therefore represent a pro-
mising source for cell-based therapies targeting severe neurodegener-
ative diseases (Achilleos et al., 2012; Lim et al., 2021).

Their advantage in regenerative medicine lies in their remarkable
plasticity — the ability to generate multiple cell lineages — and the wide
range of accessible sources, including skin, dental pulp, and nasal sep-
tum cartilage. Recent clinical studies have begun exploring NCDSCs
derived from dental pulp. A phase Il randomized, double-blind, pla-
cebo-controlled trial of allogeneic dental pulp stem cells in Hunting-
ton’s disease demonstrated favorable safety and preliminary clinical
benefits (Fernandes et al., 2025). Mapping studies identifying neural-
crest-derived populations in adult dental pulp and dermal papilla
further support the feasibility of isolating these cells for therapeutic
applications (Alzer et al., 2024).

Encouraging results have also been reported for other neural-
crest-derived cell types. A phase I/1la trial using autologous chondro-
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progenitor cells from nasal septum cartilage demonstrated safety, fun-
ctional stabilization, and joint preservation over 12 months (Tesch
etal., 2024). Moreover, stem/progenitor cells isolated from nasal tur-
binate mucosa promoted dopaminergic neuron protection in a Parkin-
son’s disease model, underscoring their potential for neuroregenerati-
ve therapy (Choi et al., 2024).

Collectively, these findings highlight the translational potential of
neural crest-derived stem cells as a versatile and clinically accessible
source for regenerative strategies in neurodegenerative and other
chronic disorders.

The first step in implementing cell therapy is thorough preclinical
and clinical trials (Marei et al., 2025). Modern preclinical testing pro-
tocols for cell-based therapies primarily include analysis of basic cha-
racteristics: the phenotype of the obtained cells, their viability and bio-
logical activity, homogeneity of the cell population, and the absence
of pathogenic contamination. A tumorigenicity assay is also a crucial
specific test for stem/progenitor cell-based products, as there is al-
ways a risk of de-/transdifferentiation of transplanted cells and the for-
mation of a malignant tumor. (Du et al., 2017; Yogi et al., 2022).

In our previous studies, we obtained and characterized a cell cul-
ture from the adrenal medulla of neonatal piglets that expressed mo-
lecular markers of progenitor neural crest-derived cells and had the
ability to form spheroids (Sidorenko et al., 2011; Bozhok et al., 2016).
It was found that this culture is heterogeneous in its cellular composi-
tion. After being placed under cultivation conditions, the cells form a
monolayer, upon which attached spheroids subsequently appear. Im-
munohistochemical analysis revealed the presence of cells expressing
the marker of adrenal chromaffin cells (chromogranin A) and the neu-
roblast marker (B-111-tubulin), while lacking the expression of the glial
marker S100 and the mature neuronal marker NeuN (Bozhok et al.,
2016).

The ability of cells to undergo anchor-independent growth and
form spheroids is known to be a hallmark of their tumorigenic poten-
tial. Moreover, the properties of the culture surface and the compositi-
on of the culture medium influence the rate and morphological char-
acteristics of spheroid formation from neuronal progenitors (Mimura
etal., 2010; Chojnacki & Weiss, 2013; Shamsnajafabadi et al., 2022).
For example, in our previous studies, it was shown that in adrenal cell
cultures under normal surface adhesion conditions, attached spheroids
are formed, and the presence of fetal serum in the culture medium is
essential. Under low-adhesion conditions, floating spheroids are for-
med regardless of the presence of serum in the culture medium
(Plaksina et al., 2015). Such plasticity indicates the possible presence
of stem / progenitor cells — neural crest derivatives — in the adrenal
cell culture of neonatal piglets.

In this study, we assessed the risk of tumor formation when these
cells were injected in vivo into laboratory mice.

The aim of the work is to study the tumorigenic potential of adre-
nal medulla derived cell culture at subcutaneous transplantation into
mice with an immunodeficiency model.

Materials and methods

Experimental animals. All experiments on animals were perfor-
med in the compliance with the Law of Ukraine “On the Protection of
Animals from Cruel Treatment” (Ne 3447-1V dated 02/21/2006 with
amendments) in accordance with the requirements of the “European
Convention for the Protection of Vertebrate Animals Used for Experi-
mental and Other Scientific Purposes” (Strasbourg, 1986). Balb/c
mice were used in experiments. The animals were kept in the animal
house of the Institute for Problems of Cryobiology and Cryomedicine
(IPC&C) of the NAS of Ukraine. The animals were given the stand-
ard laboratory chow and water ad libitum. The experimental protocol
followed the Guide for Care and Use of Laboratory Animals and was
approved by the Committee for Ethics in Animal Experimentation of
the (IPC&C) of the NAS of Ukraine.

Cell cultures. The primary adrenal gland cell culture (AGCC) was
obtained from the adrenal medulla of neonatal piglets using the meth-
od of Bozhok et al. (2016) and Plaksina et al.(2017). Briefly, adrenal
fragments were placed in a solution with 1 mg/mL collagenase type
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IA (Sigma, USA) and 0.1 mg/mL DNase (Sigma). After three incu-
bations, detached cells were collected, washed twice and placed under
culture conditions. On average, cell viability when obtained by the en-
zymatic method was 85 + 5% (trypan blue exclusion assay). Cultiva-
tion was performed in 25 cm? flasks (SPL Life sciences, Korea) using
DMEM/F12 (Biowest, France) culture medium with the addition of
200 U/mL benzylpenicillin (Arterium, Ukraine), 200 pug/mL strepto-
mycin (Arterium, Ukraine), 5 pg/ml amphotericin B and 10% fetal
bovine serum (FBS, Biowest) at 37 °C in an atmosphere with 5%
CO.. The seeding cell concentration was 2.5-5 x 10° cells/mL. The me-
dium was completely replaced every 3-4 days. The culture was sub-
cultured by treating with a 1:1 mixture of 0.5% trypsin (Sigma, USA)
and Versene solution (PAA, USA). The culture was incubated for
5 minutes, and detached cells were washed with DMEM/F12 medi-
um. Cells from the second passage were used in further experiments.

Neuroblastoma cell line Neuro2a was used as a positive control to
confirm the sensitivity of the selected model (Wu et al., 2021). The cell
line obtained after the second passage from a cryopreserved culture
stored at —196 °C was cultured in DMEM/F12 medium supplemented
with antibiotics and FBS at 37 °C in an atmosphere with 5% CO..

Cell inoculation. Neuro2a cells or AGCC at a concentration of
0.5 x 10° cells were injected subcutaneously into the right thigh of the
Balb/c mice. Three days before cell inoculation, three groups of ani-
mals were injected intraperitoneally with cyclosporine A (CsA)
(Sandimmun Neoral, Novartis, Switzerland) at a dose of 35 mg/kg of
body weight in 200 uL of physiological saline (PS) to induce immu-
nodeficiency. The remaining groups were injected with PS. After cell
inoculation, the mice were monitored daily, which included visual
inspection, palpation of the injection site, and blood sampling. Blood
smears were prepared and stained using the Romanowsky-Giemsa
method. The cell count was performed across the entire smear.
100 leukocytes were counted per smear. The groups of animals stud-
ied in the experiment are presented in Table 1.

Table 1
Groups of experimental animals

Groups Experimental conditions Nun_"lber
cell’s type CsA of animals
1 - - 7
2 - + 7
3 Neuro2a + 7
4 Neuro2a - 7
5 AGCC + 7
6 AGCC — 7

Histological analysis. On day 20, the animals were sacrificed,
and tissue was collected from the injection site. All major organs were
also examined. Any tumors found were removed and fixed in 10%
formalin. Paraffin sections (7 um thick) were prepared using standard
techniques and stained with hematoxylin and eosin. Histological spe-
cimens were visually assessed using an AmScope XYL-403 light
microscope and analyzed using AxioVision Rel. 4.8 software.

Statistical analysis. The proportions of white blood cells were re-
presented as mean + standard deviation; differences were considered
significant at P < 0.05. ANOVA and the Tukey test for multiple com-
parisons were used on arcsine square root-transformed data. Survival
of animals were calculated using the Kaplan—Meier method, differ-
ences between groups were compared with a log-rank test.

Results

The primary AGCC culture was heterogeneous in its cellular com-
position. On day 3, adherent large polygonal cells and rounded cells
with vacuolated cytoplasm were observed in the culture. On day 7, a
confluent monolayer of polygonal cells formed, tightly adjacent to
each other, acquiring a more elongated shape and forming "streams”
(Fig. 1a). With further cultivation, attached spherical formations appe-
ared on the monolayer. Subsequently, tiny spindle-shaped cells with
small nuclei- poor cytoplasm and neurite-like structures appeared aro-
und the spheroids. These formed a layer on the surface of the polygo-
nal cells.
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Fig. 1. Representative micrographs of cell cultures used in the experiment: adrenal gland cell culture (a), 7th day of cultivation:
monolayer of polygonal cells (1); spindle-shaped cells with neurite-like structures (2); spheroid (3); Neuro2a cells (b),
6th day of cultivation: cells with neurite-like structures (1); phase contrast microscopy

Neuro2a cells, like adrenal medulla cells, are neural crest-derived.
They are capable of differentiating into either cholinergic or dopamin-
ergic neurons depending on culture conditions (Tremblay et al., 2010;
Namsi et al., 2018). In serum-containing media, they are primarily
composed of adherent cells with an "amoeboid" morphology (Fig. 1b).
Cells with neurite-like structures are also found. Under certain condi-
tions, they are also capable of forming spheroids (Choi et al., 2013;
Liuetal., 2021).

The immunodeficiency in mice treated with CsA was confirmed
by examining blood smears. A statistically significant decrease in
lymphocyte counts was observed in the CsA-treated compared to the
untreated groups (Table 2). Furthermore, chronic CsA administration
significantly increased neutrophil counts in these groups, but had no
effect on other leukocyte subsets.

The combination of reduced lymphocytes and increased neutro-
phils during chronic cyclosporine A (CsA) treatment is due to its dual
effects on the immune system. CsA suppresses T lymphocyte prolif-
eration by inhibiting the calcineurin/NFAT pathway, reducing IL-2
production (Lopez-Flores et al., 2011; Xu et al., 2023). At the same
time, it affects neutrophil metabolism and survival through the
SIRT6-PDK4 pathway, altering their apoptosis and migration (Lu
etal., 2021). Similar results have been observed in other mouse studi-
es, showing lymphopenia alongside increased neutrophil activity (L6-
pez-Flores et al., 2011; Luetal., 2021; Xu et al., 2023).

Table 2
Peripheral blood leukocyte composition (%)
in animals from the experimental groups (N =7)

No. Lympho-

groups oytes Neutrophils

Monocytes  Eosinophils  Basophils

746+55
444+41°
315+44
65.8 +6.6°

250+52
551+4.22
68.0+5.12
337+68°

0.25+0.09
0.34+0.05
0.32+0.08
0.31+£0.09
450+65% 545+71* 032+008 0.12+009 0.06+001
69.3+£59° 303+93° 025+007 010+005 0.05+001

0.09+001
0.09+0.01
0.12+001
0.14+0.08

0.06 £0.01
0.07+£0.01
0.06 £0.01
0.05+001

OO WN

Note: 2, the values are statistically different from the corresponding values of
group 1; b, the values are statistically different from the corresponding values of
group 3; ¢, the values are statistically different from the corresponding values of
group 5; values between groups were not statistically different for monocytes,
basophils, and eosinophils.

Palpation during daily examination revealed the formation of
masses in the femur area in some mice as early as days 13-15. After
sacrifice (on day 20), tumors were detected in 100% of animals in
Group 3 (Neuro2a+CsA) and in 40% of animals in Group 4 (Neu-
ro2a). The tumors ranged in diameter from 5 to 15 mm. Figure 2
shows photographs of tumors removed from the cell injection site.
No similar tumors were detected in the other groups.

Animal survival is shown in Figure 3. It is noticeable that in the
group receiving Neuro2a against the background of immunodeficien-
cy (Group 3), a 28% decrease in survival was observed during the ex-

periment. In the groups receiving CsA, a 14% decrease in survival
was observed, which is likely related to complications arising from
immunosuppression.

Fig. 2. Representative photographs of neoplasms removed at the
site of inoculation of Neuro2a cells in animals of group 3 (with the
introduction of CsA): the site of the neoplasm during visual
examination (a): 1 — femur, 2 —abdominal surface, 3 —tumor;
removed tumors (b): 1 —tumor, 2 — connective tissue;
the distance between the grid lines in the photo =5 mm
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Fig. 3. Mouse survival after cell inoculation:
numbers indicate animal group number

Histological examination of tissue removed from the cell inocula-
tion site revealed that all samples from Group 3 (Neuro2a+CsA) and
40% of animals from Group 4 (Neuro2a) harbored a tumor. At the
site of inoculation, the tumor consisted of small, round, spindle or po-
lygonal cells with a thin rim of basophilic cytoplasm with moderate
nuclear polymorphism and increased mitotic activity (Fig. 4a, 4b).
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Large and small vessels vascularized the tumors. Lymphocytic infil-
tration was observed around the tumor.

No pathologically altered tissue was detected at the cell injection
site in the Groups 5 (AGCC + CsA) and 6 (AGCC). The histological
samples contained intact muscle tissue, displaying long, cylindrical,

multinucleated fibers with nuclei located peripherally (Fig. 4c, 4d).
Characteristic striated patterns were observed in the muscle fibers.
The muscle fibers were grouped into bundles surrounded by connec-
tive tissue interlayers.

Fig. 4. Histological sections of tissue removed from the thigh area of mice from different experimental groups on the 20th day
after cell inoculation: group 3 (Neuro2a+CsA) (a); group (Neuro2a) (b); group 5 (AGCC +CsA) (c); group 6 (AGCC) (d);
arrows show: 1 —nuclear polymorphism in tumors; 2 — tumor vascularization; 3 — muscle fibers; 4 — muscle fibers nuclei

Discussion

Neural crest-derived cell transplantation is being studied for po-
tential use in the treatment of severe neurodegenerative diseases
(Mdiller et al., 2015; Schizas et al., 2018; Rahman et al., 2024). How-
ever, the risk of tumor formation from transplanted cells remains a
key safety concern when using cell-based therapies. Several studies
have demonstrated the tumorigenic activity of neural crest-derived
cells. For example, in the work of Vega et al. (2019) it has been
shown that the subpopulation of CD44-high neural crest stem-like
cells demonstrates an increased tendency to form spheroids in serum-
free conditions and correlates with aggressive overgrowth of tumor.
Xu et al. (2021) confirmed that neural stem cells provide the potential
for transformation and initiation of tumors in xenografts, while other
types of stem cells do not have the same property.

The ability to form spheroids in vitro is called the “sphere-
forming assay”. It is a functional characteristic of neural crest-derived
stem/progenitor cells that allows them to be identified in various tis-
sues of the body in the absence of specific phenotypic markers (Pas-
trana et al., 2011). Chung K.F. and colleagues described the formation
of spheroids from progenitor cells of the bovine adrenal medulla in
cattle (chromospheres). Under culture conditions with 10% FBS, the
chromospheres showed reduced expression of markers of differenti-
ated chromaffin cells and increased expression of neural crest proge-
nitor cell markers (Sox1, Sox9, nestin, vimentin) (Chung et al., 2009).
There are reports on the generation of floating chromospheres from
human adrenal chromaffin cells in the presence of FGF-2 and EGF.
The chromospheres were characterized by the expression of several
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progenitor markers, including nestin, CD133, Notchl, NGFR, Snai2,
Sox9, Sox10, Phox2b, and Ascll at the molecular level, and Sox9 at
the immunohistochemical level. In contrast, the level of phenylethan-
olamine N-methyitransferase (PNMT), a marker of differentiated
chromaffin cells, was markedly decreased after 12 days of cultivation
(Santana et al., 2012). Neurospheres derived from oral mucosa cells
expressed neural crest markers (nestin, CD44, Slug, Slim, and
MSX1). These cells showed increased expression of neural crest-—re-
lated genes (EDNRA, Hesl, and Sox9) and demonstrated the ability
to generate ectopic bone tissue in the subcutaneous area (Abe et al.,
2016). Spheroids containing neural crest progenitor cells have been
successfully isolated from a variety of postnatal tissues.

These include adipose tissue, which provides an easily accessible
and rich source of multipotent neural crest-derived stem cells
(Nagoshi et al., 2008; Zavan et al., 2010). Similar spheroid-forming
progenitor cells have been obtained from the respiratory epithelium of
the inferior nasal turbinate and from the gingiva, demonstrating the
widespread presence of neural crest remnants in adult craniofacial
tissues (Hauser et al., 2012; Fournier et al., 2016). In addition, dental
pulp and skin harbor neural crest-derived populations capable of
forming neurosphere-like aggregates and differentiating toward neu-
ral and glial phenotypes (Zhang et al., 2020; Bosch et al., 2021). Fur-
ther evidence of such progenitor reservoirs has been reported in bone
marrow, dorsal root ganglia, vibrissae follicles, and carotid bodies,
emphasizing the broad anatomical distribution of neural crest-derived
cells in the adult organism (Nagoshi et al., 2008; Lopez-Barneo et al.,
2009). However, there are almost no studies that have investigated the
tumorigenic potential of spheroid-forming cell cultures derived from
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the adrenal glands. We previously obtained a cell culture from the
adrenal gland medulla of neonatal pigs, in which an active spheroid
formation process was observed (Sidorenko et al.,, 2011; Bozhok
etal., 2016). This indicated the presence of post-migratory subpopula-
tions of neural crest-derived cells with possible tumorigenic potential.

The gold standard for testing tumorigenicity is experiments on
immunodeficient laboratory rodents. One important aspect is compa-
rative studies of cell cultures with known tumorigenic potential and
cultures with a theoretically possible risk of tumor formation.
The Neuro-2a cell line, derived from mouse neuroblastoma, is a cell
line with high tumorigenic potential and the ability to rapidly grow
tumors in vivo (Feuerecker et al., 2015; Hergenhahn et al., 2024). Ba-
sed on these assumptions, we conducted a comparative analysis of
two cell cultures. This analysis revealed that, during the study period,
Neuro-2a cells developed tumors at the site of inoculation in mice
with immunodeficiency, while AGCC did not exhibit similar tumor-
igenic potential. This allows us to continue preclinical trials of AGCC
as a potential source of neural crest-derived stem/progenitor cells for
further practical application in the treatment of neurodegenerative
diseases.

Conclusion

This study demonstrates that adrenal medulla—derived cell cultu-
res (AGCC) obtained from neonatal pigs are non-tumorigenic in vivo.
Unlike the Neuro2a neuroblastoma line, AGCC transplantation did
not induce tumor formation or abnormal proliferation in immunodefi-
cient mice. Histological evaluation confirmed the absence of neo-
plastic structures, indicating the biosafety and phenotypic stability of
these neural crest—derived progenitors.

The adrenal medulla represents a distinctive postmigratory neural
crest niche capable of generating both neuronal and endocrine deriva-
tives. The absence of tumorigenic potential highlights the translational
value of AGCC as a safe and versatile cell source for modeling neuro-
endocrine differentiation, stress physiology, and regenerative proces-
ses. Their ability to maintain stable progenitor populations in vitro
without malignant transformation also opens prospects for developing
3D organoid and spheroid systems that replicate adrenal and neural
crest tissue dynamics. Beyond their biological significance, AGCC
offer a promising platform for integration with biomaterials and tro-
phic factors to enhance survival, differentiation, and functional reco-
very in neural and endocrine tissues. Their adaptability to genetic mo-
dification further expands their potential for creating cell- and gene-
based therapeutic constructs targeting neurodegenerative and adrenal
disorders.

Future research should address long-term in vivo behavior, differ-
entiation pathways, and molecular mechanisms underlying their sta-
bility. Collectively, these results position adrenal medulla-derived
progenitors as a valuable and safe neural crest—origin cell source brid-
ging developmental biology and regenerative medicine.

This research was carried out within the framework of regular state budget pro-
jects of the Institute for Problems of Cryobiology and Cryomedicine of the
National Academy of Sciences of Ukraine and did not receive any specific
grant from funding agencies in the public, commercial, or not-for-profit sectors.

The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported
in this paper.
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