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Editorial on the Research Topic
Application of innovative techniques in genetic and cellular therapies

Cellular and gene therapies aim to restore or enhance cellular functionalities lost in
disease or injuries. Cellular therapies, however are limited by both practical and legislative
challenges. The current Research Topic covers some of the alternative avenues, such as the
use of exosome as a surrogate for cellular autocrine/paracrine functions and how they may
replace, supplement or even supplant cellular therapies in some aspects. It also explores
various methods for improving targeted deliveries of drugs/nucleic acids beyond the use of
viral vectors such as engineered exosomes and electroporation.

Cellular therapies have become one of the most explored avenues for treating
degenerative diseases and injuries in the past few years. For some cases, cell
transplantation is the only feasible alternative to tissue grafting or replacement,
mitigation of which is desired for a number of reasons, including a requirement for
invasive surgeries, donor site morbidities, and complications. Transplantation of cells
allows harnessing of their functions, particularly that of regenerative functions. Their
ability to respond to the environment at the transplant site through differentiation,
release of factors etc., give them unique advantages during the whole course of
regeneration (Sanchez et al,, 2012; El-Kadiry et al., 2021). Poor cell survival, however,
has been a major obstacle in achieving sufficient regenerative outcomes. In addition, the
status of the cells at the time of transplantation seems to alter the cellular behavior post-
transplantation and the subsequent clinical outcomes. Much of the recent innovation has
therefore focused on the process of “priming.” In the context of priming, the induction of
cellular quiescence has gained much attention due to its close relationship with the
regenerative capacity of cells. Indeed, finding the appropriate method of inducing
quiescence in progenitor cells has made a significant difference to the regenerative
outcomes in skeletal muscle injuries (Xie et al., 2018; Endo et al., 2023). Similarly, Chen
et al. described how quiescence preconditioning augmented the proliferation of the
transplanted nucleus pulposus stem cells and improved the overall intervertebral disc
regeneration. Priming, particularly the induction of quiescence, seems to be an
innovative and effective method for maximizing the attainable regenerative functions in
cellular therapies and therefore deserves continued research interest.

Exosome-based therapies are an attractive alternative to transplanting whole cells.
Exosomes isolated from cells can perform some aspects of the complex paracrine/
endocrine functions of the cells of origin, thus acting as their functional surrogates. The
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use of exosome has some potential commercial and clinical
advantages, namely scalability, stability, (less) immunogenicity
and accessibility to certain tissues across physiological barriers. In
this Issue, Wang et al. reviewed recent findings showing that
exosomes derived from different cell types found in bones
perform unique functions by regulating gene expressions of the
recipient cells, and suggested a potential therapeutic method based
on selective utilization of such exosome for treating metabolic
disorders of the bones.

Another innovative approach is to engineer exosomes as a
vehicle for targeted delivery of various therapeutic agents, such as
drugs and nucleic acids. One of the challenges that has prevented
wider clinical applications of (natural) exosome has been their
poor targeting ability. In this Issue, Jin et al. summarize some of
the recently developed methods that allow exosomes delivery to
specific targets that may otherwise be unreachable. Linking of
exosomes with an anti-GAP43 monoclonal antibody or glycation
(RAGE)-binding-peptide
delivery of drugs or oligonucleotides to the brain in ischemic

end-products allowed  successful
stroke treatment. The use of engineered exosomes may therefore
become one of the optimal options in cases where tissue
accessibility through physiological barriers and superior
stability are necessary.

Similarly, the use of viral vector can achieve excellent topology
and specificity for drug/nucleic acid deliveries. One exemplary such
use explored in this Issue is for the delivery of miRNA inhibitors to
regulate a group of gene expressions and subsequently the target cell
activities. Wang et al. reported improved bone metabolism and
slowed osteoporosis progression using adeno-associated virus
expressing a miRNA-214 inhibitor. There is a strong collective
evidence indicating efficacy of viral vectors. However, there
remains a need for improved production efficiency for larger
scale production in order to widen its clinical applications.
Heuvel et al. argue that production of stable viral packaging cell
suspensions holds the key to this. Their findings strongly indicate
that the use of transposon-encoding mRNA is superior to plasmid-
based transposase, and that this strategy should help establish virus
VPCs producing vectors with a broadened host cell range. The use of
virus as a vaccine platform is another innovative avenue explored
and exploited in particular with an effort to combat COVID-19,
including Alkayyal et al. The VSVA5IM oncolytic virus platform
was repurposed to express the SARS-CoV-2 spike receptor-binding
domain antigen, and successfully induced a humoral immune
response in mice.

While others looked into developing biological vectors, there is a
branch of research that is looking into physical methodologies to
achieve localized drug/nucleic acid delivery. Electroporation is a
method used for permeabilization of plasma membranes of
biological cells, and its use is now is being explored for targeted
drug/DNA delivery into living cells. Gene electro-transfer allows for
delivery of DNA encoding therapeutic transgenes and its use is
tested in cancer therapies and infectious diseases vaccines (Heller
and Heller, 2015). While it is an attractive method with many
Malysko-Ptasinské et al.
establishment of optimal pulsing protocols is still necessary, and

practical advantages, argue that

the treatment planning steps should include simulation of spatial
electric field distribution and possible thermal effects.
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In parallel with the development of delivery methods for drugs
and nucleic acids, much effort has been made in discoveries of novel
therapeutic targets for the treatment of degenerative conditions. The
regulation of RNA modifications has attracted much research
interest in the recent years as a potential therapeutic target for
treating various conditions. In particular, m6 A methylation has been
extensively studied as it is the most common post-transcriptional
modification of eukaryotic nRNAs and long non-coding RNAs. The
exact roles of this particular RNA methylation in various
physiological and pathological conditions seem complex, and a
better understanding would most certainly benefit pioneering of a
novel therapeutic avenue. In this Issue, Luo et al. and Wen et al.
explored the roles of m6A methylation in wound healing and bone
and intervertebral disc degeneration (IVDD), respectively. While
both described that RNA methylation is a major regulatory pathway
of cellular processes such as autophagy/apoptosis and proliferation,
the effects reported are contradictory, highlighting the need for
further research to establish viable therapeutic strategies. Aside from
RNA modification, Wei et al., explained the roles of inflammatory
and oxidative responses in IVDD pathogenesis and described the
potential therapeutic values of anti-oxidant and anti-inflammatory
therapies. While these avenues provide some promising prospects in
developing novel therapies for IVDD, it was concluded that there
has been too little evidence yet for comprehensive understanding of
their therapeutic values. PI3K/AKT pathway regulates broad
physiological and pathological processes, and Guo et al. suggest
that its regulation may be an important factor in the development
acute compartment syndrome that commonly occurs following
severe fractures.
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Exosome mediated biological
functions within skeletal
microenvironment

Zhikun Wang?*, Zhonghan Zhao?, Bo Gao?* and Lingli Zhang**

1School of Kinesiology, Shanghai University of Sport, Shanghai, China, 2Institute of Orthopedic Surgery,
Xijing Hospital, Fourth Military Medical University, Xi'an, China, *College of Athletic Performance,
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Exosomes are membranous lipid vesicles fused with intracellular multicellular
bodies that are released into the extracellular environment. They contain
biocactive substances, including proteins, RNAs, lipids, and cytokine
receptors. Exosomes in the skeletal microenvironment are derived from a
variety of cells such as bone marrow mesenchymal stem cells (BMSCs),
osteoblasts, osteoclasts, and osteocytes. Their biological function is key in
paracrine or endocrine signaling. Exosomes play a role in bone remodeling by
regulating cell proliferation and differentiation. Genetic engineering technology
combined with exosome-based drug delivery can therapy bone metabolic
diseases. In this review, we summarized the pathways of exosomes derived
from different skeletal cells (i.e., BMSCs, osteoblasts, osteocytes, and
osteoclasts) regulate the skeletal microenvironment through proteins,
mMRNAs, and non-coding RNAs. By exploring the role of exosomes in the
skeletal microenvironment, we provide a theoretical basis for the clinical
treatment of bone-related metabolic diseases, which may lay the foundation
to improve bone tumor microenvironments, alleviate drug resistance in
patients.

KEYWORDS

skeletal related exosomes, bone marrow mesenchymal stem cell, osteoblast,
osteoclast, skeletal microenvironment, osteocyte

1 Introduction

Although seemingly simple and inert, bones are surprisingly complex and busy tissue.
It has been found that abnormal proliferation and differentiation of bone marrow
mesenchymal stem cells (BMSCs), osteoblasts, osteocytes and osteoclasts can lead to a
variety of bone diseases such as osteoporosis, osteoarthritis, spinal tuberculosis, bone
tumors, and osteosclerosis (Zhou et al.,, 2019). Osteoporosis is a common systemic
metabolic bone disease in the elderly, mainly characterized by decreased bone mass,
increased bone fragility and bone microstructure destruction (Johnston and Dagar, 2020).
Osteoarthritis is the most common chronic degenerative joint disease and a leading cause
of pain and disability. The incidence of the disease grows as people age, and its prevalence
is steadily increasing and is projected to become the largest cause of disability by 2030
(Cross et al,, 2014). The main pathological feature of spinal tuberculosis is progressive
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bone destruction. The prevalence rate of spinal tuberculosis is the
number one in all bone and joint tuberculosis. Bone is one of the
most common sites of systemic metastases, accounting for
15-20% of metastatic tumors. Spinal metastases occur in
approximately 36% of patients who die of malignancy, while
primary bone and soft tissue tumors account for 2-3% of
systemic tumors. Malignant bone tumors can either originate
from other tissues or organs in the body and metastasize to the
bone or directly invade the bone through blood circulation and
lymphatic system. Malignant bone tumors develop rapidly with
high mortality (Lambert et al., 2017; Chen et al., 2021). Rickets is
a metabolic bone disease in children characterized by the failure
to mineralize growth plates and an osteoid matrix (Munns et al.,
2016). Osteosclerosis is complications of myeloproliferative
tumors. These diseases lead to excessive growth of bone
trabeculae and collagen fibers that replace hematopoietic cells,
resulting in abnormal bone marrow function (Mankar et al.,
2020). Bone disorders are caused by congenital or acquired
factors that destroy and interfere with normal bone
metabolism and biochemical status, resulting in bone
biochemical metabolism disorders. To meet the clinical needs
of orthopedic diseases, exosomes become a new therapeutic
strategy.

Current treatments for bone-related metabolic diseases are
limited by poor therapeutic effects, adverse events, failure to
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improve bone absorption, abnormal bone growth and mineral
deposition, and difficulty in reversing the bone disease (Tsai et al.,
2019). Stem cell transplantation for osteoporosis treatment has
shown preliminary feasibility and efficacy results in mice models;
however, there were issues with immune rejection, increased risk
of cell malignancy, and stem cell homing limit the adoption of
such treatment (Aghebati-Maleki et al., 2019). Therefore, it is
necessary to find a targeted treatment for bone metabolic diseases
that can minimize the potential harm caused by long-term drug
exposure.

Exosomes are nanoscale vesicle particles secreted by cells,
which have biological activities similar to those of the source cells
and play an important role in intercellular communication
(Tkach and Thery, 2016). Studies have found that exosomes
derived from skeletal cells participate in skeletal cell proliferation
and differentiation (Chen et al., 2017; Song et al., 2019; Xie et al.,
2020). Exosomes have high stability, no immunogenicity and
strong targeting ability, which make up for the deficiency of
traditional drugs and stem cell therapy. A variety of inclusions
carried by exosomes can directly act on these skeletal cells.
Therefore, the study on the involvement of exosomes derived
from various skeletal cells in the regulation of skeletal cell
proliferation and differentiation can provide a theoretical basis
for the study of bone diseases, and has certain clinical significance
for the diagnosis and treatment of bone diseases.
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Osteoblast-Exos-mediated communication within the skeletal micro-environment. Osteoblast-Exos promoted osteoclast differentiation by

RANKL, circ_0008542, miR-185-5p, and miR-503-39.

Osteoclast

2 Characteristics of skeleton-derived
exosomes

Exosome is a vesicle with a double-layer lipid membrane
structure. It is spherical or cup-shaped, with a diameter of about
40-100 nm and a density of about 1.13-1.21 g/ml (Tkach and
Thery, 2016). Exosome contains nucleic acids, which regulate
physiological and pathological processes (Zhang et al., 2015;
Tkach and Thery, 2016). Non-specific expression proteins
found in the exosomes can be used as the protein marker to
identify exosomes, including heat shock protein, tumor
susceptibility genel01 (TSG101), four-molecule cross-linked
transmembrane protein superfamily (CD9, CD63, CDS8I,
CD82), and ALG-2-interacting protein (Alix) (Tkach and
Thery, 2016). Moreover, some specific expression proteins are
cell-derived and related to cell signal transduction (Zhong et al.,
2021).

Exosome play a key role in paracrine or endocrine signaling.
The proteins, lipids and nucleic acids contained inside the
exosomes have specific biological functions. Exosome
transmits information acts on target cells by either targeting
cells via their receptors (Mathivanan et al., 2010) or entering the

target cell via endocytosis. The exosomes carry proteins, lipids
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and nucleic acids into the target cell and activate relevant
signaling pathways (Mathivanan et al., 2010).

Exosome are involved in cell proliferation and
differentiation, therefore play an important role in bone tissue
engineering. The composition of bone-derived exosomes differs
from exosomes originated from other sources. During bone
reconstruction, bone-derived exosomes may release proteins
involved in bone formation, such as alkaline protease (ALP),
bone morphogenetic protein (BMP), eukaryotic translation
initiation factor2 (elF2), osteopontin (OPN), bone sialoprotein
(BSP), and osteocalcin (OCN). Bone-derived exosomes also
contain osteoclast differentiation-related proteins such as the
receptor activator of nuclear factor kB-ligand (RANKL) and
RANK (Huynh et al., 2016). In addition, microRNAs (miRNAs)-
related to bone remodeling, such as miR-24, let-7, miR-143-3p,
miR-10b-5p, miR-199b, miR-218, and miR-214-3p were also
found in bone-derived exosomes (Huynh et al., 2016; Li et al.,
2016). These miRNAs have a crucial role in bone formation and
resorption. Bone-associated exosomes can selectively transport
specific information, depending on the proteins or factors within
the exosomes. Pathological conditions, such as inflammation,
hypoxia, and pH changes (Deng et al., 2017), can affect exosome

release.
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3 BMSC-Exos-mediated
communication within the skeletal
micro-environment

BMSCs are stem cells derived from the mesoderm that play
an important role in bone regeneration and repair. They also
have paracrinal function (Eirin et al, 2017). We previously
introduced the characteristics and functions of exosomes
derived from BMSC (BMSC-Exos) in detail (Wang Z. et al,
2021). BMSC-Exos enter target cells through endocytosis and
plays a bioactive role, showing tissue repair ability similar to
BMSCs (van der Pol et al,, 2012). Moreover, due to its low
immunogenicity and low cellular activity, it is safer than
transplantation of stem cells (Liu et al., 2015).

3.1 Effects of BMSC-Exos on osteoblasts

Osteoblasts are functional cells that secrete bioactive
substances regulating bone formation and remodeling. To
detect the effect of BMSC-Exos on osteoblast proliferation, the
proliferation curves of osteoblasts stimulated by different
of BMSC-Exos
proliferation rates were significantly increased after BMSC-

concentrations were plotted. Osteoblast

Exos were added and were proportional to the concentration
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of BMSC-Exos (Zhang et al., 2021). These results suggest that
BMSC-Exos effectively promote osteoblast proliferation in a
dose- and time-dependent manner.

Early differentiation of BMSC into osteoblasts, and mature
osteoblasts undergo further mineralization, are both important
evaluation indicators of osteogenic differentiation. ALP activity is
a marker of early differentiation in osteoblasts (Osugi et al.,
2012). OCN is essential in regulating bone conversion and
mineralization, and often used as a marker of bone formation
in late stage (Tsao et al., 2017). Both runt-related transcription
factor 2 (Runx2) and osterix (OSX) are important transcription
factors in osteoblast differentiation and control the expression of
bone-related genes such as OPN, BSP, and OCN (Okamura et al.,
2013). BMSC-Exos up-regulates the expression of Runx2, OSX,
OCN and other osteogenic genes (Yang et al.,, 2013; Tsao et al,,
2017).

3.1.1 Effects of BMSC-Exos on osteoblasts by
protein

The expression of DNA-binding protein SATB2 (SATB2) in
osteoblasts is beneficial for osteoblast differentiation (Gong et al.,
2014). Wang et al. (Yang et al,, 2019) treated osteoblasts with
BMSC-Exos. It was found that the protein expression of
SATB2 and cyclic AMP-dependent transcription factor 4
(ATF4) increased significantly. However, the expression of
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homeobox protein Hox-A2 (Hoxa2) was significantly decreased.
The results showed that the changes in the expression of these
proteins promoted osteoblast differentiation and bone
regeneration. In a study on the effect of hypoxia-inducible
factor la in BMSC-Exos (BMSC-Exos-HIFla) on repairing
critical bone defects in rats, it was found that BMSC-Exos-
HIFla stimulated osteogenic proliferation and differentiation
of BMSCs (Ying et al., 2020). The combination of BMSC-
Exos-HIF1la and beta-tricalcium phosphate (B-TCP) artificial
bone can repair bone defects by promoting new bone
regeneration and new blood vessel formation (Ying et al., 2020).

In summary, BMSC-Exos affects osteogenic differentiation
and proliferation by targeting osteoblast delivery of carried

proteins.

3.1.2 Effects of BMSC-Exos on osteoblasts by
non-coding RNA

MiRNA regulates about one third of the protein coding
genes in human body, which has attracted extensive attention
in terms of molecular regulation of gene expression (Zhang
et al., 2015). The proportion of miRNA in exosomes is higher
than that in metrocyte. Exosomes regulate osteoblast
proliferation through miRNA, and affect mRNA expression.
MiRNA-mediated dysregulation is an important pathological
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factor in osteoporosis and other bone related diseases (Wei
et al., 2021).

In recent years, exosomes have been found to play an
important role in regulating BMSCs osteogenic differentiation
through miRNA. Xu et al. (2014) studied miRNA expression
profiles in exosomes during BMSCs osteogenic differentiation
and found that nine miRNAs significantly increased in BMSC-
Exos, including let-7a, miR-218, miR-199b, miR-135b, miR-
148a, miR-203, miR-299-5p, miR-302b and miR-219, etc.
MiRNAs were found in exosomes during BMSC osteogenic
MiR-199b
differentiation through Runx2. Let-7b enhances osteogenesis

differentiation. may  regulate  osteoblast
and bone formation by regulating high mobility group protein
A2, while inhibiting adipogenesis in human mesenchymal stem
cells (hMSCs). MiR-218 promotes osteogenic differentiation of
human adipose-derived mesenchymal stem cells through Wnt/(-
MiR-135b the

mineralization of human stem cell osteogenic differentiation,

catenin  signaling  pathway. regulates
which is up-regulated by impaired osteogenic differentiation of
mesenchymal stem cells (MSCs) derived from multiple myeloma
patients (Xu et al,, 2014). Therefore, these results may indicate
that exosomes miRNAs play a regulatory role in osteogenic
differentiation through networking with cellular signaling

pathways. Xu et al. (2014) also found that miR-221, miR-155,
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miR-885-5p, miR-181A and miR-320c were significantly
decreased in the expression of BMSC-Exos. Down-regulation
of miR-221 may lead to osteogenic differentiation of hMSCs.
MiR-885-5p and miR-181a inhibited osteoblast differentiation
Runx2 and TPR-I/AIKS5, respectively. Therefore, down-regulation
of miR-885-5p and miR-181a can promote the proliferation and
activation of osteoblasts, thus becoming negative regulators of
BMSCs osteogenic differentiation (Bhushan et al., 2013). In
miR-196a enriched in BMSC-Exos
promoted bone formation in Sprague-Dawley rats (SD rats)
with skull defects (Qin et al., 2016). This study provides new
directions for the research and treatment of exosomes secreted by
BMSCs in the field of bone related diseases in the future.
Long non-coding RNA (IncRNA) is important in regulating

animal experiments,

various cellular physiological activities such as cell proliferation,
differentiation, maturation and apoptosis. Yang et al. (2019)
found  that IncRNA  Metastasis  associated  lung
adenocarcinoma transcript 1 (MALATI) in BMSC-Exos can
be transferred to osteoblasts. Moreover, transfer-related
IncRNA MALATI1 up-regulates the expression of SATB2 in
osteoblasts by sponging miR-34c, thus regulating osteoblast
differentiation.

Circular RNA (circRNA) was discovered in plant viruses in
1976 and has been considered as a byproduct of transcription
without any other biological functions. However in recent years,
circRNA has been found to widely exist in the cytoplasm of
different organisms with high stability and play an important role
in eukaryotic cells (Danan et al., 2012). In malignant tumors,
circRNA binds to corresponding miRNA through miRNA
response elements and inhibits gene expression, thus affecting
the tumor development (Alimirzaie et al., 2019). However, there
have been no reports on circRNA in BMSC-Exos for osteoblasts,
suggesting a potential area for future research (Figure 1).

3.2 Effects of BMSC-Exos on osteoclasts

Osteoclasts are closely related to bone resorption and are
mainly differentiated from macrophages and peripheral
monocytes under the combined stimulation of multiple
signaling factors. Exosomes are an important regulator of
paracrine secretion of osteoclasts. RANKL plays a key role in
osteoclast differentiation. RANK is abundantly expressed by
exosomes in osteoclasts (Xu et al., 2018) and binds to RANKL
to competitively inhibits the RANK pathway.

MiR-148a and miR-31a-5p in BMSC-Exos play an important
role in osteoclast differentiation. MiR-148a promotes osteoclast
differentiation by controlling transcription factor MAFB
(MAFB) (Cheng et al., 2013). MiR-31a-5p regulates osteogenic
differentiation of BMSCs and inhibits transforming protein
RhoA (RhoA) expression by binding non-coding regions.
MiR-31a-5p has been found to target regulatory coupling
points between osteoclasts and osteoblasts (Xu et al., 2018).
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Inhibiting miR-31a-5p reduces bone resorption in osteoclasts,
while enhancing bone structure (Xu et al.,, 2018). Therefore,
inhibiting miR-31a-5p can alleviate bone metabolism imbalance
in osteoporosis. However, no detailed reports have been reported
on the regulation of IncRNA and circRNA in BMSC-Exos on
osteoclasts. In a word, the results demonstrate the efficiency of
BMSC-Exos in targeting osteoclasts to regulate bone resorption
to promote bone regeneration, providing a novel approach for
the treatment of osteoporosis (Figure 1).

4 Osteoblast-Exos-mediated
communication within the skeletal
micro-environment

BMSCs can differentiate and mineralize osteoblasts (MOB).
BMSCs differentiate into bone progenitor cells, osteoblast
precursors, and then form osteoblasts. Osteoblasts migrate to
the absorbed site and secrete bone matrix. The bone matrix then
mineralizes to form new bone. However, the role of MOBs in
regulating MSCs remains unclear.

4.1 Effect of osteoblast-Exos on BMSCs

Exosome mRTNA translation into functional proteins
control the fate of BMSCs. BMSCs co-cultured with MOB
showed increased osteogenic ability in vitro, indicating the
presence of soluble osteogenic factors released by MOB
(Heino et al., 2004; Csaki et al., 2009; Birmingham et al.,
2012; Tsai et al., 2012). In permineralized osteoblast cell line
MC3T3-El, exosomes promote the differentiation of BMSCs
into osteoblasts (Cui et al., 2016). The activation of wnt/f-
catenin signaling pathway promotes bone differentiation of
mouse BMSCs. Exosomes isolated from osteoblasts contain
key transcription factors involved in osteogenesis (Runx2 and
0OSX) (Narayanan et al., 2018). Extracellular matrix (ECM)-
mediated BMSCs differentiation is enhanced by specific
and miRNA in osteoblast-Exos
2018). SiRNA-mediated
Runx2 knockdown further confirms the importance of

transcription factors
(Narayanan et al,
exosomes RNA in lineage specific promoter activation
(Mishima et al., 2021).

4.2 Effect of osteoblast-Exos on
osteoclasts

Spinal tuberculosis is the main pathological feature of
progressive bone destruction, and has the highest incidence
rate in osteoarticular tuberculosis (Khanna and Sabharwal,
2019). Abnormal proliferation and activation of osteoclasts in
spinal tuberculosis trigger pathological bone destruction.
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Osteoblasts and osteoclasts work together to promote the healthy
bone growth.

The bone (reconstruction) model is characterized by
alternating stages of osteoclast destruction and osteoblast
formation (Ducy et al, 2000). Bone is constantly renewing
itself through remodeling, a coordinated system in which
osteoclasts absorb equal amounts of ECM and are deposited
(Wei 2010). Under
circumstances, osteoblasts form new bone and osteoclasts

by osteoblasts and Ducy, normal
absorb old bone. In the skeletal microenvironment, osteoblasts
and osteoclasts interact with each other through cytokines,
chemical transmitters, and cell contact (Tamma and Zallone,
2012; Yuan et al., 2018). Osteoblasts and osteoclasts maintain a
dynamic balance to ensure the healthy bone growth (Chen et al.,
2018). In pathological conditions, this dynamic balance is
disrupted, affecting both bone structure and function (Tamma
and Zallone, 2012). The interaction between osteoblasts and
osteoclasts has been gradually recognized.

Exosomes is the medium of intercellular communication that
has attracted recent attention from research. While osteoclast
exosomes can transport miRNA and inhibit osteoblast function
(Li et al.,, 2016; Sun et al., 2016; Yang et al., 2020), osteoblasts
exosomes can also induce osteoclast formation (Deng et al,
2015). This exosome-mediated intercellular communication
between osteoblasts and osteoclasts may represent a new
mechanism for bone modeling and remodeling.

Bone homeostasis is largely maintained by the cellular
communication  between  osteoclasts and  osteoblasts.
Mpycobacterium tuberculosis lysate (MTL) stimulates mouse
osteoblasts. Osteoblast-derived exosomes induced by MTL
(MTL-OB-Exos) were isolated and extracted. Osteoclast
precursor RAW264.7 cells were induced by MTL-OB-Exos. It
was found that MTL-OB-Exos enhanced the osteoclast formation
abilities of RAW264.7 (Yuan et al., 2018; Khanna and Sabharwal,
2019). Exosomes derived from osteoblasts contain RANKL
protein, which can specifically bind to RANK on osteoclast
precursor cells and participate in the RANKL-RANK-OPG
regulatory axis to enhance osteoclast differentiation and
function (Deng et al., 2015).

Exosomes-derived miRNAs have a role in dynamic bone
homeostasis (Xie et al, 2017). It has been reported that
mineralized osteoblasts release exosomes containing miR-503-
3p. The molecular mechanism of miR-503-3p in osteoclasts
remains unclear. It was found that the isolation of exosomes
and miR-503-3p from osteoblast supernatant inhibited the
differentiation of osteoclast progenitors (Wang Q. et al,
2021). Meanwhile, Heparinase gene (Hpse), the target gene of
miR-503-3p, inhibited osteoclast differentiation by down-
regulating Hpse expression. Osteoblast-derived exosomes
inhibit osteoclast differentiation through miR-503-3p/Hpse
axis (Wang Q. et al,, 2021).

Current research on circRNA focuses on regulating cell
transcription and translation, encoding proteins and molecular
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sponge activity of miRNA (Hansen et al., 2013; Memczak et al.,
2013; Ashwal-Fluss et al., 2014). In skeletal system, circRNAs
participate in the regulation of bone remodeling through the
miRNA-mRNA axis in the form of molecular sponge (Qian et al.,
2017; Liet al., 2018; Chen et al., 2019). The exosomes of MC3T3-
E1 contain circ_0008542, which can increase tensile stimulation
and promote osteoclast differentiation and bone resorption.
Circ_0008542 upregulates Tnfrsflla (RANK) gene expression
by acting as miR-185-5p sponge. Specifically, circ_0008542 exerts
a molecular sponge effect in osteoclasts through the miR-185-5p/
RANK axis and gradually upregulates osteoclast differentiation
(Wang W. et al., 2021). Meanwhile, circ_0008542 1916-1992bp
fragment increased m6A methylation levels, inhibited RNA
METTL3, all of which
differentiation and bone resorption. Injection of circ_0008542

methylase induced osteoclasts
+ ALKBHS5 into the tail vein of mice reversed the same effect in
vivo. Site-directed mutagenesis showed that the 1956bp on
circ_0008542 was the m6A functional site with the above
biological functions (Wang W. et al, 2021). The RNA
methylase METTL3 acts on the m6A functional site of 1956bp
in circ_0008542, which promotes competitive binding of
circ_0008542 to miR-185-5p. This binding results in increased
expression of the target gene RANK and the initiation of
osteoclast bone resorption. In contrast, the RNA demethylase
ALKBHS5 inhibits circ_0008542 binding to miR-185-5p, thereby
correcting the bone resorption process (Figure 2).

5 Osteocyte-Exos-mediated
communication within the skeletal
micro-environment

Exosomes secreted by osteoblasts, osteocytes, osteoclasts, and
other cells in the skeletal microenvironment influence bone
formation and reabsorption. Also, exosomes affect bone tumor
and lesion (Xie et al., 2017; Wang Q. et al., 2021; Hu et al., 2021).
Osteocytes can regulate the functions of osteoblasts and
osteoclasts by sensing systemic or local stimuli and secreting
various cytokines and signaling molecules. Osteocytes derived
factors, which can

exosomes contain many osteogenic

significantly ~ enhance the targeted recruitment and
osteogenesis of BMSCs.

It was found that miR-218 expression was significantly
down-regulated in exosomes released by myostatin treated
osteocytes (Qin et al., 2017). After endocytosis by osteocytes,
Runx2 expression was down-regulated through the Wnt
signaling pathway, thus inhibiting osteoblast differentiation.
However, there was no significant change osteoclast activity of
osteoclasts after exosome endocytosis (Qin et al., 2017). Sato et al.
(2017) reported that the levels of 12 miRNAs, including miR-
3473a, miR-6244, miR-5621-5p and miR-6239, in plasma
exosomes of mice with reduced bone cells were significantly

reduced. It is suggested that specific miRNA derived from
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osteocyte-Exos plays a biological role in bone remodeling. In
addition, osteocyte-Exos carrying miR-124-3p can inhibit
galectin-3 expression in osteoblasts under high glucose
conditions, thereby reducing periodontal bone mass in
diabetic periodontitis mice (Li et al., 2020). Whether this
relevant mechanism is applicable in the treatment of diabetic
OP still needs further experimental verification.

Osteocytes are mechanically sensitive cells that respond to
external stimuli by regulating their secretion groups. Exosomes
exposed to mechanical strain facilitate proliferation and
osteogenic differentiation of human periodontal ligament stem
cells (HPDLSC). High-throughput miRNA sequencing showed
that miR-181b-5p was upregulated in exosomes exposed to
mechanical strain. It may inhibit phosphatase and tensin
homolog (PTEN). Meanwhile, protein kinase B (Akt) was
enhanced (Lv et al,, 2020). However, the research on osteocyte
is still relatively new. Further research on osteocyte-Exos can
provide a foundation for understanding bone remodeling and
bone diseases (Figure 3).

6 Osteoclast-Exos-mediated
communication within the skeletal
micro-environment

Inflammatory bone disease is caused by bone loss caused by
abnormally activated osteoclasts. Osteoclasts phenotypes and
functions vary based on precursor cell origin, cytokine
expression, and  microenvironment-dependent  factors.
(iOCLs) their

immunosuppressive effect relative to OCL under physiological

Inflammatory osteoclasts lose
conditions, which induces TNF-a-producing CD4"T cells in an
antigen-dependent manner. This change ultimately leads to
iOCL cascade amplification.

Osteoclasts-derived exosomes have been shown to modulate
OCL-osteoblast communication (Yuan et al., 2018). iOCL-
derived and OCL-derived exosomes promote osteoblast
activity. We found that iOCL exosomes specifically target
osteoblasts through ephrinA2/EphA2 (Ren et al,, 2022). IOCL
exosomes were rich in IncRNA from iOCL-derived exosome
(IncRNA LIOCE), which promoted osteoblast activity after
incorporation into osteoblasts. In addition, exosomes from
IncRNA LIOCE stabilized osteogenic transcription factor OSX
by reducing ubiquitination levels of OSX. Bone loss in a mouse
model of inflammatory osteolysis was alleviated after injection of
iOCL exosomes coated with IncRNA LIOCE. The role of IncRNA
LIOCE-coated exosomes in promoting bone formation has been
confirmed in rat bone repair models (Ren et al., 2022). IOCL-
derived exosomes IncRNA LIOCE promote bone formation by
upregulating OSX expression (Ren et al, 2022). Therefore,
IncRNA LIOCE-coated exosomes may be an effective strategy
for the treatment of osteoporosis and other bone metabolic
diseases.
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Osteoclasts secrete microRNA-rich exosomes through which
miR-214 is transferred to osteoblasts to inhibit their function. MiR-
214 and ephrinA2 levels are upregulated in serum exosomes of both
patients with osteoporosis and transgenic mice models (Sun et al,,
2016). These exosomes significantly inhibit osteoblast activity. Li
etal. (2016) found that increased levels of osteoclast miR-214-3p and
serum exosome miR-214-3p were associated with decreased bone
formation in older women with fractures and ovariectomized mice.
Osteoclast-specific miR-214-3p in knockout mice showed increased
and bone formation decreased, suggesting that osteoclast exosomes
affect osteoblast bone formation (Li et al., 2016).

Osteoclast targeting antagomir-214-3p therapy can rescue bone
formation. Sun et al. (2016) found that exosomes of OCL recognized
osteoblasts by ephrin A2/EphA2 and released miR-214/miR-214-3p
into osteoblasts, inhibiting osteoblast differentiation. Yang et al.
(2020) found that miR-23a-5p was highly expressed in the exosomes
of RANKL induced RAW 264.7 cells. ALP staining showed that
miR-23a-5p inhibits osteoblast activity.

Osteoclast-derived  exosomes containing miR-23a-5p can
effectively  inhibit osteogenic  differentiation by inhibiting
Runx2 and promoting transcriptional coactivator YAP (YAP)-
mediated MT1DP. Runx2 is the target gene of miR-23a-5p, which
interacts with YAP. Runx2 and YAP suppress putative
metallothionein MT1DP (MT1DP) expression, which to promotes
osteogenic differentiation by regulating Hepatocyte nuclear factor 3-«
(FoxA1) and Runx2 (Yang et al., 2020) (Figure 4).

7 Summary

With the development of biomedicine, exosomes as drug
carriers have attracted extensive attention of researchers (Yeo
et al, 2013). Several exosome-based drug formulations are
currently undergoing clinical trials, and some have recently
been approved for clinical use. Exosomes have successfully
encapsulated bioactive molecules such as curcumin, paclitaxel,
neurotoxin-I, and dexamethasone, all of which improve
biodistribution and controlled release (Chen et al., 2009;
Hines and Kaplan, 2013). Exosomes can promote cell
signaling via the endocrine or paracrine systems. Depending
on the content within the exosomes (such as RNA, lipids,
functional proteins and other active substances attached to
them), exosomes can regulate the biological behavior of cells.

Transplantation of BMSC-Exos showed similar biological
functions to BMSCs. BMSC-Exos can up-regulate the osteogenic
gene expression and promote osteoblast proliferation and
differentiation as well as bone regeneration. In BMSC-Exos,
miRNA plays an important role in osteoclast differentiation.
MiRNA can promote or inhibit osteoclast differentiation by
binding specific non-coding regions. It is also a targeted
regulatory point for coupling of osteoclasts and osteoblasts.
Regulating miRNA in BMSC-Exos may be a potential method
to attenuate the imbalance of bone metabolism in osteoporosis.
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Osteoblast-Exos can promote bone differentiation of BMSCs by
Wnt/f-catenin
transcription factors and miRNA in osteoblast-Exos enhance

activating signaling  pathway.  Specific
BMSCs differentiation. Osteoblast-Exos also serve as a medium
for communication between osteoblasts and osteoclasts. Related
IncRNA in osteoclast-Exos promote bone formation by up-
regulating the expression of osteogenic genes. Related
miRNAs in osteoclast-Exos are transferred into osteoblasts
and affect osteoblast differentiation and bone formation. It is
believed that the future studies on exosome of bone cells will play
an important role in the occurrence and development of bone
metabolic diseases and provide new ideas for fundamental

research and clinical diagnosis of bone related diseases.
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Tight junction disruption through
activation of the PI3K/AKT
pathways in the skin contributes
to blister fluid formation after
severe tibial plateau fracture
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Background: Acute compartment syndrome (ACS) is an orthopedic emergency
that commonly occurs after severe tibial plateau fracture. Fracture blisters form
on the skin, and it was found in our previous study that when blisters form, the
compartment pressure significantly decreases. However, the potential
mechanism underlying this pressure decrease has not yet been elucidated.

Methods: To obtain a comprehensive understanding of the changes that occur
after blister formation on the skin, the changes in tight junction expression in the
skin after tibial plateau fracture were observed. Blister samples and normal skin
were collected from patients with bicondylar tibial plateau fractures with or
without blisters. The epidermis thickness was measured, and the difference in
the levels of K1, K5, K10, and skin barrier proteins such as claudin 1, claudin 2,
and occludin between the two groups was evaluated by immunochemistry
analysis, immunofluorescence, Western blotting, and qPCR.

Results: The skin was thinner and the levels of K1, K5, and K10 were significantly
decreased in blistered skin. Furthermore, the PI3K/AKT pathway was found to be
activated, and the tight junction expression was significantly decreased in
blistered skin. This indicates that the paracellular pathway, which is essential
for accelerating fluid accumulation in blisters and indirectly decreases
compartment pressure, was activated.

Conclusion: Changes in the tight junction expression after blister formation
may underlie blister fluid formation and indirectly explain the decrease in
compartment pressure under blistered skin after severe tibial plateau fracture.

KEYWORDS

tibial plateau fracture, fracture blisters, tight junctions, acute compartment syndrome,
paracellular pathway
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Introduction

The treatment of severe tibial plateau fractures after high-
energy trauma in adults is challenging. Acute compartment
(ACS) is
emergency that is commonly encountered in severe tibial

syndrome always considered an orthopedic
plateau fractures. Among the numerous physical signs after
fracture, blisters on the skin have been reported to be a
common indicator found in approximately 2.9% of all
fractures requiring hospitalization (Uebbing et al., 2011). Two
types of fracture blisters have been observed: one is a blood-filled
blister, which represents more severe injury to the skin with
complete separation of the dermo-epidermal junction; and the
other is the serous-filled blister that exhibits only partial
separation of the dermo-epidermal junction (Strebel et al., 2020).
A fracture blister is a phenomenon observed on the skin, and
its importance has generally been ignored in orthopedic and
dermatologic studies. The presence of these blisters frequently
alters the proposed treatment or timing of surgery. The reason
for these changes is the fear of wound breakdown or surgical site
infection when an incision is made through a blister bed. In our
previous research, it was found that when blisters appeared, the
compartment pressure was lower than when they did not appear
(Guo et al., 2021). It was therefore assumed that the formation of
skin blisters might be a potential method of myofascial pressure
release (Guo et al., 2019). However, whether the skin can release
or transmit the abnormally increased tension or pressure
originating from the compartment through its own regulation
is still unknown. Therefore, an exploration or observation of the
changes after blister formation on the skin would be beneficial to
explain the reason for the decreased compartment pressure.
The skin, which comprises the epidermis, dermis, and
hypodermis, can protect our body from harmful or poisonous
external environments. The epidermis is the outermost layer
composed of multilayered epithelial tissue, and the barrier
function of the skin is mainly provided by the corneocytes
that are connected through corneodesmosomes and lamellar
the 2019).
Furthermore, also

stratum al.,
tight, gap,

contribute to the protective skin barrier (Draelos, 2012).

lipids  in corneum (Jung et

and adherens junctions
Among them, tight junctions (TJs) create an intercellular
barrier limiting the paracellular movement of solutes and
material across epithelia. In general, the architecture can be
with
barrier proteins (claudins, occludin, etc.), linked to peripheral

conceptualized into compartments transmembrane
scaffolding proteins. Furthermore, there has been gradual
recognition among physiologists studying epithelial transport
that TJs, which have been considered to be impermeable
structures, are actually variably permeable to ions and solutes
(Fromter and Diamond, 1972). Many studies have focused on TJs
and their regulators as therapeutic targets (Gamero-Estevez et al.,
2019; Lobo de Sa et al,, 2019; He et al., 2020). Quercetin, a

common flavonoid was reported to improve the intestinal TJ
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barrier and reduce the rate of kidney stone formation by inducing
phosphatidylinositol-3-kinase (PI3K)/protein kinase B (AKT)-
regulated claudin expression changes (Gamero-Estevez et al.,
2019).

It was

that there are three

distinguishable processes when blisters occur: the loosening

previously reported

of the structure, a phase of discontinuity, and fluid
accumulation (Bork, 1978). However, no experiments on TJ
changes in blistered skin in tibial plateau fractures have been
conducted, and the pathways for fluid migration or
accumulation remain unknown. To obtain a comprehensive
understanding of the TJ changes in blistered skin in tibial
plateau fractures, this research collected the patient skin from
bicondylar tibial plateau fractures and explored the T] changes
in the blistered skin with the objective of explaining the
reasons for the potential ability to release or transmit the
abnormally increased tension or pressure originating from the
fractured compartment.

Materials and methods
Demographic data

The medical records for severe tibial plateau fractures with or
without ACS (Schatzker V and VI) in our department were
included in this research. This study was approved by the
Regional Ethics Committee of the Third Hospital of Hebei
Medical University (S2020-022-1) and was performed in
accordance with the ethical standards in the 1964 Declaration
of Helsinki. The clinical trial number of this research was
NCT04529330. The inclusion criteria were as follows: fracture
patients with Schatzker V or VI who were older than 18 years.
The exclusion criteria were pathologic or extra-articular
proximal tibial fracture and those patients with 18 years of age
or younger. Normal skin (10 samples from individuals with tibial
plateau fractures who did not have blisters, control group, CG)
and blistered skin (12 samples from individuals with tibial
plateau fractures who had blisters, blister group, BG) were
collected from the operation procedure (Figures 1, 2), and
informed written consent was obtained from all of the
enrolled patients. There were no significant differences in
demographic data between the two groups (Table 1). The
blister and normal tissues were collected around the main
fracture line position, and the size of each sample was
approximately 1 cm?” Each tissue sample was divided for use
in various assays.

Histopathology

A 4% paraformaldehyde PBS (pH 7.4) solution was
utilized to fix the skin for 1 day at 4°C. The skins were then
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FIGURE 1

(A) Anterior-posterior X-rays of a Schatzker VI tibial plateau fracture. (B) Lateral view of this fracture. (C) Fracture appearance with a serous-filled
blister observed on the skin around the fracture site (proximal tibia) after admission. (D) Blister became larger after 1 day, and the patients were not
subjected to fasciotomy. When a blister was observed, the intracompartmental pressure decreased significantly.

Schatzker

FIGURE 2

(A) Anterior-posterior X-rays of another Schatzker VI tibial plateau fracture. (B) Lateral view of this fracture. (C) Fracture appearance with a
blood-filled blister. The blood-filled blister was larger than the serous blister observed in Figure 1. (D) Blister became larger after 1 day, and a similar
phenomenon in which the intracompartmental pressure decreased after the appearance of the blood-filled blister was observed.

processed for standard dehydration in graded alcohol and evaluation with standard methods. Light microscopy
embedding in paraffin. Sagittal 3 um sections were cut (Nikon eclipse C1, Nikon, Japan) was used to obtain
(Microm HM360, Waldorf, Germany), and hematoxylin histological images, which were processed with built-in
and eosin (HE) staining was used for histological software (Nikon DS-U3).
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TABLE 1 The demographic data in CG and BG.

CG BG P
Gender
Male 7 10 —
Female 3 2 0.406
Age 463 + 7.6 459 + 7.0 0.821
Fracture Type
Schatzker V 4 7 —
Schatzker VI 6 5 0.392
Chronic Disease
Normal 5 7 —
Hypertension 3 4 —
Diabetes 2 1 0.729
Acute complications
Artery injury 0 0 —
VTE 3 1 0.293
Open injury 0 0 —

Immunohistochemical staining

Normal or blister human skin samples were cut into 3 um
slices, and a rehydration procedure was sequentially applied with a
descending ethanol series. Next, a high-pressure cooker was used
to conduct antigen retrieval (pH 8.0, Servicebio, G1106, Wuhan,
China) for 20 min, followed by three cooling phases over 5 min. To
block endogenous peroxidase activity, the sections were placed in
3% hydrogen peroxide and incubated at room temperature in the
dark for 25 min. The sections were placed in PBS (pH 7.4) and
shaken on a decolorizing shaker 3 times for 5min each time.
Bovine serum albumin (BSA; 3%) was added to the circle to evenly
cover the tissue, and the tissues were sealed for 30 min at room
temperature. Anti-keratinl (Servicebio, GB14050, 1:100, Wuhan,
China), anti-keratin 5 (Servicebio, GB14016, 1:100, Wuhan,
China), and anti-keratin 10 GB14051, 1:100,
Wuhan, China) antibodies were used to evaluate the difference

(Servicebio,

between the two groups. After incubation with the primary
antibodies, the sections were placed in PBS (pH 7.4), washed
by shaking on a decolorizing shaker three times (5 min each time),
and incubated with secondary antibody (HRP-labeled) at room
temperature for 5 minutes. Hematoxylin (Sigma, St. Louis, MO,
United  States) All
immunohistochemistry images were obtained and analyzed by

was used for nuclear staining.

microscopy and with a relative imaging system (Nikon E100).

Immunofluorescence staining

Commercial primary antibodies, including anti-occludin
(Servicebio, GB-111401, 1:500, Wuhan, China), anti-claudin 1
(Servicebio, GB14066, 1:100, Wuhan, China), anti-claudin 2
(Servicebio, GB14068, 1:100, Wuhan, China), anti-keratin 1

Frontiers in Bioengineering and Biotechnology

22

10.3389/fbioe.2022.946261

(Servicebio, GB14050, 1:100, Wuhan, China), anti-keratin 5
(Servicebio, GB14061, 1:100, Wuhan, China), and anti-keratin 10
(Servicebio, GB14051, 1:100, Wuhan, China) were diluted. After
incubation with the primary antibodies, the samples were washed
with PBS three times (5 min each time). Next, the samples were
incubated with secondary antibodies at room temperature for 5" min
in darkness. After three washes with PBS (5 min each time), DAPI
(Sigma, St. Louis, MO, United States) was used for nuclear staining.
All TF images were obtained by microscopy and with a relative
imaging system (Nikon Eclipse C1). To quantify the level of protein
expression, Image] software was utilized to generate a mask, which
was applied to each corresponding protein channel being quantified
(occludin, claudin 1, claudin 2). The mean pixel intensity was used to
quantify each region that overlapped with occludin labeling.

Western blotting

Fresh human skin tissues were cut into very small pieces. The
appropriate amount of cytoplasmic protein extract was then
mixed in. The tissue was homogenized in RIPA buffer
(Servicebio). The protein concentrations were determined with
a BCA protein concentration measurement kit. The skin samples
were then separated by SDS-PAGE and electrotransferred to
polyvinylidene fluoride (PVDEF; 0.45 um) membrane (Roche,
Basel, Switzerland) at 300 mA for 30 min. The membrane was
then blocked in a TBS buffer containing 3% BSA for 30 min at
37°C. Then, the membrane was incubated with primary
antibodies at 4°C overnight and HRP-conjugated secondary
antibodies for 30 min. The results from the two groups were
compared within the software Image].

RNA preparation and quantitative real-
time PCR

Real-time PCR was used to investigate the total amount of
RNA isolated from the normal and blistered skin samples. The
isolated RNA was quantified, reverse transcribed, and analyzed
by qRT-PCR (Stepone plus, ABI, United States). The PCR
primer sequences for occludin were 5'-TTCCTATAAATC
CACGCCGG-3'" (forward) and 5'-TGTCTCAAAGTTACC
ACCGCTG-3' (reverse); those for claudin 1 were 5'-CTGTGG
ATGTCCTGCGTGTC-3’ (forward) and 5'-ACTGGGGTCATA
GGGTCATAGAAT (reverse); those for claudin 2 were 5'- TTG
GGCTTGGTAGGCATCGT-3' (forward) and 5'- CAGGAA
TCCCGAGCCAAAGA (reverse); and those for P-actin were
5'- CACCCAGCACAATGAAGATCAAGAT-3' (forward) and
5= CCAGTTTTTAAATCCTGAGTCAAGC-3' (reverse). The
cycling conditions were set as follows: 25°C for 5min, 42°C
for 30 min, and 45 cycles of 85°C for 5s. The mRNA levels
were normalized to the corresponding f-actin levels in
human skin.
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FIGURE 3

(A) Normal skin was stained with HE, and the cornified layer in the epidermal layer was intact. (B) Blistered skin was stained with HE and observed

by light microscopy. The epidermal layer was disrupted (blue arrow) and separated from the dermis, with a small portion of the stratum basale
retained (dotted yellow line), which explained the quick recovery of the blistered skin (red arrow). (C) Comparison of skin thicknesses in the two
groups. CG: control group; BG: blister group.
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FIGURE 4

Immunohistochemical images of the two groups with antibodies against cytokeratins K1, K5, and K10. The epidermal layer was disrupted and
separated from the dermis, while a small portion of the stratum basale was retained in the BG. The cytokeratins were distributed nonhomogeneously
in the residual middle layer of the epidermis. The intensity scores for K1, K5, and K10 in the two groups were compared, and the expressions of K1, K5,
and K10 were significantly decreased in the BG. K1: cytokeratin 1, K5: cytokeratin 5, K10: cytokeratin 10. (Bars = 200 um, *: p < 0.05, **: p < 0.01,

and ***: p < 0.001).
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(A-C) Immunofluorescence analysis of normal and blistered skin. Images of immunofluorescence staining of the cytokeratins K1, K5, and K10 in
the two groups. In accordance with the immunohistochemical results, the number of positively expressing cells was compared for K1, K5, and K10,
and the positive expression rate was significantly decreased in the BG. (D) Representative Western blots of cytokeratins K1, K5, and K10 in control and
blistered human skin. It was observed that the expression of the three cytokeratins was significantly decreased in the BG group. *: p < 0.05, **
p < 0.01, and ***: p < 0.001)

Statistical analysis

Continuous data are presented as the means with
Mann-Whitney U

standard  deviation.
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tests

were

conducted for comparisons between the two independent
groups, and Kruskal-Wallis H tests were used to conduct
comparisons among three independent groups. Homogeneity
of variance for continuous variables was evaluated using the
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Immunohistochemical images of PI3K and AKT in normal and blistered skin. The number of cells expressing PI3K or AKT in the two
groups was compared, and the expression of PI3K or AKT increased significantly in blister skin compared with normal skin. (Bars =

200 and 50 um, *: p < 0.05, **: p < 0.01, and ***: p < 0.001).

Levene test for equality of variances. For all analyses in this
research, significance was set at the p < 0.05 level. All analyses
were conducted using SPSS version 22.0 (IBM Corp,
Armonk, NY).

Results

Human blistered skin demonstrated a
decrease in epidermal differentiation
markers

Compared with the normal corneum stratum in the
normal skin, the cornified layer was completely disrupted
and disappeared in blistered skin, as observed by the
histology of HE-stained skin. The epidermis was separated
from the dermis, and a portion of the stratum basale was
retained (Figure 3). The thickness of the epidermis was
significantly decreased in the BG compared with that in the
CG (p < 0.001).

To further analyze the changes after blister observation,
and  Dblistered
immunohistochemistry against cytokeratin 1 (K1), 5 (K5),
and 10 (K10). It was demonstrated that in blistered skin, K1,
K5, and K10 were distributed nonhomogeneously in the

normal skin  were analyzed with

residual middle layer of the epidermis, namely, the
spinous layer and granular layer, while control tissues
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showed that the expression was distributed uniformly
within the intact middle layer. Furthermore, there was no
significant difference in localization, but the intensity
decreased in blistered skin (Figure 4). IF analysis (Figures
5A-C), Western blotting, and PCR (Figure 5D) further
confirmed these results. The expressions of K1, K5, and
K10 were decreased in blistered skin compared with
normal skin.

Phosphatidylinositol-3-kinase/protein
kinase B expression was upregulated, and
epidermal expression of tight junctions
was decreased in blistered skin

Immunohistochemistry with antibodies against PI3K or
AKT was conducted, and the expressions of PI3K and AKT
increased significantly in blistered skin compared with
normal skin (Figure 6). To further analyze the effects of
blisters on the epidermis, the treated tissues were subjected
to IF staining with antibodies against target T] proteins,
including claudin 1, claudin 2, and occludin. As a type of
TJ] protein, the expression of occludin was decreased
significantly in blistered skin but normally distributed in
normal skin. The expression of claudin 1 and 2 also
decreased significantly in blistered skin compared with the
control group (Figure 7).
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Blistered skin exhibited downregulated
occludin and claudin 1 and 2 protein
expressions and increased
phosphatidylinositol-3-kinase/protein
kinase B pathway proteins

Occludin and claudins 1 and 2 are signaling molecules in the
skin barrier. Western blot analysis revealed that the protein
expressions of occludin and claudins 1 and 2 in the blister
group were markedly decreased compared to those in the
control group. Furthermore, Western blot analysis of PI3K,
pPI3K, and AKT was performed and the expression of PI3K
and AKT was found to have increased compared with that in the
control group. These results further suggested that the blisters
observed in the skin after tibial plateau fracture could contribute
to increased fluid accumulation in human skin (Figures 8A-C).

Blistered skin exhibited downregulated
occludin and claudins 1 and 2 mRNA
expressions

To investigate the effect of the blisters on epidermal or
dermal differentiation, the mRNA levels of occludin and
claudins 1 and 2, which are proteins involved in the
formation of the epidermal barrier, were evaluated using
qPCR. The expressions of occludin and claudins 1 and
2 mRNA were found to be significantly decreased in blistered
skin. The mRNA expression levels of PI3K, p-PI3K, and AKT
were significantly increased in blistered skin (Figure 8D).

Discussion

Patients with severe tibial plateau fractures (Schatzker V and
VI) were enrolled in this study due to the relatively severe fracture
pattern and the fact that more blisters are observed in these patients
than in patients with other tibial plateau fractures or fractures in
other areas. Undoubtedly, blisters have always been a recognized
entity observed on human skin, but blisters observed above tibial
plateau fractures have continually been ignored in orthopedic
studies. Fracture blisters are known to be associated with
increased infection rates and wound breakdown, and the current
research focused on the pathological characteristics of blistered skin
has attempted to illustrate skin changes and determine the potential
mechanism of fracture blister fluid formation. The expression of T]s
was significantly decreased in blistered skin, and the paracellular
pathway was opened, which contributed to the formation of blister
fluid. This study opens a new door for understanding and
explaining fracture blisters, which have been associated with
reduced compartment pressure in the clinic.

Epithelia are sheets of cells that line body cavities and external
surfaces in multicellular organisms. One key function of the
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epidermis is to act as a physical and chemical barrier that allows
the selective transportation of solutes and water between
compartments (Giinzel and Yu, 2013). However, the definite
mechanism of fracture blister fluid formation is still not clear,
and many phenomena cannot be reasonably explained. First, it
was found that manual intradermal injection of fluid under maximal
pressure with a syringe did not result in blister formation
(Stoughton, 1957). Furthermore, equal high pressures have also
been observed in the corium in diseased states. Therefore, it seems
very unlikely that the pressure itself can directly cause blister
formation. Second, the blisters resulting from friction do not
cause the direct separation of epidermal cells from the corium,
which is actually secondary to the cell damage incurred by friction
(Stoughton, 1957). Third, Bork (1978)reported that negative
interstitial fluid pressure and the colloid osmotic pressure of the
interstitial fluid were the main factors affecting blister fluid
formation. However, the amount of fluid in the blister was
potentially large, and the fast accumulation of blister fluid cannot
be reasonably explained by only intracellular filtration pressure.
Therefore, an understanding of the fluid transport mechanism in the
skin is essential and beneficial to revealing the mechanism of fluid
accumulation and decreased compartment pressure when blisters
are observed in the skin above severe tibial plateau fractures.
Many factors can affect the permeability of the skin; for example,
epidermal integrity can be disrupted by disulfide bond cleavage
agents such as sodium lauryl sulfate and hydrogen bond breaking
agents. It has also been reported that thermal injury can release
enzymatic factors that cause the breakdown of intercellular bridges
and result in epidermal cells separating from each other.
Furthermore, the blood-brain barrier consists of TJs between
endothelial cells that inhibit the transcellular or paracellular
passage of molecules across it, and it was reported that circulating
TJs were increased when the integrity of the blood-brain barrier was
disrupted (Kniesel and Wolburg, 2000; Jiao et al., 2015). Similarly,
epidermal cells are also attached to each other at their lateral
membranes through a complex of intercellular junctions, such as
TJs or zona occludens, and TJs are considered the major determinant
of paracellular permeability (Stoughton, 1957; Ahmad et al., 2011).
Researchers studying epithelial transport and TJs, which have always
been considered to be impermeable structures, noted that they are
actually variably permeable to ions and solutes (Van Itallie and
Anderson, 2014). Consistent with the aforementioned research, it
was found that the blistered skin in tibial plateau fractures had
significantly decreased expression of T] proteins such as claudins
1 and 2 and occludin. Along with the decreased expression of TTs, the
AKT signaling pathway is considered to play an important regulatory
role in the formation and maintenance of TJs. The results here
illustrated that the expression of PI3K and AKT was increased in
blistered skin compared with that in the control group, which
indicates the potential role of PI3K in regulating the expression
of TJs. Immunohistochemical images also showed that the staining
intensity of cytokeratins 1, 5, and 10 decreased or even disappeared,
reflecting that the epidermal integrity was disrupted in blistered skin.
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FIGURE 7
Immunofluorescence images of occludin, claudin 1, and claudin 2 in normal and blistered skin. The nuclei were stained with DAPI (blue), and red
fluorescence indicates the lineage markers. The OCLN (A), CLDN1 (B), and CLDN2 (C) levels in each group were compared, and it was illustrated that
the expression of these TJ markers decreased significantly in blister skin compared with normal skin. OCLN: occludin, CLDN1: claudin 1, CLDN 2:
claudin 2. (Bars = 200 and 50 pym, *: p < 0.05, **: p < 0.01, and ***: p < 0.001).

It was also found that some residual epidermis of the stratum basale
was retained with the decreased TJ expression. Therefore, after
understanding the importance of TJs in the paracellular pathway
of skin, it was concluded from our experimental results that
decreased TJ expression in blistered skin was beneficial to the
paracellular transportation of ions and solutes.

Due to the structural changes in blistered skin, fluid can migrate
from the interstitial space into the blister space through the
disrupted TJs. To achieve migration, physical forces that act on
the interstitial fluid in the interstitial space must be present. What we
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hypothesized was that the high compartment pressure in a tibial
plateau fracture, which is due to abnormal physical forces, might be
conducted through the fascia tissue, muscles, and hypodermis to the
interstitial space under the skin. Then, the fluid is pushed into the
blisters, although transcellular or paracellular pathways adjusted
after tight conjunction expressions were decreased during the
process of fracture blister fluid formation. As the volume of fluid
in the Dblister increases, the compartment pressure decreases.
Furthermore, blood blisters are always observed in the clinic and
can actually be identified as a marker of the disruption of TJs.
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(A) Representative Western blots of the proteins OCLN, CLDN1, and CLDN2 in control and blistered human skin. (B) Representative Western
blots of the proteins PI3K, AKT, and P-AKT in control and blistered human skin. (C) Expressions of the OCLN, CLDN1, and CLDN2 proteins were
significantly decreased and those of PI3K, AKT, and pAKT were significantly increased in blistered skin compared with normal skin. OCLN:
occludin, CLDNI1: claudin 1, CLDN 2: claudin 2. (*: p < 0.05, **: p < 0.01, and ***: p < 0.001). (D) mRNA expression levels of occludin and
claudins 1 and 2 were measured by qRT—-PCR, and it was found that occludin, claudin 1, and claudin 2 expressions were decreased in blistered
skin. In contrast, the mRNA expression levels of PI3K, p-PI3K, and AKT were significantly increased in blistered skin. The results are expressed as

the mean + SEM. ***: p < 0.001.

Electron-dense molecules such as hemoglobin are not permeable
through the paracellular pathway under normal conditions. Studies
have also shown that hemoglobin freely diffuses through the
intercellular space but stops at the level of the TJ (Farquhar and
Palade, 1963; Martinez-Palomo et al, 1971; Whittembury and
Rawlins, 1971). Therefore, TJ disruption in blistered skin can be
identified as an essential mechanism to accelerate fluid accumulation
in blisters and indirectly decrease compartment pressure.

There are limitations to this research. One is that fluid migration
was not monitored in real-time, and in our following research, tracer
agents such as ruthenium red will be added to illustrate fluid
transportation. However, experiments in humans are not easily
conducted, so related animal experiments will be used to test the
validity of our hypothesis. Second, related transcellular pathways
were not explored here, and piezo or transient receptor potential
vanilloids will be detected in our subsequent research in fascia and
skin tissue samples. Crushing injury or vascular injury was also not
considered in this study. To obtain a more comprehensive

understanding of ACS, more patients and other injury
mechanisms will be compared in our follow-up research.
Conclusion

In conclusion, the epidermal layer was disrupted

and separated from the dermis with a portion of stratum
basale residue, and the expression of TJ] proteins such as
claudins and occludin decreased significantly in the blistered
skin, thus resulting in reduced barrier function. The changes in
TJs after blister observation may be a potential channel for
explaining blister fluid formation, which indirectly explains the
decreased compartment pressure under blistered skin after
severe tibial plateau fracture. The paracellular pathways
regulated by T7Js are regulated under physiological conditions
and affected under pathological fractured states through the
PI3K/AKT pathways.
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Interaction between N6-
methyladenosine and autophagy
in the regulation of bone and
tissue degeneration
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Hongmou Zhao*

Department of Foot and Ankle Surgery, Honghui Hospital of Xi'an Jiaotong University, Xi'an, China

Bone and tissue degeneration are the most common skeletal disorders that
seriously affect people’s quality of life. N6-methyladenosine (m6A) is one of the
most common RNA modifications in eukaryotic cells, affecting the alternative
splicing, translation, stability and degradation of mRNA. Interestingly, increasing
number of evidences have indicated that m6A modification could modulate the
expression of autophagy-related (ATG) genes and promote autophagy in the
cells. Autophagy is an important process regulating intracellular turnover and is
evolutionarily conserved in eukaryotes. Abnormal autophagy results in a variety
of diseases, including cardiomyopathy, degenerative disorders, and
inflammation. Thus, the interaction between m6A modification and
autophagy plays a prominent role in the onset and progression of bone and
tissue degeneration. In this review, we summarize the current knowledge
related to the effect of m6A modification on autophagy, and introduce the
role of the crosstalk between m6A modification and autophagy in bone and
tissue degeneration. An in-depth knowledge of the above crosstalk may help to
improve our understanding of their effects on bone and tissue degeneration
and provide novel insights for the future therapeutics.

KEYWORDS

degenerative, disease, M6A, autophagy, mRNA, osteoporosis

1 Introduction

Bone and tissue degeneration are common disorders with societal and economic
impacts. The most common skeletal degeneration includes osteoporosis, arthritis, and
lumbar muscle degeneration, and the common tissue disorders include intervertebral disc
degeneration (IVDD) and disc herniation. The above degenerative disorders are
characterized by dysfunctional bone- or tissue-derived stem or progenitor cells, and
aberrant activation of signaling pathways such as the PTEN, WNT, SIRT1 pathways, and
other related signaling pathways (Xiong et al., 2019a; Mi et al., 2020a; Zhang et al., 2023).
Currently, researchers in the field of degeneration have focused on discovering the
molecular mechanisms mediating the regeneration process and developing new
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therapeutic strategies for improving the health of patients
diagnosed with bone and tissue degeneration (Xiong et al,
2019b; Yu et al., 2020).

N6-methyladenosine (m6A) is one of the most prominent
post-transcriptional modifications in eukaryotic mRNA (Mi
et al,, 2020b; Ren et al.,, 2022). m6A functionally regulates the
eukaryotic transcriptome by influencing mRNA splicing, export,
subcellular localization, translation, stability, and decay. Thus,
aberrant m6A methylation modulates biological processes and
promotes human diseases (Li et al., 2022a). Numerous studies
have revealed that m6A methylation plays a crucial role in the
regulation of the degeneration process and mediates the
occurrence and progression of multiple degeneration-related
disorders (Li et al., 2022b; Peng et al, 2022). Intriguingly,
prior studies reported that epigenetic modifications including
m6A methylation played a prominent role in autophagy
regulation (Tang et al, 2022; Wilkinson et al, 2022).
Moreover, m6A modification has been reported to directly
regulate the expression of autophagy-related (ATG) genes and
modulate the cellular autophagy level, and the effects of the m6A
methylation on autophagy are dependent on the disease context
(Han et al., 2021).

In this review, we aim to summarize the current findings
related to the effect of m6A modification on autophagy, and
introduce the crosstalk between m6A modification and
autophagy with regards to bone and tissue degeneration. An
in-depth knowledge of the m6A modification-autophagy axis
may expand our understanding of their effects on bone and tissue
degeneration and provide novel insights for developing novel
therapeutic strategies in the future.

2 The current sight of m6A
modifications

m6A modification is one of the most abundant modifications
in eukaryotic mRNA and is regulated by both m6A
methyltransferase and demethylase, which are specifically
recognized and bound by the m6A recognition protein (Chen
et al, 2022a). m6A modification is dynamically controlled by
“writers”, “erasers”, and the “readers”, which are the main
methylation-related reading proteins (Table 1) (Shen et al,
2022a). m6A modification affects different stages of mRNA
processing including its splicing, nuclear output, stability and
translation, and plays a crucial role in gene expression (Zheng
et al, 2022). In recent years, owing to the continuous
of methylated RNA
technology (MeRIP), methylated RNA immunoprecipitation

development immunoprecipitation

sequencing (MERIP-seq), liquid chromatography-tandem
mass spectrometry (LC-MS/MS) and high-throughput
sequencing, the methylation modification sites and

distribution can be thoroughly identified and analyzed (Sun
et al,, 2022; Wang et al., 2022). Currently, m6A modifications
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have been reported to be involved in the modulation of a variety
of chronic inflammatory conditions, pathological processes, and
metabolism-related diseases (Grenov et al., 2022; Yang et al,
2022).

2.1 Enzymes involved in m6A
modifications

m6A  “Writers”, the m6A methyltransferase complex,
catalyzes the transfer of methyl groups from S-adenosyl
methionine (SAM) to the nitrogen atom at the 6th position of
adenine (Yu et al,, 2021). m6A writers includes METTL3,
METTL14, WTAP, KIAA1429 (VIRMA), RBM15, HAKAJ,
ZC3H13 (KIAA0853), and METTL16 (Qi et al, 2022). The
METTL3-METTL14 methyltransferase complex has been well-
documented for its regulatory role in m6A methylation (Liu et al.,
2014; Wang et al., 2016). An excellent piece of previous work has
suggested that METTL3 primarily functioned as the catalytic
core, while METTL14 provided the RNA-binding platform,
providing a prominent framework for the functional research
of m6A methylation (Wang et al., 2016). Furthermore, another
study revealed that METTL3 could interact with the homologous
protein METTL14, and form a heterodimer complex, and that
the METTL3/METTL14 complex co-catalyzed —m6A
modification of the target RNA (Liu et al, 2014). In addition
to the METTL3-METTL14 methyltransferase complex, m6A-
METTL-associated protein complex (MAPC) was also widely
reported to be involved in the initiation of m6A modification.
The MAPC is mainly formed by the interaction of the junction
proteins including WTAP, KIAA1429, RBM15, ZC3H13 and
HAKAI (Zhang et al,, 2022). Although the RNA splice factor
WTAP, has no methyltransferase activity, it acts as a connector
protein to recruit the m6A-METTL complex to localize at the
nuclear speckle, and thereby regulates the location of m6A
modification (Paramasivam et al., 2021). Increasing number of
studies have reported new m6A “writers”, such as METTLS5,
METTLI16, and ZCCHC4 (Oerum et al., 2021; Ruszkowska,
2021), suggesting that RNA methyltransferases may include
the reported proteins as well as other components, which
need to be identified.

m6A “erasers” are able to “elucidate” m6A modifications of
the target RNA. Up to date, the fat mass and obesity associated
protein (FTO) and ALKB homolog 5 (ALKBH5) are the main
components of the m6A demethylases (Shen et al., 2022b). FTO-
mediated m6A demethylation has been widely found in multiple
biological processes (Li et al., 2017; Wang et al., 2021; Chen et al.,
2022b). Li et al. (Li et al., 2017) demonstrated that FTO had a
prominent oncogenic role in the development of acute myeloid
leukemia (AML) in an m6A-dependent manner. Specifically,
FTO
leukemogenesis, and suppressed all-trans-retinoic acid-
mediated AML cell differentiation, through the reduction of

promoted  leukemic cell transformation and
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mo6A levels in ASB2 and RARA mRNA transcripts (Li et al.,
2017). In bone homeostasis, it was reported that FTO was able to
markedly suppress the osteoblastic differentiation of bone
marrow derived mesenchymal stem cells (BMSCs) through the
demethylation of the m6A modification of runt related
transcription factor 2 (Runx2) mRNA (Wang et al., 2021).
Intriguingly, Chen et al. (Chen et al,, 2022b) found that FTO
enhanced the osteogenic differentiation of BMSCs by reducing
the stability of PPARG mRNA in an YTHDFI1-dependent
manner. These seemingly contradictory findings suggest that
the role of FTO in regulating bone formation requires further in-
depth and accurate investigation. As the second class of m6A
“erasers”, ALKBH5 is a Fe’* and a -ketoglutarate-dependent
non-heme oxygenase, with a strong ability to demethylate m6A
methylation of mRNA (Yu et al, 2022). Up-regulation of
ALKBH5 was found to promote demethylate in osteosarcoma
cells and suppress cell proliferation and migration, which
suggested that ALKBH5 could serve as a potential therapeutic
target for treating human osteosarcoma (Yang et al., 2022).
The m6A “readers” can selectively recognize the m6A
methylation modifications in the target RNA, and participate
in various of stages of RNA metabolism (Zhang and Su, 2022).
“Readers” include proteins containing YTH domains (YTHDF1/
2/3 and YTHDCI1/2),
including heterogenous nuclear ribonucleoprotein (HNRNP)
C (HNRNPC), G (HNRNPG), and A2B1 (HNRNPA2B1), and
insulin-like growth factor 2 binding proteins (IGF2BPs), which
are members of a protein family closely associated with several
ageing diseases (Li et al., 2022¢; Li et al, 2022d). Different
“readers” have different cellular localizations and thus perform
multiple biological functions (Li et al., 2022d). YITH domain
family protein 1 (YTHDF1) initiates RNA translation by
the
ribosomes, whereas the YTH domain family protein 2
(YTHDE2) selectively binds to m6A modified transcripts and
promotes their degradation (Li et al.,, 2022¢). YTHDF1/2 and
YTHDEFS3 play synergistic roles in promoting YTHDFI-mediated

heterogeneous  ribonucleoproteins

interacting  with translation initiation factors and

translation and suppress YTHDF2-mediated m6A modification
(Li 2022d).
YTHDEF2 induced an oncogenic and drug-desensitizing effects

et al, For example, it was reported that
in a m6A modification-dependent manner, and could potentially
serve as an immune modulating target for intrahepatic
cholangiocarcinoma therapy (Huang et al., 2022).

2.2 Effect of m6A modifications on mRNA
metabolism

mRNA transcription is the process that initiates protein
synthesis, and the post-transcriptional modulation of mRNA
is controlled by a wide variety of molecular mechanisms.
Generally, m6A methylation has been demonstrated to
regulate multiple stages of mRNA metabolism (Pan et al,
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2021; Wu et al., 2021; Chen et al,, 2022¢). Chen et al. (Chen
et al, 2022c) performed a comprehensive analysis of the
relationship between METTLI16-mediated m6A methylation
IVDD, showed that the of
METTLI16 impaired the balance between splicing, maturation,
and degradation of MAT2A pre-mRNA and exacerbated IVDD.
Furthermore, as the primary demethylase, ALKBH5 was found to
inhibit the m6 A modification of FOXO3 and enhance its stability
(Wu et al,, 2021). Here, the anti-tumor effects of ALKBH5 were
investigated in-depth, which showed that downregulation of

and and elevated levels

ALKBH5 was associated with poor prognosis in colorectal
cancer patients, and revealed that targeting the FOXO3/miR-
21/SPRY2 signaling axis could be of therapeutic value for
colorectal cancer patients (Wu et al, 2021). Similarly, the
critical role of m6A “readers” in mRNA regulation has been
well-documented (Pan et al., 2021; Xu et al., 2022). The recent
study from Xu et al. (Xu et al, 2022) demonstrated the
relationship between YTHDF2 expression and the activation
of mTOR/AKT signaling pathway, and showed that the up-
regulation of YTHDF2 induced the expression of mTOR
mRNA and exacerbated the development of lung squamous

cell carcinoma.

2.3 Effect of m6A modifications on the
maturation of non-coding RNAs

Non-coding RNAs include rRNA, tRNA, snRNA, snoRNA,
miRNA, IncRNA, and circRNA. They have a variety of known
functions, and at the same time, some of the non-coding RNAs
have unknown functions. It was widely reported that m6A
methylation is involved in mediating cell proliferation by the
induction of miRNA maturation, and the translation and
degradation of circRNA, and by altering the stability of
IncRNAs (Lin et al., 2020a; Du et al, 2022; Liu and Jiang,
2022; Yan et al., 2022). METTL3-mediated m6A modification
has been reported to promote the maturation of miR-146a-5p,
which exacerbates the development of bladder cancer (Yan et al.,
2022). Furthermore, METTL3 was previously demonstrated to
enhance the binding ability of pri-miRNA-589-5p with DGCRS,
promoting the malignant progression of hepatoma (Liu and
Jiang, 2022). indicated that
deoxycholic acid could suppress tumor development by

Similarly, a recent study

decreasing the maturation of miR-92b-3p in a m6A-
dependent manner (Lin et al, 2020a). Moreover, m6A
modification was also reported to regulate the translation and
degradation of circRNA (Du et al., 2022). circ_0095868 has been
identified as a new oncogenic non-coding RNA that was
significantly over-expressed in hepatocellular carcinoma (Du
et al,, 2022). Mechanistically, the m6A “reader” IGF2BP1 was
shown to bind to circ_0095868 and promote the stability of
circ_0095868 (Du et al., 2022). The role of m6A modification in
IncRNA metabolism has also been well-documented (Dai et al.,
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Schematic diagram of m6A methylation regulating autophagy.

2022). A recent study from Dai et al. (Dai et al., 2022) reported
that METTL16 could target the IncRNA RABI1B-ASI, and
impair its stability by elevating the level of m6A. All these
findings indicate the strong role of m6A methylation in
regulating non-coding RNAs metabolism and function.

3 Interaction between m6A and
autophagy

3.1 Overview of autophagy

Autophagosome is a double-membrane-bound structure
which is an important hallmark of the initiation of autophagy,
having the ability to bind to the target cellular components
(Affortit et al,
detrimental

2022). Tthe autophagosomes deliver the
the
enzymolysis and degradation (Affortit et al,

cellular components to lysosome  for
2022). A wide
range of ATG genes were previously demonstrated to be
involved in this regulatory process (Zhang and Klionsky,
2022). Cellular stress states such as oxidative stress injury,
hypoxia, and severe nutritional deficiency, were reported to
suppress the activity of mTOR complex and activate the Unc-
51 like kinase 1/2 (ULK1/2) signaling (Zhang and Klionsky,
2022). The activated ULK1/2 kinase could then induce the
formation of FIP200-ATG13 complex, which further increased
the level of phosphorylated ULK protein (Zhang and Klionsky,
2022). Subsequently, FIP200-ATG13 complex and the activated
phosphorylated ULK proteins recruited more ATG proteins and
promoted the formation of double-membrane autophagosomes
(Affortit et al,, 2022; Deretic and Lazarou, 2022; Zhang and
Klionsky, 2022). LC3-I1, one of the members of the LC3 family,
has been well-documented to promote the formation of
autolysosomes through the fusion of the autophagosomes to

the lysosomes (Yao et al., 2022), which is a delicately-controlled
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dynamic process called the autophagy flux (Figure 1). Currently,
emerging evidence has indicated that m6A methylation played a
prominent role in the modulation of autophagy, and that the
mo6A-autophagy axis was dependent on the disease context.

3.2 Association between m6A and
autophagy

m6A modification and the related factors regulate autophagy
by modulating ATG expression and autophagy-related signaling
pathways (Lin et al., 2020b; Li et al., 2020; Shen et al., 2022¢). Li
et al. (Li et al, 2020) found that the demethylase ALKBHS5,
suppressed the level of m6A modification of FIP200 mRNA and
induced the expression of FIP200. The FIP200-mediated
autophagy flux could subsequently reduce the apoptotic rate
of nucleus pulposus cells (NPCs), and thereby ameliorate the
development of IVDD (Li et al., 2020). Furthermore, Shen et al.
(Shen et al., 2022¢) reported that the down-regulation of m6A
modification by FTO overexpression suppressed autophagy,
which further alleviated liver fibrosis by inducing ferroptosis
in hepatic stellate cells. Similarly, METTL3 has been shown to
promote the methylation of FOXO3 and induce its binding to
YTHDFI1 to promote the translation of FOXO3 mRNA, which
further inhibited the expression of ATG and suppressed
autophagy (Lin et al., 2020b).

It is widely known that the dysregulation of autophagy
caused diseases, many of which were closely associated with
bone and tissue degeneration. Prior studies have revealed the
marked impairment of autophagy in degenerative tissues (Zhong
et al, 2022). Enhanced autophagy flux ameliorates oxidative
stress, alleviates the progression of degenerative alterations,
and enhances the cellular regenerative activity (Yao et al,
2018; Zheng et al,, 2021). Increasing number of studies have
indicated that m6A-mediated autophagy was involved in the
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The role of m6A-autophagy axis in the regulation of IVDD development and the underlying mechanisms. NPCs, nucleus pulposus cells; VDD,

intervertebral disc degeneration; MSCs, mesenchymal stem cells.

regulation of IVDD and other degenerative diseases (Yao et al.,
2018). Taken together, impaired autophagy is associated with the
development of degenerative diseases, wherein the m6A
autophagy axis plays a critical regulatory role in this process.

4 Role of m6A-autophagy axis in the
regulation of degenerative diseases

Degenerative changes in NPCs are known to aggravate
IVDD, which is the main cause of lower back pain (He et al.,
2022). It has been shown that autophagy played a beneficial role
in preventing the degeneration of NPCs and markedly
ameliorated the progression of IVDD (Li et al, 2021).
Similarly, senescence and dysregulation of MSCs are the most
prominent reasons for the onset and progression of osteoporosis.
Therefore, by enhancing autophagy, cellular senescence and
osteogenic differentiation can be significantly rejuvenated.

A recent study showed that the co-culture of MSCs and NPCs
elevated the expression of the demethylase ALKBHS5, and
inhibited m6A modification, which then enhanced the
stability of FIP200 and subsequently promoted autophagy (Li
et al,, 2020). Furthermore, the enhanced autophagy was found to
significantly promote the survival of NPCs and ameliorate the
development of IVDD (Li et al., 2020). Mechanistically, in the
cellular model of IVDD, m6A modification of FIP200 mRNA
occurred, and the m6A “reader” YTHDE2 bound to the modified
FIP200 transcripts and impaired their stability. However, in the
co-culture model with MSCs and NPCs, MSCs significantly
promoted the expression of AKLBHS5 in the NPCs, which
subsequently demethylated the FIP200 mRNAs and prevented
their Consequently, the FIP200-mediated
autophagy activity was promoted, which enhanced the
survival of NPCs (Figure 2). In the cellular and animal

degradation.
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models of osteoarthritis (OA), METTL3 expression was found
to be suppressed (He et al., 2022). Furthermore, METTL3 was
found to significantly inhibit inflammation-induced apoptosis
and autophagy in chondrocytes and was beneficial for delaying
the progression of OA (He et al, 2022). Mechanistically, the
inhibition of METTL3 decreased the levels of m6A modified
BCL-2 and impaired the YTHDFl-mediated mRNA
transcription of BCL-2 (He et al, 2022). These findings
indicated that METTL3 suppressed apoptosis and autophagy
of chondrocytes under inflammatory conditions through the
regulation of the m6A-autophagy axis.

5 Future perspectives

In summary, the above studies highlight that m6A
modification is closely associated with the autophagy process.
The up-regulation or suppression of autophagy by m6A
methylation mainly depends on the level of m6A, the function
of the downstream targets, and the changes in target RNA after
methylation. Currently, a large number of studies have
demonstrated that m6A modification could regulate the
initiation and activation of autophagy by modulating the
expression of ULKI1, FIP200, and ATG5, ATG7, respectively.
Although several researchers have focused on the molecular
mechanisms involved, further in-depth studies are urgently
needed to elucidate the interaction between m6A modification
and autophagy under different pathological conditions.

Currently, the majority of studies have focused on the
the
mechanisms of m6A on its downstream targets are still

mediators of m6A. However, direct  regulatory

unclear. For example, in hypoxia-induced cancer cells,
YTHDF1 was found to enhance autophagy in hepatoma

carcinoma cells by enhancing the translation of ATG2A and
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TABLE 1 The common “Writers”, “Erasers”, and “Readers” of m6A methylation.

Category Genes

Writer METTL3, METTL14, METTL16, WTAP,
KIAA1492,RBM15, HAKAI
Eraser FTO, ALKBH5
e
Reader YTHDF1, YTHDF2, YTHDEF3

Function

Catalyze RNA methylation in vitro and in vivo

® Mediate the demethylation of m6A

Recognize the information of RNA methylation modification and participate in the translation and

degradation of downstream RNA

ATG14 (Li et al,, 2021). Whether YTHDF1 could directly affect
the expression of ATG2A and ATG14 in an m6A-independent
manner and how the changes in m6A regulated ATG2A and
ATGI14, are topics that need further in-depth research.
Additionally, the biggest challenge for revealing the interplay
between m6A and autophagy in degenerative diseases is that
there are often multiple functions of m6A in different diseases.
m6A methylation may act as a “double-edged sword”. For
example, m6A not only inhibits the occurrence of IVDD by
amelioration of apoptosis in NPCs (Li et al., 2020), but also
aggravates apoptosis by inhibiting autophagy (Wang et al., 2020;
Chen et al., 2021a; Chen et al., 2021b). The effect of m6A-
autophagy axis in various degenerative diseases and the
associated mechanisms need further investigation.

The interaction between m6A methylation and autophagy is
a attractive topic in cellular biology research; in-depth
understanding of the regulators of RNA modification expands
the knowledge of the underlying molecular mechanisms.
However, more in-depth explorations are required to develop
novel therapeutic strategies based on the interaction between
m6A methylation and autophagy.
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Intervertebral disc degeneration (IDD) is the basic pathological process of many
degenerative diseases of the spine, characterized by series of symptoms,
among which low back pain (LBP) is the most common symptom that
patients suffer a lot, which not only makes patients and individual families
bear a huge pain and psychological burden, but also consumes a lot of medical
resources. IDD is usually thought to be relevant with various factors such as
genetic predisposition, trauma and aging, and IDD progression is tightly relevant
with structural and functional alterations. IDD processes are caused by series of
pathological processes, including oxidative stress, matrix decomposition,
inflammatory reaction, apoptosis, abnormal proliferation, cell senescence,
autophagy as well as sepsis process, among which the oxidative stress and
inflammatory response are considered as key link in IDD. The production and
clearance of ROS are tightly connected with oxidative stress, which would
further simulate various signaling pathways. The phenotype of disc cells could
change from matrix anabolism-to matrix catabolism- and proinflammatory-
phenotype during IDD. Recent decades, with the relevant reports about
oxidative stress and inflammatory response in IDD increasing gradually, the
mechanisms researches have attracted much more attention. Consequently,
this study focused on the indispensable roles of the oxidative stress and
inflammatory response (especially macrophages and cytokines) to illustrate
the origin, development, and deterioration of IDD, aiming to provide novel
insights in the molecular mechanisms as well as significant clinical values
for IDD.

KEYWORDS

intervertebral disc degeneration(IDD), inflammatory response, antioxidative therapies,
macrophages, cytokines

frontiersin.org
38


https://www.frontiersin.org/articles/10.3389/fbioe.2022.1023877/full
https://www.frontiersin.org/articles/10.3389/fbioe.2022.1023877/full
https://www.frontiersin.org/articles/10.3389/fbioe.2022.1023877/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fbioe.2022.1023877&domain=pdf&date_stamp=2022-10-10
mailto:yanming_spine@163.com
mailto:zebinghu@fmmu.edu.cn
mailto:gaobofmmu@hotmail.com
https://doi.org/10.3389/fbioe.2022.1023877
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://doi.org/10.3389/fbioe.2022.1023877

Wei et al.

1 Introduction
1.1 Background

the
pathological process of many degenerative diseases of the

Intervertebral disc degeneration (IDD) is basic
spine, which is clinically manifested as spinal stenosis,
vertebral segment instability, lumbar and leg pain, cervical
spondylosis, intervertebral disc herniation etc, and the
patient’s nerve roots and spinal cord are compressed to
produce a series of complications, among which low back
pain (LBP) is the most common symptom that patients suffer
a lot, which not only makes patients and individual families bear
a huge pain and psychological burden, but also consumes a lot of
medical resources (Li et al., 2021a). Existed studies believed that
biomechanical property is the main factor to keep the spinal
flexibility as well as mechanical stability (Lam et al., 2011), among
them pilots are the main victims that usually suffer from serious
damage to the cervical and lumbar vertebrae (Albermann et al.,
2020). But increasing researches have suggested that in addition
to biomechanical factors, the autoimmune system also behaves
an essential role in the degeneration process of IDD, including
oxidative stress, exosomes, inflammatory cytokines, etc. (Peng,
2008; Johnson et al., 2015; Li et al., 2021a; Xiang et al., 2022).
Therefore, this study combined and focused on the researches
about the roles of oxidative stress, cytokines mediums and
inflammatory reaction on IDD in recent decades, aiming to
provide novel insights in the molecular mechanisms, as well
as guidance and references for the potential therapeutic strategies
for IDD.

1.2 Structures of intervertebral disc

Intervertebral disc (IVD) is primarily comprised of three
parts, including nucleus pulposus (NP), annulus fibrous ring
(AF) and cartilage endplate (CEP). NP is a highly watery, jelly-
shaped tissue in the middle part, with a dense network of
collagen fibers located inside the NP, each layer of collagen
fibers covered with a mucopolysacly protein complex and
chondroitin sulfate, so that the nucleus of the medullary can
bind to water, acting as a fulcrum in adjacent vertebral activity,
like a ball, moving forward and backward with the flexion and
extension of the spine (Le Maitre et al., 2007). AF is surrounded
by almost concentric rings of fibers, containing three layers:
outer, medium and inner, the outer layer is composed of
collagen fiber bands, and the inner layer is composed of
fiber cartilage bands, which are tightly attached to the CEP
to keep the stability of the spine. The CEP contained fibro-
chondrite, located between the body of the vertebrae above and
lower, which could withstand pressure and prevent the
vertebrae from being overloaded by pressure (Kadow et al.,
2015). Under physiological state, due to the special location of
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the NP that is surrounded by CEP and fibrous rings, the NP
located in a closed space and is isolated from the immune
systematic reactions, which is served as the largest immune
privilege organ within body (Sun et al., 2020a).

1.3 Oxidative stress

Redox homeostasis is essential for the maintenance of
the
dysregulation of redox homeostasis would influence human

physiological process in many cellular activities,
health and is directly related to pathological conditions
(Akanji et al, 2021). Within this process, oxidative stress is
regarded as the imbalance situation between two different
states, including the generation of active metabolites and free
radicals [also known as reactive oxygen species (ROS) or
oxidants] and the removal of the above substances by
antioxidants. This imbalance has serious damage not only to
biomolecules and cells, but also to the entire organism
(Durackova, 2010). Increasing evidences have illustrated the
pivotal roles of oxidative stress in the pathogenesis of various
diseases including degenerative skeletal diseases (Kimball et al.,
2021; Kulkarni et al., 2021; Zhao et al., 2021).

ROS is the product of normal cellular metabolism, which is
mostly produced by mitochondrial respiratory chains (Poyton
et al., 2009), which can respond to changes of environmental
conditions inside/outside the cell and react accordingly to
signaling pathway modulation. In endogenous metabolic
reactions, ROS is mostly the normal product of molecular
oxygen biological reduction, such as superoxide anions (O,-),
hydroxyl radicals (OHe), hydrogen peroxide (H,0,), and
organic peroxides (Fridovich, 1978). However, the excessive
accumulation of ROS by continuous environmental stress or
other pathological processes in vivo, could induce and promote
oxidative stress, which may cause damage to Dbiological
macromolecules like nucleic acids, carbohydrates proteins and
lipids, and finally destroyed the cell structure and functions of
body (Kumar et al., 2008; Fang et al., 2009; Venza et al., 2015).

Existed studies have reported the complex antioxidative
system with different functions participated to protect the
body from excess oxidants damage, among which the
antioxidants behaved essential roles, such as glutathione
peroxidase (GPx), superoxide dismutase (SOD), catalase and
glutathione reductase (enzymatic antioxidants), and also
C/D (GSH)
antioxidants) (Sies, 1991). The theoretical foundation have

vitamin and  glutathione (non-enzymatic

also provided guidelines in the treatment IDD (Feng et al., 2017).

1.4 Autoimmune theory

1977, the of
autoimmune theory in IDD through a large number of

In Gertzbein proposed hypothesis
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animal experiments and clinical studies, he found that
degenerative disk overexpressed Toll-like receptors Toll-2
and Toll-4, which could be stimulated by the products of
extracellular matrix and enhance the inflammatory and
immune response; and the evidence for autoimmune
mechanism in IDD came from the existence of cellular
reaction through both lymphocyte transformation test and
leukocyte-migration inhibition test (Gertzbein, 1977;
Gertzbein et al., 1977). Bobechko and Hirshl reported the
responses of regional lymph nodes of rabbits with ears
implanted by autologous disc material (Bobechko and
Hirsch, 1965). In the physiological state, the NP tissue is
isolated from the body’s immune monitor due to the
encapsulation of the AF ring and the CEP, and has no
direct contact with the peripheral circulation. When the
IVD is damaged or injured, the NP tissue breaks through
the encirclement of the AF ring and the posterior longitudinal
ligament. While during repair process, the neovascular vessel
grows into the NP tissue so that the NP tissue is in close
contact with the immune system (Binch et al., 2014; Li et al,,
2022). Glycoproteins and P proteins are served as antigens in
the stroma of the NP, and the body may produce immune
response under the continuous stimulation of these antigens,
which is also involved the IVD of other segments, further

causing degeneration of the IVD (Gertzbein, 1977).

2 Oxidative stress and antioxidative
therapies in IDD

2.1 Interactions between oxidative stress/
inflammation and IDD

As previously mentioned, there remained imbalance states
between ROS production and clearance in degenerative discs.
There were a great deal of evidences that ROS was widely
participated in metabolic modulation, signaling transduction,
cell death, cell aging, phenotypic transformation of IVD cells,
which jointly to regulate the activity and functions of disc and
further accelerate the development of IDD (Feng et al., 2017).
Oxidative stress reactions caused by excessive ROS could further
stimulate a variety of aberrant signaling pathways in IVD cells,
like MAPK and NF-«kB pathways, and ultimately strengthening
both local and systemic oxidative stress (Li et al., 2021b; Chen
etal, 2022; Zhu et al., 2022). The phenotype of IVD cells changed
from matrix anabolism phenotype to matrix catabolism and pro-
inflammatory phenotype, suggesting significant matrix loss and
increased inflammation in IVD circumstances. In addition, IVD
cells also secreted chemokines that enhanced inflammation by
recruiting immune cells into the disc, which further secrete more
cytokines and chemokines in turn, thus worsening the activity
and functions of IVD cells, finally leading a vicious circle (Risbud
and Shapiro, 2014; Li et al., 2022).
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2.2 Antioxidative therapies in IDD

Glutathione (GSH) is a natural peptide and it’s the primary
antioxidant in living cells. Yang et al. (2014a) suggested that GSH
could effectively prevent the harmful effects of H202 or IL-1f in
NP, thereby inhibiting ROS production, apoptosis as well as
matrix decomposition in human NP cells. N-Acetylcysteine
(NAC) served as the progenitor of GSH, have been studied to
prevent the progression of IDD by lowering ROS levels and
weakening MAPK signaling pathway mediated by ROS or TNF-a
in AF cells (Suzuki et al., 2015). At the same time, premature
aging of IVD cells has also been improved: treatment with NAC
could reverse the NP cell apoptosis and ECM degradation; within
needle-induced disc degeneration in rat model, oral NAC
inhibited
inflammation.

oxidative  stress, stromal catabolism, and

Additionally,
supplement, NAC had few toxic side effects reports, which

commonly served as a
could be used as a great option for IVD degeneration
treatment (Seol et al., 2021; Bai et al., 2022).

Resveratrol (RSV) was a polyphenol product which mainly
existed in vegetation. Research by Li et al. reported the effective
anabolic effects of RSV about IVD homeostasis on bovine: RSV
could inhibit MMP-13 expression and promote proteoglycan
synthesis in NP cells, which could also reverse the catabolism
roles of IL-1 and bFGF which were responsible for oxidative
stress, proliferation and apoptosis. They also elucidated the
responses of multiple downstream cascade molecules after
RSV activation, of RSV better

understand, antioxidant and

which made the roles
such as anti-inflammatory,
antiproliferative effects, etc. (Li et al, 2008). Among them,
RSV could protect NP cells from degradation by elevating cell
survival and functions, which may be related to the suppression
of JAK/STAT3 phosphorylation and the decrease of IL-6
products (Wu et al, 2021). Previous studies have reported
that epigallocatechin 3-gallate (EGCG), a polyphenol product
existed in thea viridis, could inhibit the inflammation response of
diagnostic cells in vivo or in vitro, which also displayed analgesic
activity for disc-relevant radiculopathy in animals (Krupkova
et al,, 2014). Studies by Krupkova et al. have shown that EGCG
activated PI3K/AKT signaling pathway, which was an important
pro-activation mechanism under deadly oxidative stress
(Krupkova et al., 2016). Combined with these biological
effects and functions of EGCG mentioned above, we believed
that EGCG could be further used to develop new therapies for
oxidative stress in degenerative disc disease.

Pyrroloquinoline (PQQ) was a redox cofactor of bacterial
dehydrogenase, which had the potential to eliminate ROS
production and reduce apoptotic process. The results of Yang
et al. showed that PQQ enabled NP cells to exhibit high cell
viability, which inhibited excessive generation of ROS in rat NP
cells induced by H,0,, and thereby protecting NP cells from
apoptosis. It also antagonized downregulation of type II collagen
and agrican in H,O,-induced NP cells. Therefore, PQQ could be
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Origin and differentiation of macrophages. Hematopoietic stem cell (HSC)—-derived GMPs promoted the generation of MDPs and subsequently
enhanced cMoPs production, which was the direct progenitors of LY6C™ and LY6C'*" monocytes. LY6C" monocytes circulating in the blood relied

on the CCR2-dependent extravasation.

regarded as potential lead compound in the prevention of IDD
(Yang et al., 2015).

3 The roles of macrophages in the
development of IDD

3.1 Origin and differentiation of
macrophages

Mouse LY6C™/LY6C"" cells are the same as human CD14"/
CD14°*CD16"
respectively (Sun et al., 2020b). Present hematopoietic project
pointed out that hematopoietic stem cell (HSC)-derived GMPs
promoted the generation of MDPs and MDPs further enhanced
cMoPs production, which was the direct progenitor of LY6C"

monocyte/macrophage  sub  populations,

and LY6C™ macrophages, and LY6C™ macrophages circulating
in blood mostly relied on the CCR2-dependent extravasation
(Ginhoux and Jung, 2014; Guilliams et al., 2018).

Within the LY6C" and LY6C"°™
macrophage sub populations in the circulation generated
developmental with  different  functions:
Macrophage-like LY6C" cells in the blood monitored the
endothelial surface and enrolled neutrophils as needed to

homeostatic state,

continuum

manipulate the reconstruction process; they were recruited
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together and then differentiated into different states like
M2M¢, thereby secreting anti-inflammatory cytokines to
promote tissue repair. By contrast, LY6C™ monocytes served
as “canonical monocytes”, were clustered into inflammatory
region and could be regarded as the progenitors of peripheral
mononuclear phagocytes to behave roles. They would
differentiate into mature inflammatory M1M¢, contributing
to tissue degradation and T cell activation (Shi and Pamer,
2011; Yang et al., 2014b; Ginhoux and Jung, 2014; Varol et al.,
2015). LY6C™ macrophage could transform into diversity of
cells under certain circumstances, like langerhans cells,
microglia cells, kupffer cells, alveolar macrophages, and
different
macrophages could also transform into tumor-associated
macrophages with tumor development and metastasis
functions (Gentek et al, 2014; Varol et al, 2015), the
detailed developmental process of these subtypes and

intestinal macrophage in tissues.  Besides,

possible signaling pathways were shown in Figure 1.

As mentioned above, in the steady state, macrophage-like
LY6C" ™ cells acted as patrol and monitored the intravascular
dynamics, while LY6C" macrophages acted as “canonical
monocytes” and were clustered into inflammation region.
Ly6C"" macrophages were recruited together by interactive
roles of CX3CR1/CCL3 pair through LAF/ICAM1 signaling
pathway and thus transformed into M2M¢ state, secreting
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anti-inflammatory cytokines and finally enhanced the tissue
restore (Cros et al, 2010). In the aspect of vascular
inflammation, LY6C™ monocytes activated and
infiltrated into tissue by interaction roles of CCR2/
CCL2(MPC-1) through VLA-1/VCAMI1 transduction, which
were then transformed into inflammatory M1M¢ state, finally

were

contributing to tissue deterioration and T cell stimulation (Yang
et al., 2014Db).

3.2 Different roles of M1 and M2 in IDD

Basically, phenotype with high levels of IL-12, IL-23, and low
levels of IL-10 were mainly existed in M1 cells, which were
effector molecules like nitrogen intermediates, ROS, and
inflammatory mediators. As inducers and effector cells,
M1 the
Thl response, and regulated the tolerance of parasites and

macrophages  participated  in polarization
neoplasms. On the contrary, M2 macrophages mainly
possessed low levels of IL-12, IL-23, and high levels of IL-10
phenotypes, and their generated inflammatory cytokines chiefly
depended on different signaling pathways. Generally, M2 cells

were involved in the polarization Th2 response, parasite

clearance, inflammation inhibition, tissue remodeling
promotion,  angiogenesis,  tumor  progression,  and
immunomodulation.

At present, the researches of macrophages in degenerative
disc were mainly focused on M1, M2a, and M2c, the cell
markers were defined as CCR7*, CD206%, and CD163",
respectively. Studies have shown that CCR7*, CD163", and
CD206" cells were existed in human IVD. CCR7*, and
CD163" cells increased with the degree of IVD deterioration;
M1 and M2c macrophage phenotypes were highly expressed in
the IVD region with irregular and defective structures
(Nakazawa et al., 2018). CCR7* M1 phenotype was known
to secrete pro-inflammatory cytokines like TNF-a and IL-1f;
and CD163" M2c phenotype produced high levels of MMP
required for ECM remodeling; while CD206* M2a phenotype
with anti-inflammatory functions was often connected with the
ECM
decomposition as well as fibrosis (Ni et al., 2019; Li et al,
2021c). Thus, the accumulation in M1-and M2c-like cells (not
M2a) kept pro-inflammatory and remodeling state in IDD

last stages of wound healing, tissue restore,

without transitioning to wound healing. In addition, all three
macrophage markers in epes increased significantly with the
degree of deterioration, while only CCR7* in NP increased
significantly, and macrophage markers did not exist in the AF
region (Nakazawa et al., 2018). Therefore, the trend between the
positive rate percentage and degradation grade of macrophage
markers did not always match the changes in each region across
IVD. Compared to normal CEP cells as well as the irregular
morphology and organization of these cells, the degradation
trends of CCR7*, CD163*, and CD206" macrophages in CEP
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gave evidence for the hypothesis that exogenous macrophages
infiltrated through the CEP, especially through cell migration
from the CEP to NP region, which has already been well
described (Jimbo et al., 2005; Jia et al., 2020).

CHI3L1, namely chitinase 3-like 1 protein, was a secretory
glycoprotein which promoted tumor infiltration and migration
in various neoplasms by elevating the expression levels of
matrix metalloproteinase (MMPs) family genes (Studer et al.,
2011; Fang and Jiang, 2016; Jin et al., 2019). Research also
reported that the expression of CHI3L1was highly increased in
M2a compared to other types of macrophages (Wang et al.,
2019). The roles between M2a cells and CHI3L1 in IDD was
demonstrated by Li et al. through rat IDD models: M2a cells
generated CHI3L1 protein and acted on the underlying receptor
IL-13R, mediating ECM degradation in NP cells through ERK
and JNK-specific pathways rather than p38 pathways. In this
process, the recombinant CHI3L1 significantly enhanced the
expression of MMP3 and MMP9, and inhibited agglomerated
sugar and collagen II expression in NP cells. Besides, the roles
of CHI3LI of IDD was behaved
upon concentration- and time-dependent manner (Li et al,
20214).

in degeneration

3.3 Potential treatment of IDD targeting
macrophages

Wang et al. (2020a) have shown that macrophages could
activate T cells through the JAK-STAT signaling pathway,
causing a cascade of inflammatory responses. More than
50 cytokines, including IFN-y, IL-2, IL-6, IL-12, and IL-23,
which were dependent on the JAK-STAT pathway, and drugs
that inhibited the JAK protein could simultaneously prevent the
activity of these cytokines. Therefore, drugs destroying
communication networks induced by cytokines may be an
efficient way to treat these diseases including IDD.

There remained four FDA-approved JAK inhibitors
currently: Ruxolitinib, Tofacitinib, Baracitinib and
Upadacitinib. Other JAK inhibitors were in different

preclinical and clinical stages, which were mainly used to treat
multiple autoimmune and autoinflammatory diseases (Panés
et al, 2017; Ma et al, 2019). A preclinical in-vivo testing of
Tofacitinib in bovine IDD model by Li et al. have reported the
potential roles of anti-inflammatory drug Tofacitinib in
ameliorating IDD, by downregulating IL-1p, IL-6, IL-8,

MMP1, MMP3 in NP tissue, and MMP3, COX2
(cyclooxygenase-2), NGF (nerve growth factor) in AF tissue,
thereby  neutralizing  pro-inflammatory and  catabolic

circumstance in IDD model (Li et al., 2020). Besides, served
as a potent pan-JAK inhibitor, Tofacitinib could inhibit
MI1 macrophages polarization by suppressing the activation of
STAT1, which have shown prospects in the treatment of corneal
allograft rejection (Yu et al., 2022). A case report by Yi et al.
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Interactive roles of IL-17 in IDD. After IL-17 binding to its receptors, IL-17 could increase the levels of MMP-3, MMP-13 and ADAMTS-7 by
motivating the nuclear translocation of NF-xB, thus promoting ECM degradation; IL-17 stimulated the MAPK/AP-1 transduction to modulate the
generation of pro-inflammatory substances. IL-17 could induce angiogenesis by upregulating the JAK/STAT/VEGF signal axis, and prevented NP cell
from autophagy by promoting the PI3K/AKT/Bcl-2 signaling cascade. STK630921, 792151850, PB203263256, and P2000N-53454 were small
molecular drugs blocking the interaction roles between IL-17 and IL-17RA.

suggested that Baracitinib was an option in the maintenance
therapy of macrophage activation syndrome, which was
potentially beneficial to prevent the recurrence (Yi et al,
2022). of these JAK
inhibitors on IDD remained insufficient. Considering the close

However, the relevant researches
connections between these JAK inhibitors and macrophages, as
well as the macrophage roles in IDD, the relationships between
JAK inhibitors and IDD were subtle. Based on the promising
prospects of ameliorating NP cells from degradation through
JAK inhibition by recent study, we believed JAK inhibitors would
also be a kind of potential compounds in the treatment of IDD
targeting macrophages (Wu et al., 2021). More researches about
the detailed mechanisms of these JAK inhibitors in the treatment
of IDD still need further exploration.

4 The relationships between
cytokines and IDD

4.1 IL-17

In recent years, accumulating evidences suggested that IL-
17, also known as IL-17A, behaved pivotal roles in the
development of IDD, which was produced by T helper cell
17 (Th17), a sub population of CD4 T cells (Liu et al., 2019).
Unlike the classic Thl and Th2 lineages, IL-17 was absent in
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human normal AF cells and lowly expressed in normal NP cells,
while especially increased in human degenerative NP cells.
More importantly, the expression levels of IL-17 in IVD
increased with the IDD degree, displaying that IL-17 may be
an effective indicator reflecting severity of IDD (Tan et al,
2022).

Studies have suggested that IL-17 could increase the levels of
MMP-3, MMP-13, and ADAMTS-7 by motivating the nuclear
translocation of NF-«B, thus promoting ECM degradation (Tan
et al.,, 2022); IL-17 also stimulated the MAPK/AP-1 transduction
to modulate the generation of pro-inflammatory substances (Li
et al., 2016); Besides, IL-17 could induce angiogenesis by
upregulating the JAK/STAT/VEGF signal axis, and also
prevented NP cells from autophagy by promoting the PI3K/
AKT/Bcl-2 signaling cascade (Hu et al., 2017). These findings
implied the essential roles of IL-17 in the development of IDD.
STK630921, 292151850, PB203263256, and P2000N-53454 were
small molecular drugs blocking the interaction roles between IL-
17 and IL-17RA (Suyama et al, 2018; Tan et al., 2022). The
application of these inhibitors has been shown to inhibit ECM
decomposition and pro-inflammatory substances production in
IL-17-induced rat NP cells under hypoxic conditions, among
which STK630921 displayed the most effective results (Tan et al.,
2022). Consequently, IL-17 was a potential biomarker reflecting
the severity of IDD degree, and inhibitors which blocked IL-17
and IL-17RA could be served as an important direction for future
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Roles of IL-6 in IVD. IL-6 self-stimulated expression and enhances the expression of mediators like COX-2 and MMP-13, thus exacerbating IDD
progression through the JAK/STAT3 transduction. Tocilizumab was a kind of humanized monoclonal antibody against human IL-6 receptors;
CP690550 was an oral JAK antagonist, also called tofacitinib, was being developed to treat auto-immune diseases like RA.

clinical drug discovery. The detailed mechanism roles of the
current IL-17 inhibitors were illustrated in Figure 2.

42 IL-6

Suzuki et al. reported a high expression situation of IL-6
during degenerative IVD in rats and humans, which self-
amplified its own expression and promoted the expression
levels of mediators like COX-2 and MMP-13, thereby
exacerbating IVD  degeneration through the JAK/
STAT3 signaling pathway (Suzuki et al, 2017). CP690550,
also called Tofacitinib, was an oral JAK antagonist, which was
currently being developed as the effective approach for RA
(rheumatoid arthritis) and other auto-immune diseases
(Ohtori et al., 2012). CP690550 also significantly inhibited IL-

6-mediated gene expression to ameliorate IDD by
pharmacological inhibition of JAK3 activity (Ohtori et al.,
2012; Suzuki et al, 2017). These findings strongly

demonstrated a causal relationship between the IL-6/JAK/
STAT3 cascade reactions and the development of IDD.
Therefore, this intracellular pathway could provide evidence
for targeted treatment of preventing IDD. There is evidence
that epidural Tocilizumab was effective in relieving low back pain
for patients with IDD (Ohtori et al., 2012), as shown in Figure 3.

Moreover, recent clinical data suggested that IL-6 could also
be a reasonable and efficient target in bone degenerative disease
in addition to IDD. The humanized monoclonal antibody
Tocilizumab against human IL-6 receptors has been widely
applied in the treatment of RA, indicating the essential roles
of target therapy based on IL-6 in skeletal destructions (Smolen
et al.,, 2008).
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4.3 IL-p

Numerous studies have found that IL-1p was involved in the
development of IDD through different ways. IL-1p behaved roles
in creating pro-inflammatory/degenerative IVD conditions;
When exposure to IL-1B, the production of mononuclear
IL-6, IL-8,
prostaglandin E2 increased significantly (Yuan et al, 2018).

cytochemical — aspiration  proteins-1, and
Additionally, exposure to IL-13 stimulated the production of
IL-17 in degenerative IVD cells, which has been elaborated above
(Gruber etal., 2013). IL-1p could also improve its own generation
by promoting the activation of NLRP3 inflammasomes, while the
NLRP3 inflammation and NF-«B activation could be blocked by
IKK-p selective inhibitor Bay11-7082 (Zhang et al., 2017; Chen
et al,, 2020). Consequently, BAY11-7082 may also be a potential
aspect of IDD clinical drug therapy research, the detailed
mechanisms need further exploration.

In terms of oxidative stress, Liu et al. demonstrated that IL-1f
could significantly increase ROS and catabolic activity within
mouse vertebral bone marrow stromal cells (vBMSCs), this
process could be effectively prevented by fullerol (Liu et al,
2013). Therefore, considering the connections about IL-13 and
fullerol in IDD and ROS respectively, fullerol may be served as a
valid biological therapy to treat IDD, further experimental
studies need to focus on fullerol to validate these effects.

4.4 TNF-a

Existed researches have demonstrated that TNF-a could
promote the accumulation of IL-6, IL-8 and IL-17 in AF cells,
stimulating the secretion of inflammatory substances such as NO
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and PGE2, and aggravated the inflammatory response, the same
as IL-1B (Huang et al., 2020; Qi et al., 2020). Furthermore, Liu
et al. have found that the TNF-a stimulated IVD cells could
expression enhance the expression levels of CCL3, CCL20,
CXCL2, and CXCL5 genes, which were associated with the
ECM decomposition, damage, inflammatory reactions, and the
regulation of apoptosis (Gabr et al., 2011). Besides, TNF-a could
improve the levels of intercellular adhesion molecules (ICAM-1)
in human IVD cells, which was one of the most important pairs
of adhesion molecules (Wang et al, 2020b). Thus, more
relationships between TNF-a, ICAM-1 and IDD were worth
studying.

5 Summary and outlook

The pathogenesis of IDD is complex, involving multiple
cellular activities and multiple regulatory pathways. In this
review, we discussed the pivotal roles of oxidative stress and
inflammatory response in IDD and potential therapies with oral
drugs. There remained imbalance between ROS production and
clearance in degenerative discs, oxidative stress reactions caused
by excessive ROS could further stimulate a variety of signaling
pathways and ultimately strengthen both local and systemic
oxidative stress. Besides, natural antioxidants such as GSH,
RSV and PQQ all provided promising prospects in the
treatment of IDD, which were used to develop novel therapies
in IDD.

Additionally, macrophages and cytokines also played
important roles in inflammatory response through various
signaling pathways, providing a great number of targets to
treat IDD including JAK inhibitors, IKK-B selective inhibitor
and humanized monoclonal antibody against human IL-6 andIL-
17 receptors, etc. However, the drug treatment of IDD based on
the targets mentioned above remained little studied, thus there is
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Ischemic stroke is one of the major contributors to death and disability
worldwide. Thus, there is an urgent need to develop early brain tissue
perfusion therapies following acute stroke and to enhance functional
recovery in stroke survivors. The morbidity, therapy, and recovery processes
are highly orchestrated interactions involving the brain with other tissues.
Exosomes are natural and ideal mediators of intercellular information
transfer and recognized as biomarkers for disease diagnosis and prognosis.
Changes in exosome contents express throughout the physiological process.
Accumulating evidence demonstrates the use of exosomes in exploring
unknown cellular and molecular mechanisms of intercellular communication
and organ homeostasis and indicates their potential role in ischemic stroke.
Inspired by the unique properties of exosomes, this review focuses on the
communication, diagnosis, and therapeutic role of various derived exosomes,
and their development and challenges for the treatment of cerebral ischemic
stroke.

KEYWORDS

exosomes, ischemic stroke, blood vessels, neuron, inflammation, the blood-brain
barrier (BBB), engineered exosomes

1 Introduction

Exosomes were first discovered in sheep reticulocytes in 1983 (Zhang et al., 2020a).
Johnstone et al. tracked transferrin receptors during the maturation of reticulocytes and
found that the formation of exosomes is the mechanism for the loss of transferrin
receptors in mature red blood cells (Johnstone et al., 1987). The International Society for
Extracellular Vesicles uses the generic term extracellular vesicle (EV) to refer to particles
that are naturally released from cells, enclosed in a lipid bilayer, and cannot replicate.
Exosomes are considered subtypes of EVs. Some studies have compared EVs recovered
using medium-speed centrifugation (referred to as large oncosomes, ectosomes,
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microvesicles, cell debris, or large or medium EVs) with those
recovered using 100,000 x g ultracentrifugation (referred to as
exosomes in the first four studies or small EVs in the last two);
some of these studies used different density gradients for
separation (Théry et al, 2018). Both prokaryotic and
eukaryotic cells can release exosomes in either normal or
pathological states. When secreted into the extracellular space,
exosomes play a critical role in cell-cell communication by
delivering bioactive substances between source and recipient
cells. They also have targeting abilities and inherit specific
characteristics. Thus, exosomes are of particular interest in
biology because their formation involves a distinct
extracellular regulatory process (Kalluri and LeBleu 2020).
Under the

pathological processes, some cell-derived exosomes undergo

conditions of specific physiological and
biological variations that include changes in the expression of
proteins and nucleic acids. These are used to investigate
mechanisms of biodegradation and biosynthesis, pathogenic
injury, organ remodeling, and tissue repair (Sharma et al,
2019; Cheng et al, 2020). Although purification and
identification of exosomes remain challenging, exciting
discoveries concerning their molecular mechanisms in the
field of stroke have emerged and their potential in diagnostic
and therapeutic functions has been demonstrated (Yang et al,
2018a; Shin et al., 2020; Zhang et al., 2021a).

Extensive advances in the epidemiology, etiology,
mechanism, and prognosis of stroke have been made;
however, safe and effective treatments have not been
developed for most patients. Disability and death are a huge
burden on patients and their families worldwide (Zhang et al.,
2020b). Cerebral stroke is an acute cerebrovascular disease that
includes ischemic and hemorrhagic stroke. Ischemic stroke is the
main type of cerebral stroke wherein blood cannot flow to the
brain, resulting in the blockage of blood vessels, leading to brain
tissue injury (Liang et al., 2016; Hong et al, 2019). When
thrombogenesis blocks blood flow in the brain, the energy
supply is disrupted, causing damage to the blood vessels and
neuronal death. Blood-brain barrier (BBB) breakdown occurs in
the first few hours after ischemic stroke and influences the
permeability, induces secondary neuron inflammation, and
accelerates the process of ischemic tissue damage (Liebner
et al, 2018; Tuo et al, 2022). Meanwhile, an inflammatory
reaction induced by gliocyte activation could also potentiate
damage to the integrity of the BBB (Walsh et al, 2021).
Primary cerebral ischemic treatment is to restore blood flow
as soon as possible after the onset of symptoms. Alteplase is a
recombinant tissue plasminogen activator (rt-PA) and only
approved to treat cerebral ischemia stroke by the
United States Food and Drug Administration. However, its
therapeutic potential is limited by the hemolytic risk and
short treatment window (4.5h), with only a few patients
benefitting from its use (Ishiguro et al, 2012; Bruch et al,
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2019; Anfray et al, 2021). Therefore, finding a new
therapeutic strategy against ischemic stroke is crucial.
Numerous studies have explained the mechanisms of
ischemic stroke and ischemia/reperfusion (I/R) and offered
several strategies for the use of exosomes for their diagnosis
and treatment (Fei et al., 2021; Sun et al., 2021; Zhu et al., 2021).
This review briefly describes exosomal biogenesis, collection
methods, and communication. It investigates the role of
exosomes in the diagnosis, neuroprotection, angiogenesis,
anti-inflammation, and the BBB in ischemic stroke and
focuses on the development of engineered exosomes. It reveals
the mode of communication in various parts of the body in the
ischemic stroke environment and the use of exosomes in repair
or protective mechanisms. This review also reveals the challenges
faced in these studies and provides new strategies for future
research and therapeutic schemes for clinical treatment.

2 Exosomal composition and
communication

2.1 Exosomal biogenesis and composition

Associating an EV with a particular biogenesis pathway
remains extraordinarily difficult unless the EV is captured
during release using live imaging techniques. Furthermore,
using fluorescent exosome labeling and animal imaging
technologies, the acting positions of exosomes can be
dynamically tracked with the aim of providing technical
support for increased accuracy in gene therapy. However,
most studies suggest that exosomes are generated through a
process involving the double invagination of the plasma
membrane and formation of intracellular multivesicular
bodies (MVBs) containing intraluminal vesicles (ILVs) (Théry
et al., 2018). Exosomes are initially formed by endocytosis. The
cell membrane is internalized to generate endosomes. Thereafter,
many vesicles are formed within the endosome by internalizing a
portion of the endosomal membrane. Finally, MVBs fuse with
the cell membrane, releasing the intraluminal endoplasmic
vesicles into the extracellular space to form exosomes
(Gruenberg and van der Goot 2006). During this biogenesis
process, exosomes carry multiple bioactive components,
including proteins, nucleic acids, and lipids, and play a role in
the biological functions especially in cellular communication.
(Théry etal., 2002) (Figure 1). The heterogeneity of exosomes not
only mirrors their size, content, and cellular origin but also
reflects a regulated sorting mechanism. Ongoing technological
and experimental advances are likely to yield valuable
information regarding their heterogeneity and biological
function(s), as well as enhance our ability to harness their
therapeutic and diagnostic potential. Developing more
standardized purification and analytical procedures to study
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The biogenesis and contains of exosome.

exosomes will potentially lead to the uncovering of their
functional heterogeneity (Kalluri and LeBleu 2020).

The exosome membrane is a phospholipid bilayer structure
with a lipid composition, and it contains are similar to the
plasmalemma component of the source cell. (Jeppesen et al.,
2019).
intramembrane proteins. Membrane proteins are found in

Exosomal proteins include membrane and
almost all exosomes, such as several tetraspanins (CD9, CD63,
and CD81) and major histocompatibility complex class IT (MHC
II). Tetraspanins play important roles in normal (e.g., cell
adhesion, motility, activation, and proliferation) and
pathological conditions (e.g., metastasis and viral infection)
(Yu et al,, 2017). By contrast with many other cell surface
proteins, CD9 does not have an obvious receptor function; it
may participate in the organization of surface multiprotein
complexes through association with other transmembrane
molecules, including integrins, ADAMs, and signal receptors,
thereby mediating various cellular and physiological functions

(Liu et al., 2019a). CD63 interacts with many different proteins
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either directly or indirectly. Its interaction partners include

integrins  (a4pl, a3pl, a6fl, LFA-1, and f2), other
tetraspanins (CD81, CD82, CD9, CDI51), cell surface
receptors (MHCII, CD3, FceRl, and CXCR4), kinases

(phosphatidylinositol 4-kinase and the Src family tyrosine
kinases Lyn and Hck), adaptor proteins (AP-2, AP-3, and AP-
4), and other proteins, including L6 antigen, syntenin-1, TIMP-1,
H, K-ATPase, and MT1-MMP (Pols and Klumperman 2009).
CD81 has an important function in the immune system. Proteins
such as ezrin and the small GTPase Racl have been suggested to
interact with the C-terminal domain of CD81, providing a
potential link between tetraspanins and the cytoskeleton (Sala-
Valdés et al., 2006). CD9, CD63, and CD81 are considered
exosome markers. Exosomes are known to display two main
types of MHC molecules: MHC I and II. MHC I is recognized by
CD8" T-cell and MHC II is recognized by CD4" T-cell. MHC
molecules can bind both self and non-self peptides. MHC I bind
short (roughly 8-14 residues) peptides derived from intracellular
proteins, such as phosphorylated peptides. MHC II molecules are
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primarily expressed in antigen-presenting cells, and bind longer
peptides (roughly 12-25 residues) (Racle et al., 2019). Thus,
interactions of MHC in exosomes with immune cells can provide
novel immunotherapy strategies for ischemic stroke. Moreover,
peripheral surface proteins include Wnt and are rich in
extracellular matrix (ECM) proteins, which play a role in
adhesion and signaling (Zhang et al, 2015; Lerner et al,
2020). Another class of extracellular factors outside the
membrane includes transforming growth factor (TGF-f). In
addition to external characterization, there is inclusion
characterization, and exosomes contain unique proteins,
including heat shock proteins (HSP70, HSP90), ESCRT
of ESCRT-0, ESCRT-1, ESCRT-2,
ESCRT-3, and a class of exosomal scaffolding protein Alix
(Pegtel and Gould 2019).

Exosomal nucleic acids contain DNA, mRNA, and non-

complexes composed

coding RNA. An increasing number of researchers noted the
function of mRNA and non-coding RNA in exosomes. The
mRNA component carried by exosomes has been shown to
enter the plasma membrane and can be translated into
proteins (Valadi et al., 2007). Particularly, specific microRNAs
(miRNAs), 18-25
categorized as small non-coding RNA. They can control the

approximately nucleotides long, are
expression of specific genes by binding to complementary
sequences in the 3’ untranslated regions (UTRs) of target
mRNA transcripts to inhibit or activate mRNA translation
and transcription (Sun et al, 2018a; Isaac et al, 2021).
miRNAs play a vital information transfer role in intercellular
communication by transferring large amounts of biological cargo
encapsulated in recipient cells to regulate posttranscriptional
miRNAs the

development of neurodegenerative diseases (Kojima et al,

gene expression. are also involved in
2018), neuropsychiatric disorders (Xu et al, 2012), and

tumors (Zhao et al., 2020).

2.2 Intercellular communication

Previously, exosomes were considered cellular debris.
However, emerging research results in multiple fields have
shown that it is a critical player in mediating intercellular
communication (Lande et al., 2020). The biological process of
exosomes include initiation, endocytosis, polycystic formation,
and fusion with the plasma membrane; this process is precise at
every step. mRNA, miRNAs, and other cargo in exosomes can be
released by source cells to deliver messages to neighboring cells
and distant cells, thereby regulating the function of recipient
cells. Exosomes allow for the intercellular transport of proteins
and RNA and are also capable of antigen presentation (Chen
et al, 2019). They make contact with target cells in three ways:
firstly, exosomal membrane proteins bind to recipient cell
membrane proteins, activating intracellular signaling pathways
in recipient cells. Secondly, exosomal membrane proteins are
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undetected on the source cell membrane. This indicates that, in
an extracellular matrix, the sheared fragments produced by
proteases cleave exosomal membrane proteins and could act
as ligands to combine with receptors on the membrane and
activate intracellular signaling pathways. Thirdly, the exosomal
membrane and that of the recipient cell fuse directly, leading to
the release of proteins, mRNA, and miRNA in their cargo
(Zagrean et al.,, 2018). Thus, exosomes enable communication
between neighboring cells and between source and distant cells
through humoral circulation without direct contact (Koide et al.,
2022). In several studies, the exosome-mediated transfer of
miRNAs has (NVU)

interaction in brain remodeling and cerebral ischemic protection.

explained the neurovascular unit

3 Extraction and identification of
exosomes

3.1 Method of exosome extraction

Exosomes that occur naturally or that are engineered require
sensitive extraction and analysis techniques for subsequent
research on ischemic stroke. Currently, the gold standard
technique for isolation and purification of exosomes from
biological fluids or cell supernatants is ultracentrifugation or a
combination with ultrafiltration membranes (density gradient
centrifugation) (Yan et al., 2019). Density gradient centrifugation
has been performed on exosomes in a sample enriched with
of 1.13-1.19g/ml by
ultracentrifugation (Wang et al, 2014). Immunomagnetic

sucrose in a density range

extraction is another innovative method of enrichment and
This
membranes to express specific proteins, which are separated

extraction of exosomes. method uses exosomal
and enriched based on the specific binding of antigens and
antibodies and the magnetic properties of magnetic beads
(Clayton et al., 2001). Therefore, the exosomes extracted using
the immunomagnetic method are of high purity. This method is
not limited by instruments and reagents and is suitable for use
with urine, blood, cell medium, and other sample types (Cai et al.,
2018). However, specificity is both an advantage and a
disadvantage because exosomes secreted by different cells
differ in the type of membrane protein expression as well.
Specific antibody-modified immunomagnetic beads are not
universally applicable when extracting exosomes from
different cell sources. In experiments, several methods are

often combined to save time and improve purity.

3.2 Physical characterization
Conventional optical microscopes with magnification limits

close to the size of exosomes (a diameter of 30-100 nm) are
important; however, they are not adequate for observation. The
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TABLE 1 Summary of various exosomes in ischemic stroke.

10.3389/fbioe.2022.980548

Derived Pre-treatment Cargo Change Outcome References
BMECs OGD/R - - Protect PC12 cells against OGD/R injury Zeng et al.
(2020)
BMECs OGD microRNA- Downregulated Suppressed OLs apoptosis Xiao et al.
134 (2019)
MECs MCAO mice miR-542-3p Downregulated Prevented ischemia-induced glial cell inflammatory Cai et al. (2021)
response
OGD TLR4 Upregulated
ASCs OGD/RP miR-22-3p Upregulated Alleviate brain ischemic injury Zhang et al.
(2021b)
Primary stem = OGD/R EA treated = miR-146b Upregulated Promotes the differentiation of endogenous neural stem | Zhang et al.
cell cells improve neurological injury after ischemic stroke | (2020b)
DPSCs - - - Alleviated neurological impairment Li et al. (2020c¢)
iPSC-NPCs - - - Promoting the survival and growth of neurons Li et al. (2021a)
usC MCAO rats miR-26a - Promoted both proliferation and neuronal Ling et al.
differentiation of NSCs after OGD/R (2020)
NSC OGD - - Neuroprotection against experimental stroke Sun et al. (2019)
BV2 Treated with IL-4 miR-137 Upregulated Attenuated neuronal apoptosis decreased infarct volume | Zhang et al.
(2021¢)
Astrocyte OGD - - Suppress autophagy Pei et al. (2019)
Ameliorate neuronal damage
Astrocyte OGD miR-17-5p Upregulated Improved neurobehaviors Du et al. (2021)
Reduced neuronal apoptosis
Astrocyte OGD/R miR-34c Upregulated Reduces neurological damage Wu et al. (2020)
HUVECs OGD miR-1290 Upregulated Protects neurons by attenuating apoptosis Yue et al. (2019)
HUVECs H/R miR-21-3P Downregulated Inhibited neurons apoptosis Jiang et al.
(2018a)
Serum Young rats CD46 High expression Attenuated synaptic dysfunction and improve post- Zhang et al.
stroke functional recovery (2021d)
ECEs Ischemic rats Proteins and Altering miRNAs and target Promotes axonal growth of cortical neurons Zhang et al.
miRNA protein profiles (2020¢)
ADSCs MCAO rat miR-181-5p Upregulated Promote the angiogenesis of BMECs after OGD Yang et al.
(2018a)
BMSCs - miRNA-29-3p | - Promoting angiogenesis Hou et al.
(2020)
Suppressing neuronal apoptosis
BMSCs CXCR4 transfect - - Promote the proliferation and tube formation for Li et al. (2020d)
angiogenesis
Protecting brain endothelial
MSCs - miR-126 Overexpressing Enhance the survival and angiogenic function of H/ Pan et al. (2019)
R-injured EC
MSCs - miR-132-3p Overexpressing Reducing cerebral vascular ROS production, BBB injury, = Pan et al. (2020)
and brain injury
Microglial OGD miR-424-5p Upregulated Cell damage Xie et al. (2020)
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TABLE 1 (Continued) Summary of various exosomes in ischemic stroke.

10.3389/fbioe.2022.980548

Derived Pre-treatment Cargo Change Outcome References
BV2 IL-4 miR-26a Upregulated Promoted the tube formation Tian et al.
(2019)
ADSCs - miR-30d-5p Overexpressing Suppression of autophagy Jiang et al.
(2018b)
Reduced the OGD-innduce inflammatory response
ADSCs Hypoxic pre-treated = circ-Rps5 Upregulated Improved cognitive function by reducing neuronal Yang et al.
damage (2022a)
SCs - - - Ameliorate brain injury cause by cerebral I/R Zhang et al.
(2021¢)
BMSCs Hypoxia - - Alleviating OGD/R-induced injury Yu et al. (2021)
preconditioning
Promoting the anti-inflammatory polarization of
microglia
BMECs - - - I/R injury-induced M1-polarized microglia could be Liu et al. (2021)
shifted toward M2 phenotype
BMSCs Hypoxic pre-treated = - - Neuroprotective effects against NLRP3 inflammasom- | Kang et al.
mediated pyroptosis (2021)
hUCMSCs miR-26b-5p - Repress M1 polarization of microglia by targeting Li et al. (2020a)
CH25H to inactivate the TLR pathway
hwJ-MSC - - - Reduced microglia-mediated neuroinflammation Thomi et al.
(2019)
Plasma melatonin-treated - The miRNA profiles changed = Decreased the infarct volume Wang et al.
(2020)
Reduces the secretion of inflammatory cytokines
Alleviate inflammation
Microglial GW4869 treated - - Reversed ischemia-induced microglial activation, Gao et al. (2020)
inflammatory response
Cortical OGD miR-181c-3p Downregulated Decreased astrocyte expression of CXCL1 and Song et al,,
neurons inflammatory factors 2019a
BV2 Treated with IL-4 miR-124 Knockdown Attenuated ischemic brain Song et al,,
2019b
Promoted neuronal survival
bEnd.3 OGD Protein and Changes of exosomal miRNA | Provide new therapeutic targets for BBB protection in | Yang et al.
miRNA and surface protein profiles ischemic stroke (2021b)
Macrophage - - - Cross the BBB Yuan et al.
(2017)
Deliver BDNF to the brain
Neuron - miR-132 - Maintain brain vascular integrity Xu et al. (2017)
ECFCs - - - Increased TJ protein expression Gaoetal. (2018)
Contribute to BBB integrity
MSCs - - - Improve BBB integrity Williams et al.
(2020)
NSCs - - - Protect the integrity of the blood-brain barrier Webb et al.
(2018)

physical characterization of exosomes, including morphology,
size, and distribution, is often measured by more precise
microscopic techniques (Raposo and Stoorvogel 2013; Hong
et al, 2019). electron (SEM),

Scanning microscopy
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transmission electron microscopy (TEM), and atomic force
microscopy (AFM) are reliable and widely used techniques.
They are different in the manner in which they analyze
TEM for observation of the internal

exosomes. allows
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structure. SEM primarily allows observation of the morphology
and has a stereoscopic sense; however, it is limited to the surface
structure of exosomes (Pascucci et al., 2014; Tegegn et al., 2016).
The advantage of AFM is that the samples are intact, and the
requirements for sample analysis can be readily met compared
with those of SEM and TEM, as exosomes can be directly
analyzed in atmospheric and liquid environments. Dynamic
light scattering can calculate the drug encapsulation rate of
exosomes and test their stability in different environments
before and after encapsulation. Furthermore, nanoparticle
tracking analysis (NTA) allows simultaneous analysis of
particle size and concentration of exosomes, and when the
concentration is too low, NTA can satisfactorily perform the
detection. Compared with other techniques, NTA guarantees the
original state of the exosomes and has faster detection.

The most commonly used method for determining exosome
purity is the quantification of the total protein amount and total
particle number. and lipid amounts and the total number of
particles. Thus, ratios of proteins: particles, lipids: particles or
should be global
quantification estimation estimates as a measure of purity and
thus reliability of the quantity measure (Théry et al., 2018).

lipids: protein reported along with

4 Pathogenesis and potential
therapeutic role of exosomes in
ischemic stroke

Ischemic stroke is caused by reduced cerebral blood flow and
insufficient supply of oxygen to the brain tissue due to vascular
embolism. The longer the condition persists, the more serious the
brain damage. However, while treatments reopen the occluded
cerebral vessels, the pathological damage to the ischemic tissues,
blood vessels, and the nervous system is often further aggravated
or even irreversible, and the clinical symptoms worsen, causing
cerebral I/R injury. Exosomes are also part of this physiological
process, allowing critical intercellular ~communication.
Numerous researchers found that exosomes could cross the
BBB and communicate using proteins, mRNA, or miRNA in
the NVU to maintain the homeostasis of the central nervous
system (CNS) (Forr¢ et al., 2021). Furthermore, various derived
exosomes repair injured tissues and exhibit anti-apoptotic, anti-
inflammatory, and protection on nerves and vasculature. Table 1
summarizes the relevant studies on various derived exosomes in

ischemic stroke.

4.1 Neuroprotection and nerve
regeneration

A stroke is among the leading causes of death, and post-

stroke neurological disorders are the leading cause of disability
worldwide (Liang et al., 2017). Following the onset of ischemic
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stroke, nerve injury worsens with prolonged ischemia. Moreover,
the effect of cerebral I/R injury on neurological damage and brain
dysfunction is severe. Stem cells have multiple differentiation
potentials and differentiation and developmental plasticity. In
previous studies, conditioned medium derived from various stem
cells was shown to be effective in treating I/R injury (Mathew
et al.,, 2019; Li et al., 2020a; Lee et al., 2021; Tian et al., 2021).
Studies have indicated that bone marrow mesenchymal stem cell
(BMSC)-derived exosomes could increase neuron viability in
oxygen-glucose deprivation/reperfusion (OGD/R) by reducing
NLRP3 inflammatory vesicle-mediated scorch death via the
promotion of AMPK-dependent autophagic flux (Zeng et al.,
2020). In a study, the level of miRNA-134 from BMSC-derived
exosomes decreased while brain microvascular endothelial cells
(BMECs) were disposed of with OGD. Thereafter, the OGD-
disposed oligodendroglia cells (OLs) were treated with BMECs.
The results showed that miR-134 inhibitors exacerbated the
changes in the expression of the procaspase-8- and caspase-8-
cleaved product proteins, which was caused by ODG (Xiao et al.,
2019). Mesenchymal stem cells (MSCs) can directly affect the
function of brain parenchymal cells via MSC-exos (Cai et al.,
2021); and Zhang et al. showed that when adipose-derived MSC
(ASC)-exos and neurons were co-cultured, miR-22-3p in ASC-
exos increased, thus increasing neuron viability in vitro and
alleviating nerve injury (Zhang et al,, 2021a). In addition, tail
vein injections of several types of stem cell-free derived exosomes
for treatment of middle cerebral artery occlusion (MCAO)/R in
mice could promote neural function recovery (Sun et al., 2019;
Zhang et al., 2020¢; Ling et al., 2020; Li et al., 2021a; Li et al,,
2021b; Zhang et al., 2021b). Moreover, the level of astrocyte-
derived exosomes, including miR-3¢ and miR-17-5p, could be
used to target TLR7 and BINP2, further decreasing neuronal
damage, reducing apoptosis and oxidation, increasing neuronal
activity, and improving neurobehaviors (Pei et al, 2019; Wu
et al.,, 2020; Du et al., 2021). Endothelial cell-derived exosomes,
such as those from human umbilical vein endothelial cells
(HUVECs) and brain-derived endothelial cells (bEnd.3), could
influence I/R injury. The miRNA expression of hypoxia/
reoxygenation (H/R)-treated HUVECs changes considerably,
in that 249 and 104 miRNAs were downregulated and
upregulated, respectively. Further studies suggested that miR-
12-3p via HUVEC-exos could protect neurons against H/R
apoptosis (Jiang et al, 2018a). Through the proteomics
analysis of exosomes, a study found that pro-inflammatory
mediators (Clg, C3a, and C3b) in serum exosomes increase
whereas the exosomal levels of CD46, a C3b/C4b-inactivating
factor, decrease with age. The microglial expression of C3a, C3b,
and the C3a receptor (C3aR) increased after treatment with aged
rat-derived exosomes. By replacing aging exosomes with young
exosomes, it was possible to reverse the decline of synaptic and
neurological functions and deliver therapeutic benefits after
stroke (Zhang et al, 2021c). Non-ischemic and ischemic
cerebral endothelial cell-derived exosomes facilitate axonal
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growth by altering miRNAs and their target protein profiles in
recipient neurons (Zhang et al., 2020a).

4.2 Vascular protection and angiogenesis

It was initially thought that stem cells could accumulate in
damaged tissues and replace damaged cells by self-renewal and
directed differentiation. Recent studies showed that the tissue
repair and regenerative functions performed by stem cells are
mediated by their paracrine effects at stem cells that are less
differentiated and unstable at the site of injury (Rong et al., 2019).
There is evidence that the paracrine role of stem cells may be an
important mechanism for their function in angiogenesis.
Cerebral I/R could change the metabolism and function of
endothelial cells (ECs), which could trigger EC damage, which
may lead to cell death, and multiple signaling pathways.
Therefore, the repair of damaged ECs and the promotion of
angiogenesis in the damaged area are of vital importance in
cerebral ischemia-induced vascular injury. Adipose-derived stem
cells (ADSCs) promote cerebral blood vessel remodeling.
Similarly, ADSC-derived exosomes could act on the miRNA-
181b/TRPM? axis to improve injury of ECs subjected to OGD/R
and ameliorate mobility and angiogenesis of BMECs; therefore,
miR-181-5p contributes to angiogenesis (Yang et al., 2018b).
MSCs are different from other stem cells in that they are
primarily found in connective tissue and interstitial organs. In
addition, structural and functional alterations in the brain
microvasculature might be major barriers to adequate
reperfusion of cerebral ischemia (Cipolla 2021; Yang et al,
2022a). Hou et al. found that miRNA-29-3p in BMSC-exos
was downregulated after BMSCs were subjected to OGD.
Additionally, PTEN was upregulated and angiogenesis
decreased in MCAO rats (Hou et al, 2020). Li et al
transfected BMSCs with lentivirus encoded by CXCR4.
Thereafter, BMSC-exos ™™ was injected into the ipsilateral
lateral ventricle of MCAO model rat brain. The results
indicated that BMSC-exo “*“* could attenuate the activation
of the Wnt-3a/fB-catenin pathway, achieve anti-apoptosis, and
promote the proliferation and tube formation of microvascular
ECs (Li et al, 2020a). Moreover, miR-126 is an important
regulator of EC functions and angiogenesis. MSC-exo
upregulate the level of VEGF, EGF, PDGF, and bFGF in
H/R-injured ECs via delivery of miR-126, activate PI3K/Akt/
eNOS pathway, and promote angiogenesis (Pan et al.,, 2019).
Similarly, MSC-exo ™" '*>7* has been shown to act on the PI3K
signaling pathway, have anti-apoptotic effects, and improve the
function of oxidative stress-affected ECs (Pan et al., 2020). Except
for the H/R-injured condition, polarized BV2 microglial cells also
show pro-angiogenesis effects (Xie et al, 2020). Tian et al.
demonstrated the polarization of microglia using LPS and
interleukin 4 (IL-4). The transfer of polarized BV2 cells was
into MCAO mice.

performed by intravenous injection
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Thereafter, the expression of BV2-exo miRNA under different
conditions was compared using miRNA microarray technology.
The study found that miRNA-26a contains more IL-4-polarized
BV2 cell-derived exosomes. Moreover, IL-4-polarized BV2 cells
promoted tube formation of ECs by secreting exosomes and had
a therapeutic effect on stroke (Tian et al., 2019).

4.3 Inflammation reaction

I/R of the CNS could elicit an inflammatory response that
stimulates the innate immune system to activate a series of
inflammatory cascades (Sun et al, 2020). The immune cells
that initially respond are microglia. They are normally
quiescent, and when they are activated by damage, they
become immune effector cells of the CNS (Choi et al., 2009;
Dixon et al, 2021). In fact, microglia are activated to

M1  phenotypes, typically releasing pro-inflammatory
mediators and exacerbating brain injury. Switching the
polarization of microglia from the pro-inflammatory

MI phenotype to the anti-inflammatory M2 phenotype is a
promising therapeutic strategy for ischemic stroke (Yang
et al, 2011; Zheng et al, 2019). Neutrophils exacerbate
oxidative stress and BBB damage and participate in the
injury
(Kolaczkowska and Kubes 2013). Hence, mitigating the

pathological ~ responses  to and  inflammation
immune-mediated inflammatory response is a crucial goal for
ischemic stroke treatment. In acute ischemic stroke, the
expression of inflammation factors increases and that of miR-
30days-5p decreases in animal and patient models. Jiang et al.
that miR-30days-5p ADSC-exos,

inhibiting autophagy-mediated microglia polarization, thereby

demonstrated enhances
preventing cerebral injury (Jiang et al., 2018b). In contrast to
previous studies, circular RNAs (circRNAs) in exosomes also
mediate biological mechanisms via gene regulation. miR-124-3p
and SIRT7 are circ-Rps5 downstream targets, while hypoxia

pretreatment with ADSC-exo™ <"

could shift microglia from
an M1 to M2 phenotype in the hippocampus, decreasing MCAO-
and TNF-a)
expression (Yang et al, 2022b). Likewise, stem cells (Zhang
et al., 2021c), BMSCs (Kang et al, 2021; Liu et al, 2021; Yu
et al., 2021), human umbilical cord MSC-derived exosomes (Li
et al., 2020b), human Wharton’s jelly MSCs (Thomi et al., 2019),

and the plasma-derived exosomes (Wang et al, 2020) can

induced inflammatory factor (IL-6, IL-1p,

ameliorate cerebral I/R injury attributed to the modulation of
microglia polarization. Additionally, glutaminase 1 (GLS1), a
mitochondrial enzyme, causes chronic neuroinflammation,
learning deficits, and synaptic dysfunctions in transgenic
observed that GLS1-mediated
exosome release might play a key role in the formation of a

animal models. Gao et al.

neuroinflammatory microenvironment (Gao et al, 2020).

Besides microglia, inflammation factors released by astrocytes
also have a profound impact on the inflammatory response in
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cerebral ischemia. Song et al. investigated whether the CXCLI
gene was upregulated in ischemia brain injury and if it promoted
an inflammatory response in MCAO rats. Subsequent studies
found that exosomes derived from cortical neurons that
underwent OGD decrease the expression of CXCLI and
inflammatory factors in astrocytes, following delivery of miR-
181c-3p wvia exosomes (Song et al, 2019a). Alternatively,
M2 microglia-derived exosomes attenuate ischemic brain
injury and promote neuronal survival via exosomal miR-124
and its downstream target, USP14 (Song et al., 2019b). Proximity
barcoding assay experiments showed that the numbers of
bEnd.3-derived exosomes carrying various proteins (bFGF,
CD146, EPHA2, ABCB5, and ITGB2) increase markedly
during ischemia. Such proteins are related to angiogenesis, cell
proliferation, and cell inflammation (Yang et al., 2021a).

4.4 Crossing and maintaining the BBB

As part of the NVU, the BBB is a dynamic regulatory
boundary that controls and limits the exchange of molecules,
ions, and cells between blood and the CNS (Yang et al., 2019).
The BBB has a massive impact on maintaining the homeostatic
microenvironment of the CNS and normal neuronal function.
Following an ischemic stroke, the structural integrity of the BBB
is affected, leading to a substantial increase in the paracellular
permeability in the cerebral microvasculature, a noteworthy
pathological characteristic of ischemic stroke (Jiang Y. et al.,
2018). Furthermore, an impaired BBB aggravates cerebral injury
progression and increases hemorrhage risk, which leads to poor
patient outcomes and limits the use of tPA for treatment (Liu and
Chopp 2016). Yuan et al. first demonstrated that exosomes do
not necessarily have to be modified to penetrate the BBB in
mammals (Yuan et al, 2017). Notably, native macrophage-
with  BMECs
intercellular adhesion molecule-1 (ICAM-1), whose expression

derived exosomes interact and regulate
plays a key role in BBB support (Bendorius et al.,, 2018).
Neurons can regulate brain vascular integrity. A study
conducted by Xu et al. showed that miR-132 functions as an
intercellular signal, mediating neural regulation of brain vascular
integrity, and indicated that neuronal exosomes are a novel
communication mechanism for the brain (Xu et al, 2017).
Moreover, a marker of BBB disruption is disruption of the
tight junction (TJ) protein complex. Hypoxia pretreatment
with  endothelial cell  (ECFC)-derived
exosomes increase TJ] protein expression and target the
PTEN/AKT signaling pathway; thus, the study showed that
exosomes derived from ECFCs contribute to BBB integrity
(Gao et al, 2018). Naturally, MSC- and neural stem cell

derived exosomes may be neuroprotective, decreasing the

colony-forming

severity of brain injury in addition to maintaining the BBB
integrity (Webb et al.,, 2018; Williams et al.,, 2020). Vascular
protection and revascularization in ischemic stroke diseases are
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different from other disease conditions, and the treatment of
cerebral ischemia is usually concerned with increasing collateral
circulation and maintaining CNS homeostasis rather than the
peripheral (Monteforte et al,, 2017). Simultaneously, several
studies have demonstrated the unique advantage of vascular
endothelium-derived exosomes in a variety of diseases and in
crossing the BBB up to the CNS, thus focusing on cerebral
ischemia.

5 Diagnosis of ischemic stroke

Based on the European Stroke Organization’s guidelines on
intravenous thrombolysis for acute ischemic stroke, the use of rt-
PA is conditional at onset depending on medical history and
other parameters. Moreover, the type of the drug, tenecteplase-
tPA or rt-PA, and the dose to be administered is determined
according to differing degrees of onset. The main diagnostic tool
for cerebral stroke is advanced imaging, which is utilized to
determine whether the conditions for mechanical embolization
are satisfied. If an acute stroke is to be treated with intravenous
thrombolysis based on the current guidelines, a rapid, sensitive,
and accurate diagnostic tool is required for such a short
therapeutic window. Meanwhile, the profile of exosomes in
blood, urine, and other media have considerable differences
amongst patients with a particular disease and healthy
individuals and can be easily analyzed for assessing disease
risk (Yang et al., 2022c). Based on the above pathogenesis
research, not all miRNAs with differential expression can be
used as diagnostic biomarkers; however, those that are should be
specific and stable.

Exosomes are secreted by all types of cells and are present in
biological fluids, making their sampling appealing for tracking
disease progression in liquid biopsies. Therefore, exosomes have
diagnostic abilities as potential biomarkers, making distinct
stages of ischemic stroke easier to diagnose based on
differences in the levels of miRNA. The level of miR-134 in
plasma exosomes in patients with acute ischemic stroke is higher
than in normal controls, and infarct volume is positively
associated with a worse prognosis in patients with stroke
(Zhou et al, 2018). miRNA expression changes throughout
the various phases of the stroke, including during the time of
early symptoms, symptom appearance, and prognosis. During
pathogenesis [comprising the hyperacute phase IS (HIS, <6 h),
acute ischemic stroke (one to three and 4-7 days), subacute phase
IS (SIS, 8-14days), and recovery phase (RIS, >14 days)] of
cerebral ischemia, the expression of miRNA in plasma varies
in clinical investigations, i.e., the expression of mi-R-30a-5p,
miR-422a, miR-21-5p, and miR-1256-2-3p were found to be
different in the four phases (Chen et al., 2015; Kerr et al., 2018;
Wang et al., 2018). Similarly, compared with the control group,
the expression of miR-223 in serum exosomes of patients with
acute ischemic stroke was notably upregulated. Moreover,
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exosomal miR-223 expression is higher in stroke patients with
poor outcomes than in those with favorable outcomes (Chen
etal., 2017), showing positive correlation with NIH Stroke Scale/
Score. Moreover, transient ischemic attack and permanent
cerebral ischemia are different. Three hours after permanent
cerebral ischemia, a rapid reduction in the level of serum
exosomal miR-126 occurs, and it returns to normal after 24 h
(Chen et al, 2015). In addition, patients with large artery
atherosclerosis show the lowest serum exosome miR-152-3p
levels compared with those with small vessel occlusion,
cardiac embolism, and stroke of undetermined -etiology.
Moreover, the level of miR-152-3p in serum exosomes is
lower in acute ischemic stroke than in the chronic phase
(Song et al., 2020).

Furthermore, atherosclerosis can promote thrombosis and is
strongly associated with acute cerebrovascular morbidity; its
progression involves exosomes delivering bioactive messages.
miR-21, miR-29, miR-126, miR-133, miR-146, and miR-155
in EC-derived exosomes may act as functional biomarkers to
diagnose and predict the outcomes of atherosclerosis (Hulsmans
and Holvoet 2013; Cervio et al., 2015; Lu et al., 2019). Moreover,
growth and DNA damage-inducible
(GADD34) has opposing effects on different stimulus-induced

arrest protein-34
cell apoptotic events in many diseases affecting the nervous
system. There is an increase in GADD34 levels in plasma
exosomes of cerebral ischemic rats, indicating that exosome
GADD34 could be used as a diagnostic biomarker and
therapeutic target in ischemic strokes (Yang et al, 2021b).
Therefore, based on the combination of these specific
miRNAs it could be
recognized as potential biomarkers of exosomes to diagnose

and proteins within the group,
ischemic stroke.
6 Development of engineered
exosomes

Natural exosomes express transmembrane proteins and

that be
biocompatible. Exosomes as natural vehicles can achieve the

membrane-anchored proteins allow them to
objectives of nucleic acid delivery and drug targeting across
physiological advantages of
immunogenicity and toxicity and favorable pharmacokinetics
(Song Y.etal, 2019; Li Y. ]. et al., 2021). However, the short half-

life (t;,) and weak targeting ability of exosomes limit their

barriers and have lower

clinical application; engineered exosomes are capable of
breaking through these limitations (Han et al., 2019). By
engineering exosomes, we can impart additional functionality
to the exosomes with the aim of enabling in vivo imaging and
tracking, which facilitates the understanding of their fate in vivo,
including the uptake mechanisms and biodistribution. Exosome
engineering can significantly promote the application of
exosomes for therapy and targeted drug delivery in various
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brain pathologies. We plan to focus on the availability of
engineered exosomes as delivery nanotechnologies and in in
vivo imaging and tracking next. Table 2 summarizes the relevant

studies on engineered exosomes in the brain.

6.1 Delivery nanotechnologies

Exosomal delivery nanotechnologies are attractive because of
their ability to improve the solubility and targeting specificity of
natural compounds. Guo et al. enhanced the stability and
solubility
exosomes. A monoclonal antibody GAP43 (a neuron-specific

of quercetin by preparing quercetin-loaded
protein) continued to be modified on the surface of drug-loaded
exosomes to alleviate neuronal damage by targeting ischemic
penumbra (Guo et al,, 2021). Briefly, curcumin (cur), an anti-
could load
macrophage (Ex-cur) and embryonic stem cell-derived
exosomes (MESC-exo™). They could downregulate ROS
accumulation, alleviate BBB damage in lesions, reduce the

inflammatory and neuroprotective molecule,

expression of inflammation and the excitatory amino acid
receptor, and improve neurovascular restoration (Kalani et al.,
2016; He et al., 2020). Macrophage-derived exosomes containing
Edaravone (Exo + Edv) could improve bioavailability, prolong t;,
2, and have neuroprotective effects on permanent MCAO rats (Li
et al., 2020b). The investigation showed that tar-exo-enkephalin
(exosomes, combined with transferrin and enkephalin, were
packaged into the vesicle) was capable of crossing the BBB
and inhibited neuron apoptosis caused by glutamate by
decreasing p53 and caspase-3 levels. This result was verified in
transient MCAO rats (Liu et al., 2019b).

In addition to molecular drug delivery, nucleic acid and
peptide delivery can be achieved. Pigment epithelium-derived
factor (PEDF) was overexpressed in ADSCs, and PEDF-modified
ADSC-derived exosomes were obtained. These ameliorated
neuron OGD-induced apoptosis and I/R injury by activating
autophagy (Huang et al., 2018). Yang et al. found that rabies virus
glycoprotein (RVG)-modified exosomes could promote cortical
neurogenesis to attenuate ischemic injury by delivering miR-124
to the infarct (Yang et al., 2017). Similarly, Yang et al. first found

that nerve growth factor-Exo®V®

reduced ischemic injury by
reducing inflammation and cell death (Yang et al, 2020).
MSC-exos were conjugated to ¢ (RGDyK) peptides and loaded
with cholesterol-modified miR-210 to target the ischemic brain.
Considerable improvement in angiogenesis and survival was
observed in MCAO/R mice using near-infrared fluorescence
imaging (Zhang et al, 2019). The receptor for advanced
glycation end-products (RAGE)-binding-peptide linked to
exosomes (RBP-Exo) was used for nose-to-brain delivery of
anti-miRNA
unmodified exosomes, RBP-Exo could downregulate RAGE

oligonucleotide. Moreover, compared with

more efficiently to deliver AMO181a, and reduced damage to
the ischemic brain (Kim et al., 2021).
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TABLE 2 Summary of engineered exosomes in ischemic stroke.

Derived

Engineered method

Whole blood of SD = Que loaded and mAb GAP43 conjugated

rats

10.3389/fbioe.2022.980548

Outcome

Targeting and therapeutic drug delivery system

References

Guo et al. (2021)

Macrophage Curcumin loaded Accumulated Ex-cur in ischemic regions to reduce ROS He et al. (2020)
accumulation
MESC Curcumin loaded Neurovascular restoration following I/R injury Kalani et al.
(2016)
Macrophage Edaravone Loaded Improved the biovailability of Edv and prolonged Li et al. (2020b)
Mesenchymal cells = Transferrin combined and enkephalin packaged Promote neurological recovery after stroke Liu et al.
(2019b)
ADSC PEDF overexpressed Activating autophagy and suppressing neuronal apoptosis ~ Huang et al.
(2018)
BM-MSC Modified exosomes with RVG fused to exosomal protein Utilized therapeutically for the targeted delivery of gene Yang et al.
Lamp2b drugs to the brain (2017)
HEK293 RVG peptide on the surface and loaded NGF Neuron targeting and NGF was delivered in to ischemic Yang et al.
cortex (2020)
MSC ¢ (RGDyK) peptide was conjugated and cholesterol-modified Targets the lesion region of the ischemic brain to Zhang et al.
miR-210 loaded angiogenesis (2019)
HEK293T Linked to RAGE-binding-piptide Nose-to-brain delivery of AMO181a-chol and exerted Kim et al. (2021)

Loaded with cholesterol-modified AMO181a

neuroprotective effects

Brain endothelial Rhodamine 123-loaded exosomes the ability of exosomes to deliver drugs across the BBB Yang et al.
cells (2015)
MSC MSC-exo combined with AuNPs as labeling agents developed a method for longitudinal and quantitative in vivo = Perets et al.
neuroimaging of exosomes (2019)
MSC Glucose-coated gold nanoparticle (GNP) labeling and computed =~ The technique can serve as a powerful diagnostic tool for = Betzer et al.
tomography imaging various brain disorders (2017)
HEK293 Using a slight modification of the adenovirus-free transient The use of exo-AAVs as an efficient gene delivery tool Orefice et al.
transfection methods (2019)
Raw264.7 Loaded superparamagnetic iron oxide nanoparticles (SPIONs) = Carry nanomaterials and chemical agents for simultaneous = Zhang et al.
and curcumin (Cur) into exosomes diagnosis and treatment of glioma (2019)

6.2 In vivo imaging and tracking

Translating exosome therapies to clinical settings is
challenging and assessing treatment outcomes can only be
which
typically takes weeks to months after treatment. Imaging of

achieved by evaluating symptom improvement,
engineered exosomes allows real-time assessment of the
exosomes’ fate and reveals information regarding the function,
viability, and circulation of the exosomes in vivo. In a study,
rhodamine 123-loaded exosomes were injected into zebrafish
embryos, and the fluorescence of rhodamine 123 was examined
in the brain tissue. The results confirmed the ability of exosomes
to deliver drugs across the BBB, highlighting their potential for
the treatment of brain diseases (Yang et al, 2015). Gold
(AuNPs) are

bioanalytical and biomedical detection techniques. Perets et al.

nanoparticles widely used in various

developed a method for longitudinal and quantitative in vivo

Frontiers in Bioengineering and Biotechnology

58

neuroimaging of exosomes based on the superior visualization
abilities of classical X-ray computed tomography (CT),
combined with AuNPs as labeling agents. This technique has
been proven to track the migration and homing patterns of
intranasally-administered exosomes derived from MSC-exos in
different brain pathologies (Perets et al., 2019). Furthermore, a
previous study has established a method for non-invasive in vivo
neuroimaging and tracking of exosomes based on glucose-coated
AuNP (GNP) labeling and CT imaging. Using a mouse model of
focal brain ischemia, the authors could track intranasally-
administered GNP-labeled
manner (Betzer et al, 2017). This strategy could also be used

exosomes in a non-invasive
to assess and compare the spread of exosome-enveloped adeno-
associated virus (exo-AAVs) or unassociated AAVs (std-AAVs)
in the brain through in vivo optical imaging techniques, such as
probe-based confocal laser endomicroscopy (pCLE) and ex vivo
fluorescence microscopy. The results suggest that the strategy
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TABLE 3 The application of exosomes and EVs in stroke clinical trials.

ClinicalTrials.gov Official tittle Study type First Estimated/ Condition or Intervention/
identifier posted Actual study disease Treatement
start date
NCT05326724 The Role of Acupuncture- Interventional 13 April 2022 | 1 August 2022 Exosome Device:
induced Exosome in Treating (clinical trial) ~ Acupuncture
Post-stroke Dementia Post-stroke
Dementia
Acupuncture
NCT03384433 Allogenic Mesenchymal Stem Interventional 27 December 17 April 2019 Cerebrovascular Biological:
Cell Derived Exosome in (clinical trial) 2017 disorders exosome
Patients with Acute Ischemic
Stroke
NCT05370105 Extracellular Vesicles as Stroke = Observational 11 May 2022 25 June 2018 Stroke Other: blood
Biomarkers (EXO4STROKE) Rehabilitation withdrawal
NCT05524506 PROgnostic Value of Observational 1 September June 2007 Brain Ischemia -
MicroParticles and Markers of 2022
Hemostasis in TIA and Ischemic Cerebral Ischemia
Stroke (PROMPTS)
Extracellular
Vesicles
Hemostasis
Prognosis

enables tracking of exo-AAV spread and that exo-AAVs allow for
widespread, long-term gene expression in the CNS, supporting
the use of exo-AAVs as an efficient gene delivery tool. Moreover,
a new type of engineered exosomes has been designed (Orefice
et al, 2019). In this strategy, superparamagnetic iron oxide
nanoparticles and Cur were loaded into exosomes and the
exosomal membrane was conjugated with neuropilin-1-
targeted peptides (RGERPPR peptide) using click chemistry to
obtain exosomes that possess imaging and therapeutic functions,
thus providing a potential approach for improving the diagnosis
and treatment effects (Jia et al., 2018). Engineering can be made
to achieve an efficient, targeted, or controlled release. However,
precise exertion of a slow and controlled release after
modification remains a great challenge. This strategy should
also be compatible with cell culture conditions and must not
affect the exosome itself.

7 Perspectives and conclusion

A key limitation for the precise characterization of EVs is the
technical difficulty in isolating and characterizing pure
populations of specific subtypes, as the methods currently at
our disposal lead to systematic co-isolation of EVs of distinct
subcellular origins. Thus, although many research articles use the
term “exosome” to refer to EV preparations that have been
separated from larger EVs wvia physical and biological
processes (western blotting, NTA, TEM, etc.), it is likely that
they are instead referring to a mixture of small EVs possessing
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both an exosomal and a non-exosomal properties. Hence, unless
their MVB origin has been clearly established, using the more
generic term “small EVs” is preferable.

Most research on ischemic stroke treatment and pre-
development of new drugs have focused on neuron and EC
development or have studied each part separately, ignoring the
holistic nature of brain organization and the interactions between
the parts. The NVU includes ECs, pericytes, neurons, glial cells,
and ECM; this highlights the connection between the vasculature,
the nerves, and the surrounding environment (Cai et al., 2017).
As a prominent intercellular communication messenger,
exosomes transmit biological information within the NVU
and allow communication between the brain and distant
tissues through the circulation of body fluids (He et al., 2021).
This may explain why most neuroprotective agents were effective
in preclinical studies but failed in clinical trials (Paul and
Candelario-Jalil 2021). Additionally, tissue interactions in a
variety of diseases, such as other neurodegenerative diseases
(Guo et al., 2020), cancer (Chen et al., 2021), atherosclerosis
(Zhu et al, 2019), and diabetes (Sun et al., 2018b), can be
elucidated by exosomes.

miRNAs in exosomes are thought to have a substantial
therapeutic impact. miRNAs are key regulatory substances
carried by exosomes and have specific characteristics
compared to free miRNAs. Their characteristics determine
homeostasis during the treatment of ischemic stroke (Rappa
et al., 2019). Moreover, the risk of microvascular occlusion is
reduced in exosome therapy compared with cell therapy
(Nikfarjam et al.,, 2020; Moghadasi et al., 2021). It has been

frontiersin.org


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.980548

Jin et al.

shown that cell therapy and the use of exosomes are almost
consistent. Exosomes are more stable as they show resistance to
degradation and can act as a nanocarrier to deliver miRNAs and
siRNAs to the CNS (Kim et al., 2019; Chen et al., 2020).

This review summarizes an abundant amount of research
reporting that miRNAs in exosomes are involved in a wide range
of paracrine and endocrine biological activities and fulfill
important functions in different types of target cells in
ischemic stroke. However, this point of view remains
controversial. In general, studies examining this particular
function have typically been conducted with a large excess of
exosomes; these studies could not ascertain the feasibility of
utilizing endogenous exosomes as functional miRNA transfer
vehicles in native physiological settings (Chevillet et al., 2014).
One study revealed that the number of miRNA molecules carried
by the EVs is too small to make a biologically significant
difference in recipient cells (Toh et al., 2018). This could be
explained by one of two possibilities: either the miRNA levels in
the EVs are insufficient to regulate their target mRNAs in
recipient cells upon EV-mediated delivery, or the RNA-
containing EVs themselves are not functional in recipient
cells. Thus, it is critical to determine the effects of both the
miRNA and protein on biochemical potency to reach the
therapeutic dose required to elicit a relevant biochemical effect.

The protein range is rather limited when initially analyzing
the protein composition of exosomes. Exosome preparations do
not contain any proteins originating from the nucleus,
mitochondria, endoplasmic reticulum, or Golgi apparatus.
Instead, almost all identified exosomal proteins are found in
the cytosol, plasma membrane, and membranes of endocytic
compartments. The exosomes are formed of plasma membrane
fragments as they lack abundant cell surface proteins (Théry
etal., 2001; Théry et al., 2002). With the development of exosome
proteomics and databases such as ExoCarta, EVpedia, and
could be
elucidated including different species, tissue, and uncertain

Vesiclepedia, a wealth of exosome proteins
cellular sources. Moreover, a previous study suggested that
proteomes of MSC-derived exosomes are involved in many
key biological processes that are important in cellular
communication and structure; inflammation; exosome
biogenesis and development; tissue repair and regeneration;
and metabolism (Lai et al, 2012). Based on these studies, it
can be deduced that exosome proteins have the potential to
modulate many biological processes involved in disease
pathogenesis and tissue repair and regeneration.

Both natural and engineered exosomes have certain targeting
capabilities with the advantages of low immunogenicity (Yu et al.,
2014), high membrane structure stability, low drug dose,
sensitivity, and reduced drug toxicity (Yu et al, 2019; Liang
et al, 2021) compared with non-biological carriers. Drug-
mediated or -induced exosomes in ischemic stroke therapy are
also noteworthy (Zang et al., 2020; Zhai et al., 2021); however,

their targeting ability still requires improvement. Ensuring that
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exosomes are not disturbed by exogenous substances is also a
challenge.

In most studies, only one miRNA with considerable
differences in exosomes was explored. There are differences in
exosome-derived miRNAs, with no uniform criteria for diagnosis
and treatment of diseases. Therefore, the selected biomarker
should be specific and well-established, and the exosome
preparation technique should be easily repeatable. Numerous
studies have analyzed miRNA sequencing in various derived
exosomes after ischemic stroke or OGD/R pretreatment and
found that miRNAs are differentially expressed under disease
conditions (Zhang et al., 2020b; Yang et al., 2021a). Nevertheless,
whether each miRNA or several mRNAs synergistically play a
more effective role is yet to be elucidated. Furthermore, except for
the process of diagnosis and treatment, there are several
limitations that need to be overcome prior to clinical
application, this better
understanding of the mechanism by which exosome therapy

therapeutic and includes a
may lead to enhanced recovery.

Exosome manufacturing is scalable and more amenable to
process optimization as the producer cells can be clonally selected
and derived. Clinical focus on exosomes as natural carriers could
enable nucleic acid delivery, targeted drug delivery, and non-
invasive diagnosis. Therefore, it is critical to ensure standardized
and reproducible production of exosomes for clinical translation.
Addressing process development and scaling up exosome
production would be easier if a regulatory-accepted definition
of what an exosome is could be settled on. Regarding the matter,
the International Society for Extracellular Vesicles provided
information on upstream cell culture and downstream
processing that will potentially advance exosomes toward
routine manufacture. For cell culture fluid-derived exosomes,
the number of cell passages, inoculation density, culture volume,
and whether stimulation or other treatments have occurred,
should be and  details
composition and preparation, including components, such as

recorded, regarding medium
glucose, antibiotics, growth factors, and other supplements
affecting the production and composition of exosomes, should
be provided in the methods. In particular, components
containing exosomes, such as the serum, and cell culture
history (conversion of media and adaptation steps) should
also be included. For exosomes obtained from sources such as
plasma, serum, and other derivatives of biological fluids, in
addition to the need to control for initial volume, detailed
information is required, including donor age, physiological
sex, time of collection (circadian rhythm variation), diet, body
mass index, specific infectious and non-infectious diseases,
medications, and other factors that may affect exosome
secretion (Thery et al, 2018). There are also significant

downstream  processing  challenges to  manufacturing

exosomes. Different methods of preparation and purification
might affect the reproducibility of obtaining exosomes (Colao

et al,, 2018). Although the ultracentrifugation method is the gold
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standard for exosome extraction, exosome purity still requires
improvement. While tools such as immunomagnetic and
transmission surface plasmon resonance may not fit the
requirements of a large-scale purification platform, they are
potentially label-free methods that may aid isolation of
exosomes that can be subsequently characterized (Lobb et al,,
2015; Colao et al., 2018; Whitford and Guterstam 2019).

In this review, we have included studies that investigated the
application of exosomes and EVs clinically in stroke cases;
however, to our knowledge, only a few studies were found
(search date: 1 November 2022; Table 3). This may be due to
problems with clinical sample collection and difficulty in
controlling the time of onset of ischemic stroke.
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Invasive and non-invasive
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gene delivery in
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Electroporation is an effective physical method for irreversible or reversible
permeabilization of plasma membranes of biological cells and is typically used for
tissue ablation or targeted drug/DNA delivery into living cells. In the context of cancer
treatment, full recovery from an electroporation-based procedure is frequently
dependent on the spatial distribution/nomogeneity of the electric field in the
tissue; therefore, the structure of electrodes/applicators plays an important role.
This review focuses on the analysis of electrodes and in silico models used for
electroporation in cancer treatment and gene therapy. We have reviewed various
invasive and non-invasive electrodes; analyzed the spatial electric field distribution
using finite element method analysis; evaluated parametric compatibility, and the
pros and cons of application; and summarized options for improvement.
Additionally, this review highlights the importance of tissue bioimpedance for
accurate treatment planning using numerical modeling and the effects of pulse
frequency on tissue conductivity and relative permittivity values.

KEYWORDS

electrodes, electroporation, spatial electric field distribution, tumors, electrical tissue
properties

1 Introduction

Electroporation is a phenomenon in which the cell plasma membrane is permeabilized by
the application of short, high-intensity electric field pulses. The increased permeabilization of
the cell membrane is related to the formation of transient aqueous pores, creating pathways for
drugs or DNA molecules to enter the cell (Freeman et al., 1994; Du et al., 2018; Bo et al., 2020).
However, in order to create these pores, the transmembrane potential of the cell must exceed the
electroporation threshold (Kinosita and Tsong, 1977). Thus, depending on the PEF parameters
(pulse duration, strength, repetition frequency, etc.), different cell responses to the treatment
could be triggered (Szlasa et al, 2021; Vizintin et al, 2021). In the case of reversible
electroporation (RE), after a specific resealing time, membrane integrity is restored and the
cell survives. RE can be used in electrochemotherapy (ECT), which is a combination of
chemotherapy and electroporation, resulting in a highly effective method for cancer treatment.
Additionally, electroporation can be used for controlled electro-transfer of DNA, known as gene
electro-transfer (GET) or electro-transfection. However, if the intensity of the PEF is further
increased, it may lead to irreversible electroporation (IRE) and consequently cell death,
resulting in tissue ablation (Sersa et al., 2008a; Korohoda et al., 2013; Calvet and Mir, 2016;
Cemazar and Sersa, 2019). Therefore, depending on the purpose, the desired outcome can be
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FIGURE 1

Most common keywords used in electroporation studies. Visualized using VOSviewer software, version 1.6.18 (Leiden University) (VOSviewer -
Visualizing scientific landscapes, 2022). A filter of at least 30 minimum occurrences of the keywords has been used. Bigger circle size indicates higher rate of

occurrence of a specific keyword.

achieved and successfully controlled by modulating the PEF
parameters. In clinical settings, in order to predict the effect of
electroporation on various tissues and ensure precise electrode
positioning, a wide spectrum of techniques is employed (Neal II
et al, 2012), including magnetic resonance imaging (Figini et al,
2017; Boc et al,, 2018); however, numerical modeling is the most
popular method for treatment planning (Kranjc et al., 2017; Asadi
et al,, 2019). Numerical models can serve as an aid for accurate
prediction of electroporation outcome and better pretreatment
planning by simulation of the spatial electric field distribution
(Miklav¢ic et al., 1998; Pavselj and Miklavcic, 2008).

As a result, electroporation-based technologies and applications
are an interdisciplinary field involving research in electronics and
electrical engineering, biophysics, biomedicine, microbiology, and
food technology. Based on Clarivate Analytics Web of Science,
there are 17,179 papers featuring the keyword “electroporation”
(Access date: 2022-03-01). A visual map of the most common
keywords in electroporation papers is shown in Figure 1.

It can be seen that the applied aspects of electroporation dominate the
field, although there is an inevitable interconnectivity with the electric
field, electrodes, voltage, and pulse characterization in order to ensure
repeatability of the research and protocols (arrangement of red circles).

Generally, electrical pulses are delivered using a high-power
generator (electroporator) and electrodes (applicator), where the
electrodes transfer the energy of the pulse to the biological tissue.
As a result, various models and prototypes of electrodes for
electroporation-based treatments are constantly being proposed
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(Dermol-Cerne et al., 2020). Each electrode configuration is unique
and frequently limited to a specific target tissue or designated area of
application. In this work, we provide an overview of various electrode
structures and describe the pros and cons, suitable protocols, and
applications. To support better understanding and enable adequate
comparison, we also performed the simulation of spatial electric field
distribution using the finite element method (FEM). The modeling
and comparative analysis of various electrode types are presented in
Section 2 of the review. Also, the summary of pulse parameters and
protocols used with different electrode types is presented in Section 3.

Nevertheless, the accuracy of any model is determined by the
extent of the approximations included. For better pretreatment
planning through numerical modeling, inclusion of the peculiarities
of the treated object structure is critical. The composition of biological
tissues is heterogeneous; i.e., it consists of various layers and structures
with specific electrical properties and, thus, different responses to PEF.
In order to analyze the outcome of electrical pulsing on tissues, its
composition and dielectric properties (specific conductivity and
relative permittivity) have to be considered. Therefore, this review
also summarizes the frequency-dependent dielectric properties of
various healthy and cancerous tissues.

2 Mammalian tissue electroporation

By in vivo and clinical electroporation procedures, various types of
tumors can be treated (Li, 2008), which may be grouped simply as
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FIGURE 2

Skin illustration: (A) healthy tissue; (B) cutaneous tumor (melanoma); (C) superficial or exophytic tumor; (D) deep-seated tumor.

cutaneous (located on the skin) or subcutaneous (located under the
skin in the subcutaneous tissues) lesions (Figure 2). According to
available research, GET, ECT, and IRE are applicable for both deep-
seated targets such as tumors/lesions located in muscles and superficial
targets located directly on the skin or under the skin (Matthiessen
et al,, 2012; Heller and Heller, 2015). Consequently, each approach
requires specific applicators and their precise positioning, taking into
account the location of the target tissue (Zupanic et al.,, 2012).

According to the European Standard Operating Procedures of
Electrochemotherapy (ESOPE) for subcutaneous tumors, pulsed
electric field must be generated in deeper tissues; hence, invasive
electrodes are required. In contrast, non-invasive electrodes are
frequently used for cutaneous targets and have limited applicability
for deep-seated tumors (Cvetkoska et al., 2020). Electroporation-based
treatment success depends on the coverage of the tumor tissue by
sufficiently high local electric field, requiring good contact area
between the tissue and the electrodes (Corovi¢ et al., 2008; Sachdev
et al,, 2022). Simulation of the electric field distribution is usually
performed using the FEM analysis (Pintar et al., 2018). However, for
accurate prediction, the electrical parameters of the tissue should be
known and the heterogeneity should be taken into account, especially
for treatment of superficial tumors (Figure 2C) due to high
heterogeneity of the skin.

The skin has several functions, including protection of internal
organs from environmental influence (Monteiro-riviere and
Riviere, 1999; Hayes et al.,, 2022). A thorough understanding of
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the skin structure and its electrical properties is crucial to make
subcutaneous tumors permeable. Basically, the skin consists of the
stratum  corneum, epidermis, dermis, hypodermis, fat
(subcutaneous adipose tissue), and muscle tissue under the
hypodermis (Huclova et al., 2012; Ventrelli et al., 2015). The
outer layer (stratum corneum) is mostly composed of dead skin
cells and is the thinnest; however, it has the highest resistivity. As a
result, the skin is considered a barrier for successful electroporation
applications when non-invasive electrodes are employed. The
epidermis and dermis are located beneath the stratum corneum
and have much lower resistance; therefore, there is a considerable
voltage drop across the stratum corneum (Alkilani et al., 2015; Lu
et al., 2018). However, once the stratum corneum is permeabilized
by the formation of local transport regions (Gelker et al., 2018),
deeper layers of the skin can be affected.

However, for deep-seated tumors (Figure 2D) such as tumors of
the liver or pancreas, either invasive electrodes are used
percutaneously or the treatment is performed during an open
surgery (Granata et al., 2021); therefore, the skin has little to no
effect on the electroporation procedure. Nevertheless, in most cases
with deep-seated tumors, the tumors are intact with healthy organs
(Edhemovic et al, 2014) or the tumors are encapsulated into the
organs (Ghossein, 2010) and surrounded by large blood vessels
(Djokic et al., 2018a). The complexity of such tumor composition
influences the inhomogeneity of the target tissue, which may result in

non-uniform treatment. As a consequence, the electrical properties of
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such tumors and tissues in vicinity may vary and, therefore, must be
taken into account.

Tissue electrical properties can be described by the concept of
bioimpedance, which is a frequency-dependent parameter specific to
tissue composition, including water content (Chumlea and Guo,
1994). Biological tissue is considered neither a good conductor nor
an insulator but rather something in between that allows the flow of a
certain amount of current. This is due to the influence of aqueous, for
instance the muscle, and non-aqueous components, such as bone or
fat structures. In the low- and high-frequency range, the current
density vectors vary, and the bioimpedance decreases in the high-
frequency range, enabling a more homogeneous treatment (Raja et al.,
2006). Therefore, the conductivity and relative permittivity changes in
the tissue and their dependence on the applied pulse frequency should
always be taken into account (Miklav¢ic¢ et al., 2006; Zhang and He,
2010).

Thus, the tissue electrical properties are characterized by its
specific conductivity ¢ and relative permittivity e,. It is known that
the increase in electric conductivity is related to the formation of local
transport regions after the application of electric pulses (Pliquett et al.,
1998). Hence, conductivity is the ability of aqueous solutions to
transfer electric charge. Simultaneously, the ability of a material to
be polarized is characterized by relative permittivity. Consequently,
these properties are vital for numerical modeling of the tissue.
According to previous studies, the value of conductivity may
exhibit a significant increase with the increase in pulse repetition
frequency when pulses are applied in bursts with repetition frequency
above 100 kHz (de Santis et al., 2015; Weinert and Ramos, 2021), while
an opposite dependence is observed for relative permittivity (Valdastri
et al, 2004; Peyman et al, 2005). A summary of various tissue
conductivities and relative permittivities for different frequency
ranges is presented in Supplementary Table SI.

In order to reduce the complexity of numerical models and
simplify the calculations, conductivity and relative permittivity may
be considered as constant values for low or high PEF frequency ranges,
while it should be understood that both parameters are dependent on
the applied burst frequency.

Additionally, each electroporation procedure (IRE or RE) requires
different pulse parameters and a specific field strength (Corovi¢ et al.,
2012; Forjanic et al.,, 2019). IRE is associated with tissue ablation;
therefore, a higher PEF intensity is required. On the contrary, RE or
gene therapy focuses on transient permeabilization of cells; therefore,
the required electric field strength is much lower. Depending on the
tissue heterogeneity and electrical parameters, electroporation
thresholds may vary. Nevertheless, numerical modeling could serve
as a basis for treatment planning and selection of appropriate pulse
parameters.

3 Electrodes

In this study, comparison of different electrode types was
performed using FEM modeling in COMSOL Multiphysics, version
5.5 (COMSOL, Los Angeles, CA, United States). In order to simplify
the calculations, each tumor was modeled as a three-dimensional
homogeneous mass of tissue with conductivity 1.5 S/m and a relative
permittivity of 80. Positive and zero potentials were set to
corresponding electrode electrode

pairs depending on the

configuration. The electric potential value for each electrode
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configuration varied depending on the previously published
protocols and is, therefore, reported along with the simulations.
Outer boundaries of the geometry were treated as electrically
insulated. Stationary analysis was performed to estimate the spatial
distribution of the electric field.

3.1 Invasive electrodes

Invasive electrodes require electrode penetration into a tissue.
The electrode is usually needle-shaped, with a sharp tip. Therefore,
most invasive electrodes deliver the electric pulses through typically
stainless-steel needles of different length. Currently, fixed-position
as well as adjustable position (electrodes, IGEA Medical; Electrodes
for in wvivo electroporation, 202la) or needle composition
(Adjustable Electrodes, 2022) electrode pairs or arrays are
commercially available. Fixed-position electrodes are further
categorized into two-needle electrodes (Isobe et al, 2004; Chen
et al,, 2015; Langus et al., 2016; Zager et al., 2016; Yao et al.,
2017) and longitudinal or hexagonal electrode arrays. Basically,
in this category, the electric field distribution is dependent on the
number of needles (Adeyanju et al., 2012), length of the needles, gap
spacing, and diameter of the needle tip (Davalos et al., 2005). The
electric field distribution of the two-needle electrode configuration,
including variation of gap size and length, is shown in Figures 3A-C.

Free position electrodes are advantageous when the tumor or
tissue composition is not predetermined. Usually, this type of
electrode is combined with an adjustable handle to fix the position
after insertion into the target. Nevertheless, the needles are very thin;
therefore, the distance between electrodes in deeper tissues may vary,
which means the effects of non-parallelism should be considered since
it affects the spatial electric field distribution (Figures 3G-I).

As can be seen in the aforementioned figures, the visible gap size in
each case is the same—5 mm; therefore, the top view does not change
(Figures 3G-I). However, non-parallelism may occur in deeper tissues,
especially when using longer needles. Typically, this occurs due to skin
surface curvature and composition (Wei et al., 2017; Kopcewicz et al.,
2020). Therefore, non-parallelism leads to electric field inhomogeneity
and non-uniform treatment, as potentially healthy tissue is affected
and target tissues (white dashed lines representing the tumor) remain
unaffected or treated insufficiently. It is clear from Figure 3 that using
two-needle electrode configurations may involve inhomogeneity of the
PEF distribution. This limitation can be minimized using an array of
adjustable needles as shown in Figure 4.

Needle arrays or repositioning of needles can be used to ensure
more homogeneous deep-seated tumor electroporation. Placement of
needle electrodes of variable geometry is adjusted to the individual size
and shape of the tumor. To obtain an above-threshold electric field
and cover the entire tumor volume, multiple needles are placed at the
tumor margins and/or within the tumor. At the same time, the
number of needles should be limited to reduce treatment
invasiveness and complexity. The electrical pulses are, therefore,
subsequently delivered between predetermined needle pairs. Such
an electroporation procedure requires very precise pretreatment
planning and PEF parameter evaluation (Miklavcic et al, 2010;
Pavliha et al, 2012a; Blazevski et al., 2020). However, it enables
efficient treatment of tumors with multiple nodules (Figure 4B).
Nevertheless, non-parallelism is still a problem and is usually
solved by x-ray imaging during the operation after electrode
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Spatial electric field distribution of two-needle fixed-position electrodes (A—F) and non-parallelism issue with adjustable electrodes (G-I1) with different
lengths and gap size, using 500 V terminal voltage: (A) 5 mm gap between electrodes; (B) 10 mm gap between electrodes; (C) 15 mm gap between electrodes;
(D) 20 mm length electrodes with 5 mm gap; (E) 20 mm length electrodes with 5 mm and 10 mm gap, top view; (F) 20 mm length electrodes with 10 mm gap,
side view; (G) electrodes are rotated by 10° and 5°; (H) both electrodes are rotated by 8° and —8°; (I) both electrodes are rotated by —10° and 10°.

positioning and fixation (Moreta-Martinez et al., 2022). If non-
parallelism is detected, adjustment of the treatment parameters
and/or repositioning of the electrodes can be performed.

When the target tissue or tumor is subcutaneous, the
electroporation procedure requires access to deep-seated cancer
lesions without making a large incision in the skin. Such treatment
is performed using an open laparoscopy approach or trans-oral and
trans-anal endoscopy through a catheter (Lee et al,, 2019; Li et al,
2021). Therefore, the requirements for the electrodes become more
complex: electrodes have to be placed strictly parallel in order to
ensure homogeneous PEF; the procedure must be performed on a
relatively small probe area; and at the same time, the operating area
has to cover the whole tumor volume.

An electrode prototype considering the aforementioned features
was presented by Izzo et al. (2020). The study shows the evaluation of
the effectiveness and suitability of deployable and expandable 4-needle
or 5-needle electrode configurations for IRE via laparoscopy and open
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surgery in the liver of a pig. The electrodes were also tested with trans-
anal and trans-oral endoscopic approaches using different electrode
configurations. All procedures were performed under ultrasound
guidance. The authors state that the electrodes
mechanical functionality are suitable for the listed procedures, and

and their

the electrodes are compatible with the 5-mm laparoscopic trocar and
other surgical instruments. Laparoscopic and endoscopic approaches
to deep-seated tumors could potentially minimize the risk of bleeding
and infection. The FEM model of such an electrode array is presented
in Figures 5A, B. Colored needle parts represent the non-conductive
adjustable 2-, 3-, or 4-cm-length electrodes, positioned at 0°, 10°, 20°,
and 30" angles. The deployable electrodes connected to high and
ground potentials are shown in red and blue, respectively, with a fixed
length of 2 cm.

The expected spatial electric field distribution at different insertion
angles of the electrodes (0° 10°, 20°, and 30°) is shown in Figures 5C-].
The computations were performed with 2-cm needle extension.
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FIGURE 4
Array of adjustable needle electrodes for (A) corneous tumors and (B) deep-seated tumors.
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FIGURE 5
Deployable expandable electrodes: (A) 5-needle electrode structure; (B) 4-needle electrode structure with 2 cm extension; (C) spatial electric field

distribution of the 5-needle electrode when positioned at 0° angle; (D) spatial electric field distribution of the 4-needle electrode when positioned at 0° angle;
(E) spatial electric field distribution of the 5-needle electrode when positioned at 10° angle; (F) spatial electric field distribution of the 4-needle electrode when
positioned at 10° angle; (G) spatial electric field distribution of the 5-needle electrode when positioned at 20° angle; (H) spatial electric field distribution of

the 4-needle electrode when positioned at 20° angle; (1) spatial electric field distribution of the 5-needle electrode when positioned at 30° angle; (J) spatial
electric field distribution of the 4-needle electrode when positioned at 30° angle. *Simulation performed includes single diagonal and semi-diagonal terminal
voltages (0°—120 V, 10°—1100 V, and 20° and 30°—1700 V).
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o 7 m

1.0 1.2 kV/icm

Spatial electric field distribution generated by hexagonal and intradermal needle-type electrode arrays with 1500 V and 600 V terminal voltages,
respectively, taking into account different depths of penetration. (A) Hexagonal electrodes, top view; (B) hexagonal 20-mm-length electrodes, side view; (C)
hexagonal 30-mm-length electrodes, side view; (D) intradermal electrodes, top view; (E) intradermal 2-mm-length electrodes, side view; (F) intradermal 10-

mme-length electrodes, side view.

Diagonal and semi-diagonal black arrows represent the pairs of
electrodes where the voltage is applied. It can be seen that by
changing the the of the
electroporated tissue can be controlled. If required, the whole

active electrode pairs, volume
volume could be ablated and/or reversibly electroporated due to
overlapping of the high-intensity PEF regions. The capability to
increase the length of each needle independently also allows for
controlling the depth of the electroporated volume. Essentially,
these electrodes are a specific case of the applicators presented in
Figure 4, but when non-parallelism is intentional. The problems of
precise needle positioning are still applicable.

At the same time, fixed-position electrodes are advantageous for
minimizing non-parallelism during needle insertion. Electric field
distribution analysis of a hexagonal array of four-needle pair fixed
electrodes is represented in Figures 6A-F. In the first case (Figures
6D-F), the applied voltage is 600V, which induces a relatively
homogeneous electric field between the positive and negative
electrode pairs of 2- and 10-mm needle lengths.

Such electrodes are commercially available and used for
intradermal (ID) electroporation, featuring 2- and 10-mm
electrode lengths (Needle Array Electrodes for BTX AgilePulse
In Vivo, 2021; Fixed Electrodes, 2022b). Intradermal electrodes are
used when the penetration of outer skin layers, i.e., the stratum
corneum, dermis, and epidermis, is sufficient. The spatial electric
field distribution generated by an ID electrode with two rows of
four needles is presented in Figures 6D-F. There is a notable
difference in spatial electric field distribution in the tissue; 10-
mm needles inserted at approximately 7 mm depth provide a
uniform electric field; on the contrary, 2-mm electrodes feature
a less homogeneous electric field distribution in the effective
volume of effect. Nevertheless, when the limitations are taken
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into account, electrodes can be successfully utilized in practice
(Roos et al., 2006; 2009; Lladser et al., 2010).

In the case of hexagonal electrodes (Figures 6A-C), the electric
field is located around the positively charged electrode; therefore, the
electric field is highest in the central part of the target tissue, while
potentially healthy tissue on the edges remains intact. These electrodes
are suitable for bigger tumors in the ECT context (Pichi et al., 2018),
and different similar configurations can be used for gene therapy
(Gilbert et al., 1997).

To summarize, fixed-position electrodes are likely to produce a
more uniform electric field due to better control of tissue
penetration—the chances of non-parallelism of electrodes are
minimized. However, fixed-position electrodes are suitable only for
tumors of predetermined size and, therefore, are less flexible for cancer
treatment, especially when the tumor size is significantly smaller or
bigger than the gap between the fixed electrodes. ID electrodes are
appropriate for gene therapy; however, the penetration depth should
be considered to ensure sufficient homogeneity of the electric field.

One of the solutions to minimize the challenges of electrode
positioning is the use of single-needle electrode configuration (Neal
et al,, 2010; Garcia et al., 2014). Such an electrode type consists of an
electrode body, cathode, insulator, and anode on the sharp tip of the
needle, where each part has a predetermined length and width
(Figure 7A). Figure 7B shows the spatial electric field distribution.
It can be seen that the design solves the problem of non-parallelism;
however, as a trade-off, the electric field distribution is relatively non-
homogeneous. Moreover, the diameter of this electrode is relatively
large; therefore, it is applicable mainly for bigger tumors.

The new prototype of invasive electrodes, called curved
electrodes, was proposed by Ritter et al. (2018). Curved electrodes
are minimally invasive electrodes consisting of a penetrating central
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Curved electrodes using 1500 V terminal voltage. *Cp represents cut planes for electric field distribution analysis.

needle and four thin hollow expandable electrodes for pulse

application and injection of chemotherapeutic agents. For
simulation, the electrode terminal voltage was set to 1500 V.
Furthermore, electric field distribution analysis was performed
and is presented in Figure 8. Cut plane Cpl shows the field
strength on the surface when the penetration depth is shallow. As
it can be seen, the highest electric field is around the central needle
and at the positively charged satellite electrode tips. As a
consequence, other areas will be treated with a lower PEF.
However, penetration into deeper tissue layers results in a more
homogeneous treatment (Cp2), which is also supported by the side
view simulation (Cp3 and Cp4). Changing the number of active
electrodes allows for controlling of the treatment volume. Moreover,
the position of satellite needles can be adjusted with the movable

part, which introduces additional flexibility.
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To conclude, needle electrodes are advantageous for deep-seated
tumors and intramuscular or intradermal GET targets. Both fixed-
position and independent needle arrays show acceptable performance
and are applied in clinical treatment. Fixed-position electrodes are
easier to apply, but they are mostly suitable for specific size targets,
i.e., the target should be of similar size as the gap distance. Otherwise,
the healthy tissue will receive unnecessary pulsing. On the contrary, if
the target exceeds the space between the electrodes, the treatment will
result in partial response due to only a fraction of the tumor being
affected. To overcome this problem, manual needle repositioning or
more accurate multiple needle application along with a brachytherapy
grid (van den Bos et al.,, 2016) may be considered. In addition, such
fixing equipment and non-conductive ring nuts or “stoppers” help
minimize non-parallelism after needle penetration. When the tumor is
deep-seated, the requirements for treatment and electroporation
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FIGURE 9

Microneedle array (A—F) and multi-needle roller (G—I1) electrodes when 100 V voltage is applied: (A—D) microneedle array model; (E) spatial electric field
distribution, top view; (F) spatial electric field distribution, side view; (G) multi-needle roller model; (H) spatial electric field distribution without conductive gel;

(1) spatial electric field distribution with conductive gel channels

electrodes are even more intricate; thus, tumor boundaries cannot be
seen with the naked eye. Real-time imaging, such as ultrasound (van
den Bos et al., 2016; Hsiao and Huang, 2017) or fluoroscopy (Pavliha
et al., 2012b) guidance, is a solution. The combination of invasive
electrodes with an imaging procedure gives the possibility for more
accurate target boundary assessment, minimizing the possibility of
multiple pulsing on the same area of the tissue since the field strength
for each electrode pair is predetermined. Real-time imaging is also
advantageous when tumors can be reached through the skin without
incision (Lee et al., 2007).

3.2 Minimally invasive electrodes

Various minimally invasive (Choi et al., 2010; Yan et al., 2010; Xia
et al., 2021) and non-invasive (Heller et al., 2010; Guo et al., 2011)
microneedle array electrodes are mainly designed for transdermal
drug delivery. The aim of microneedles is to affect the outer skin layers
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or muscle and ensure distribution of sufficient electric field for
reversible  electroporation, which is wusually employed for
electroporation-based gene delivery (also called gene vaccination).
An example of such an array of electrodes is presented in
Figures 9A-F.

The model consists of 900 (30 per row and 30 per column) 0.2-
mm-length microneedles placed at 0.1 mm distance between needle
tips. Terminal and ground potential electrodes are distributed in each
row as shown in Figures 9A, C, and field analysis was performed using
100 V terminal voltage. The results are summarized in Figures 9E, F.

It can be seen that the depth of high-intensity electric field
penetration is limited; however, it is still sufficient for transdermal
gene delivery. The most significant disadvantage of most gene therapy
electrodes is the relatively small operating area. In order to increase the
effective area of the minimally invasive electrodes, roller type
electrodes can be used as proposed by Yang et al. (2021). In
Figure 9G, the model of such an electrode structure is shown, and

the expected electric field distribution is presented in Figure 9H.
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FIGURE 10

Spatial electric field distribution of plate and round tweezer electrodes using 1000 V and 200 V terminal voltages, respectively. (A) Electroporation of a
superficial tumor, when plates embrace the tumor sufficiently, side view; (B) electroporation of a superficial tumor, when plates embrace the tumor
insufficiently, side view; (C) electroporation of the superficial tumor, top view; (D) electroporation of the skin, side view; (E) electroporation of melanoma or a
small superficial tumor; (F) electroporation of the skin or melanoma, top view; (G) round tweezer electrode simulation model; (H) spatial electric field

distribution, side view; (l) spatial electric field distribution, top view.

The FEM analysis results indicated that the highest value of
electric field strength is located around the microneedle tips;
however, it decreases drastically in the gap between the negatively
and positively charged needle pairs (Figure 9H). A similar electrode
type was analyzed by Huang et al. (2018). In order to improve the
non-homogeneity, it was proposed to combine the structure with
conductive gel microchannels, which are formed by applying gel on
the skin and rolling the needles on the skin ten times before the
pulsing. As an approximation, our simulation of this treatment
field distribution with one
microchannels filled with conductive gel (Figure 9I). The results

covers the electric layer of
indicated that the conductive gel channels can improve electric field

homogeneity.

3.3 Non-invasive electrodes

As previously mentioned, non-invasive electrodes interact
through the skin interface. Non-invasive electrodes are less suitable
for deep subcutaneous tumors; however, they may be advantageous on
exophytic tumors or melanoma, which appears on the skin surface.
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Several configurations of such electrodes are presented in the
following.

Plate electrodes are most commonly used as a non-invasive
electrode type (Al-Sakere et al., 2007; Sedlar et al., 2012; Novickij
et al,, 2021). The configuration consists of two rectangular stainless
steel plates with fixed gap size [or adjustable with clippers (Caliper
Electrodes for Electroporation Applications, 2022; Wang et al., 2008)]
placed in parallel representing the anode and cathode (Fixed
Electrodes, 2022a). Figures 10D-F show the application of plate
electrodes for electroporation of skin (Figure 10D) and small skin
lump (Figure 10E).

Tweezer-type electrodes are also a sub-population of parallel plate
electrodes that are comfortable to be used when the gap between
electrodes need to be adjustable. An example of round tweezer
electrodes with adjustable 1-20 mm gap size is shown in Figures
10G-1
Electroporation Applications, 2022). For prediction of electric field

(Tweezertrodes Electrodes for In Vivo and In Utero

distribution, we used a specific case with 5-mm-diameter and 4.5-mm-
gap electrodes covering a tissue lump. As expected, due to limited
contact area, the electric field was not homogeneous. Proper and
maximum contact of the electrode surface with the tissue should be
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L-shaped (A-B) and 4-plate electrodes with (D—F) and without expansion (G-1) when 1300 V terminal voltage is used. (A) L-shaped electrode structure;
(B) spatial electric field distribution, top view; (C) spatial electric field distribution, side view; (D) 4—plate electrode structure without plate expansion; (E) spatial

electric field distribution without plate expansion, top view; (F) spatial

electric field distribution without plate expansion, side view; (G) 4-plate electrode

structure with plate expansion; (H) spatial electric field distribution with plate expansion by 8°, top view; (1) spatial electric field distribution without plate

expansion by 8°, side view

ensured for the electrodes to be applicable in cancer treatment.
Nevertheless, the requirements for electric field homogeneity
during gene therapy are lower; thus, this type of tweezer electrodes
is sometimes favorable due to the ease of use and compactness
(Maiorano and Mallamaci, 2009; Shi et al., 2010; Zhang et al.,
2022). Tweezer electrodes are available in a variety of tip shapes
and sizes (Tweezertrodes Electrodes for In Vivo and In Utero
Electroporation Applications, 2022).

In the case of superficial tumors, good contact between the
electrodes and the tissue is essential, as it may dramatically affect
the electric field distribution (Figures 10A, B). Also, forming a lump
can be sometimes advantageous. Nevertheless, it can be clearly seen
that the top and bottom of the tumor are covered by a significantly
lower electric field, especially when the tumor is embraced
insufficiently (Figure 10B). If not taken into account during the
treatment planning step, it may result in re-occurrence of the tumor.
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L-shaped electrodes are another commonly used applicator
for electroporation-based treatments. This type of electrodes is
mostly used for large cutaneous margins and is designed for the
treatment of skin tumors of all sizes. An example of such a
commercially available electrode arrangement is shown in
Figure 11A (Accessories ElectroVet, 2021). For the simulation,
the electrodes were placed on the tissue boundary and pushed
into the skin; furthermore, 1300 V voltage was applied. Figures
11B, C show that the electric field of the L-shaped electrodes is
inhomogeneous, i.e., the highest dose of PEF is expected at the skin
surface, while deeper tissue layers are affected by a significantly lower
electric field.

Similar L-shaped electrode configurations have been employed
for in wvivo both gene
electrochemotherapy by Mazeres et al. (2008). In their study,

electrodes were repositioned by 90° after each pulse train to

electroporation  for therapy and
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Micromachined pliable electroporation patch (ep-Patch) with rectanglular parallel gold electrodes, using 50 V terminal voltage. (A) Electrode structure;

(B) spatial

compensate electric field inhomogeneity. The results showed 93% of
complete response on treated animals, and the electrodes were
efficient on tumors of up to 5cm diameter. Gene therapy was also
successful when performed using 4-mm-gap electrodes. However,
ablation of the skin was observed.

Another option of non-invasive electrodes is the 4-plate
electrode (4PE), where pulses are delivered by two parallel
electrode pairs instead of rotating two plates by 90°. The 4PE was
developed by Heller et al. initially for gene electro-transfer
procedures (Heller et al., 2007). The electrodes operate as follows:
metal plates are placed on the target to “grab” the desirable skin fold,
and the non-conductive ring-shaped nut is tightened to establish a
constant gap size. Two different gap sizes were analyzed—6 mm,
without plate expansion, and 8 mm, with 8" expansion (Figures
11D,G, respectively). As can be seen from Figures 11E, F, the
spatial electric field distribution of the 4PE is similar to that of
two-plate electrodes. However, since the pulsing is performed
between 90° shifted electrode pairs, during the second pulse train,
the non-homogeneity of the treated volume can be better
compensated.

According to the spatial electric field distribution presented in
Figure 11F, the value of the electric field decreases at the top and the
bottom of the electroporated tissue. The problem is even more
apparent when the plates are expanded (Figure 11I). However,
when the target tissue is larger in size, such expansion may be
advantageous, which ensures a wider contact area by squeezing the
tissue between all the plates.

Another type of superficial electrode currently being developed is
the pliable electroporation patch with thin flexible electrodes.
Currently, such electrodes are successfully employed for gene
delivery. Flexible electrodes adapt to the skin surface and,
therefore, good  contact. 12 illustrates the
micromachined pliable electroporation patch (ep-Patch), which

ensure Figure
consists of rectangular parallel gold electrodes presented by Wei
et al. (2015). We analyzed a model with 0.2 mm width and 0.5 mm
spacing between the electrodes (Figure 12A). The electric field
distribution was evaluated with 50 V terminal voltage (Figures 12B,
C). Tt can be seen that the electrodes ensure acceptable transdermal
electric field distribution, while the flexibility to adapt to the skin
surface is advantageous for practical applications.
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electric field distribution, top view; (C) spatial electric field distribution, side view.
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FIGURE 13

Plate-and-fork-type electrodes using 500 V terminal voltage. (A)
Commercially available electrodes; (B) electrode structure; (C) spatial
electric field distribution, side view; (D) spatial electric field distribution,
top view.

As previously pointed out, electroporation success strongly
depends on the electric field distribution in the tissue (Miklavcic et
al., 2006). In order to guarantee effective treatment, homogeneous PEF
must be spread through the whole target; otherwise, only partial
treatment of the target will be achieved. This problem is especially
apparent for non-invasive electrodes in ECT, resulting in tumor re-
occurrence (Shankayi and Firoozabadi, 2012). Therefore, either
alternative electrode configurations should be considered or a
repositioning strategy developed during the treatment planning step.

Simulation results showed that non-invasive applicators are not
capable of reaching subcutaneous or deeper tissues with sufficient PEF
value. A higher pulse amplitude could be considered, but it would
trigger IRE of the tumor in close proximity with the electrode
terminals, which is not always desired. Increasing the amount of
conductive gel between the electrodes and tissue fold improves the
PEF distribution (Ivorra et al., 2008); however, the parts of the tumor
without direct contact with the electrodes are likely to be affected by
the insufficient electric field (Novickij et al., 2021). Additionally, too
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much conductive gel, especially in the top part of the tumor, can short-
circuit the generator.

3.4 Partly invasive electrodes

Plate-and-fork-type electrodes are

electrodes (Electrodes for in vivo electroporation, 2021b) that are

commercially available

effective for gene therapy (Maruyama et al., 2001).

The analyzed model consists of a pair of tweezers, one with a
stainless steel fork consisting of 3-mm needles and the other with a 5 x
8-mm plate, and a spherical tumor (Figure 13). The fork with needles
is inserted into the tissue, and simultaneously, the rectangular plate
embraces the target. This electrode also contains a fixing part to keep
the gap size stable between the fork and the plate while applying the
pulses. Clearly, this is a convenient way for tight and accurate grasp of
the target tissue; however, it does not solve the field homogeneity
problem; thus, the application is limited to gene therapy.

4 Applications in vivo and in clinical trials

A variety of electrode prototypes and electrode geometries are
commercially available; however, electrode structure is only one
component of electroporation success. Optimal pulsing parameters
need to be selected and adjusted according to the electrode structure
and tissue properties to enhance treatment efficacy. In order to
produce the aforementioned threshold PEF value, adequate pulse
amplitude must be applied. Furthermore, modifications of other
pulsing properties, i.e., duration, pulse shape, number of pulses,
and repetition frequency, are considered and adapted to the
The
optimization is growing, following the possibility to manipulate the

electroporation  protocol. interest in pulsing parameter
treatment outcome at the same time minimizing the side effects such
as muscle contractions (Arena et al,, 2011a), thermal damage (Mi et al.,
2017), or pain sensation (Cvetkoska et al., 2022). Therefore,
determination of appropriate pulsing protocol properties is an
essential step in electroporation-based procedures. Currently, a
wide range of PEF protocols have been introduced and applied in
practice. We have summarized the pulsing protocols and applications
of previously reported electrodes in Supplementary Table S2.

The presented limitations and advantages of each electrode
structure can significantly determine the electroporation-based
clinical treatments. For instance, skin cancer (melanoma,
squamous or basal carcinoma, etc.) patients are typically cured
via plate or needle array (parallel row or hexagonal) electrodes
with  the ECT which

chemotherapeutic agents and ESOPE established electric pulses

combined procedure, includes
(Miklavcic¢ et al., 2014). In order to overcome the presented non-
homogeneity of the electric field, especially at the central part of the
tissue, the electrodes are repositioned or slightly shifted sideward,
and simultaneously, subsequent doses of PEF are applied (Campana
et al., 2014). The strategy indeed has a positive influence on
improving the electric field and, thus, diminishing the growth
dynamics of cancerous cells, although it cannot guarantee a
minimal ablation area. The necrotic skin areas that were in
contact with the electrodes were reported to heal within a month
(Quaglino et al., 2008) in most cases, followed by mild to severe pain
(Kunte et al., 2017). The mentioned factors may cause discomfort for

Frontiers in Bioengineering and Biotechnology

10.3389/fbice.2022.1094968

patients. Nonetheless, ECT may offer an effective treatment for
cancerous skin lesions: basal cell carcinoma, 100% complete
response within 15-56 months (Kis et al, 2019); melanoma
metastases, 89% complete response within 24 months (Ricotti
et al, 2014) and 60% complete response within 6 months
(Matthiessen et al., 2011); and malignant melanoma, 53.5%
(Ferioli et al., 2022). Partial or negative tumor response may
potentially be associated with inappropriate drug concentration,
non-uniform PEF distribution, and other factors, including
immune response to the treatment (Sersa et al., 2008b; Cadossi
et al., 2014).

ECT has also proved to be an efficient method in the treatment of
deep-seated tumors. The procedure is usually performed with fixed or
variable length, composition, and number of needle electrodes, which
are injected with ultrasound guidance percutaneously or with open
surgery (Gerlini et al., 2013; Djokic et al., 2020). However, ultrasound
real-time monitoring alone may sometimes not be accurate enough for
precise targeting of the target tissue (Eisele et al., 2014). Recently,
laparoscopic approaches with ultrasound support for ECT have been
introduced to facilitate electrode guidance for tissue penetration
(Stillstrom et al., 2017; Izzo et al., 2020). Such procedures are
advantageous in terms of lesser complications, faster procedure,
and smoother patient recovery. The appropriate needle positioning
strategy for each specific procedure is performed individually using
computed tomography and/or magnetic resonance images prior to
treatment (Djokic et al., 2018b). The placement, number of needles,
and exposure activation plan are then selected in the most efficient
manner using various techniques or software. One such technique was
introduced by Marcan et al. The developed web-based electric field
distribution visualization tool can be successfully adopted for accurate
and time-efficient pre-treatment planning (Groselj et al., 2015; Marcan
et al, 2015). Nevertheless, the complete response of deep-seated
targets in different locations is still considerably lower than that of
skin treatments: 55.5% in <1 month (Coletti et al., 2017), 63% within
20.2 months (Edhemovic et al., 2020), and 50% within 2 months
(Matthiessen et al., 2018)), although, in most cases, chemotherapy or
radiotherapy is performed before ECT.

IRE is another commonly used electroporation-based tumor
ablation method (Aycock and Davalos, 2019). IRE procedures are
(10 ps—20 ms)
monophasic pulses with 1 Hz pulse repetition frequency (Jiang

traditionally performed wusing relatively long

et al, 2015). However, studies confirm that such electric pulsing

protocols factors, i.e., muscle

contractions and thermal damage. In recent years, the novel

distinguish many negative
modality of bipolar high-frequency pulses for non-thermal IRE
treatment, termed H-FIRE, was proposed (Arena et al, 2011b).
The H-FIRE procedure with adjustable position needle electrodes
has been recently employed for prostate cancer. The results showed
good tumor response to treatment and reduced muscle contractions
during the procedure (Dong et al., 2018).

Gene electro-transfer procedures focus on the delivery of DNA
encoding therapeutic transgenes mainly for cancer-related therapies
or infectious disease vaccines (Heller and Heller, 2015), which
addresses the activation of immune response to the treatment
(Cervia and Yuan, 2018). Currently, these methods are under
investigation in in vitro or animal models (Milevoj et al., 2019;
Brezar et al., 2020). So far, the procedure was employed only in
several clinical treatments, including melanoma (NCT00323206)
with interleukin-12 plasmid (Daud et al, 2008), malignant
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tumors with AMEP plasmid (NCT01664273) (terminated),
metastatic melanoma with AMEP plasmid (NCT01045915)
(Spanggaard et al,, 2013), and cutaneous basal cell carcinoma
located in the head and neck region with phIL12 plasmid
(NCT05077033) (Groselj et al., 2022). Depending on the target
tissue, invasive (needles or needle arrays), minimally invasive
(microneedle array or microneedle roller), or non-invasive (plate,
patch, etc.) electrodes are selected to achieve maximum GET
efficiency. Interestingly, it was found that moderate tissue
preheating before pulse exposure could potentially enhance gene
expression while reducing the PEF strength. The minimally invasive
electrode array (MEA) with optical fibers for heat production was
introduced by the Heller group (Edelblute et al., 2021). The purposed
technique was applied on the skin; however, gene expression was also
present in deeper layers, including the muscle (Bulysheva et al,
2019). DNA vaccines are another promising field of GET
application; however, they still require improvement before
clinical applications (Gothelf and Gehl, 2012; Cao et al., 2022).

5 Conclusion

Electroporation effectiveness varies depending on PEF spatial
distribution in the tissue. Therefore, research and development of
optimal pulsing protocols and applicators for electrochemotherapy
(ECT), gene therapy (GT), or irreversible electroporation (IRE) is
constantly performed. Currently, there are many types of electrodes
(invasive, non-invasive, or minimally invasive); however, all of them
have a niche for application and a universal structure is yet to be
proposed. The current state-of-the-art is to compensate the problems
of tissue heterogeneity and field inhomogeneity with real-time
imaging during the procedure. Additionally, treatment planning
steps may include FEM simulation of spatial electric field
distribution and possible thermal effects.
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Quiescence is a cellular state of reversible growth arrest required to maintain
homeostasis and self-renewal. Entering quiescence allows the cells to remain in
the non-dividing stage for an extended period of time and enact mechanisms to
protect themselves from damage. Due to the extreme nutrient-deficient
microenvironment in the intervertebral disc (IVD), the therapeutic effect of cell
transplantation is limited. In this study, nucleus pulposus stem cells (NPSCs) were
preconditioned into quiescence through serum starvation in vitro and
transplanted to repair intervertebral disc degeneration (IDD). In vitro, we
investigated apoptosis and survival of quiescent NPSCs in a glucose-free
medium without fetal bovine serum. Non-preconditioned proliferating NPSCs
served as controls. In vivo, the cells were transplanted into a rat model of IDD
induced by acupuncture, and the intervertebral disc height, histological changes,
and extracellular matrix synthesis were observed. Finally, to elucidate the
mechanisms underlying the quiescent state of NPSCs, the metabolic patterns
of the cells were investigated through metabolomics. The results revealed that
quiescent NPSCs decreased apoptosis and increased cell survival when compared
to proliferating NPSCs both in vitro and in vivo, as well as maintained the disc
height and histological structure significantly better than that by proliferating
NPSCs. Furthermore, quiescent NPSCs have generally downregulated metabolism
and reduced energy requirements in response to a switch to a nutrient-deficient
environment. These findings support that quiescence preconditioning maintains
the proliferation and biological function potential of NPSCs, increases cell survival
under the extreme environment of VD, and further alleviates IDD via adaptive
metabolic patterns.

KEYWORDS

intervertebral disc degeneration, nucleus pulposus stem cells, quiescence, cell survival,
cell metabolism
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1 Introduction

Intervertebral disc degeneration (IDD) is a primary cause of
lower back pain and disability, which directly affects the quality of
life and work efficiency of the individual, causing a serious social
burden (Jin et al,, 2020; Chou, 2021; Costichescu et al., 2022).
Serious disc degeneration can lead to a series of degenerative clinical
syndromes, such as lumbar disc herniation, spinal stenosis, and
spinal instability, which are predominantly treated by surgical
methods (Zhao et al, 2019; Wu et al, 2020). Nevertheless,
traditional surgery can only decrease the clinical symptoms of
IDD but cannot fundamentally correct the degeneration of the
disc. Therefore, cell biotherapy for intervertebral disc (IVD)
repair has become a research focus in the past decade.

To the best of our knowledge, only few active cells are present in
the disc, and the number and function of cells are further decreased
during disc degeneration (Roberts et al., 2006; Ma et al., 2019).
Therefore, replenishing the functional cells is the most direct
approach to restoring disc homeostasis (Sakai and Grad, 2015;
Tong et al, 2017). Presently, multiple cell types have been
evaluated in vitro and in vivo and are being used for intradiscal
transplantation. Cells used for transplantation include nucleus
pulposus cells (NPCs), nucleus pulposus stem cells (NPSCs), and
stem cells from other sources (Chen et al., 2016; Kumar et al., 2017;
Wang et al., 2018; Ekram et al., 2021; Li et al., 2021). NPSCs are one
of the most ideal seed cells because they are derived from NP, which
have a phenotype similar to the IVD cells with good proliferative
ability (Hu et al., 2018; Du et al., 2021). Nevertheless, how the cells
maintain efficient survival after transplanting into the disc is
unknown (Sakai and Grad, 2015; Tong et al., 2017). Because the
IVD is an avascular organ, the microenvironment of its inner cells is
characterized by poor blood supply and nutrient deficiency (ND),
and the blood supply is further diminished during the process of
IDD (Urban et al., 2004; Roberts et al., 2006; Ma et al., 2019).
difficult
Consequently, the transplanted cells must first survive in the

Therefore, transplanted cells are to keep alive.
extreme environment of IVD with poor nutrition and blood
supply for cell therapy (Sakai and Grad, 2015; Tong et al,, 2017;
Yuan et al.,, 2020; Binch et al., 2021). Moreover, these transplanted
cells should maintain favorable bioactivity to produce an
extracellular matrix rich in proteoglycan and collagen under the
harsh disc environment (Zhang et al, 2019). To conclude,
maintaining the survival and biological function of transplanted
cells in the harsh degenerated disc microenvironment is important.

Many previous studies have shown that adult stem cells are
present in a quiescent state in vivo. Quiescence is a state of reversible
growth arrest wherein the cells exit the cell cycle and enter the
GO phase, albeit retaining their capacity to divide (Cho et al., 2019;
Marescal and Cheeseman, 2020). Once quiescent cells receive
activation signals, they can promptly re-enter the cell cycle to
start the S-phase and resume proliferation, thereby re-performing
biological functions (Rodgers et al., 2014; Goel et al., 2017; Urban
and Cheung, 2021). These properties make quiescence play an
important role in maintaining stem cell stemness and tissue
homeostasis. Research has indicated that stem cells can be

induced into quiescence by serum starvation or contact
inhibition in vitro. Quiescent stem cells can strengthen stemness,

resist stress reactions, and improve the tissue repair effect (Wong
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et al., 2017; Alekseenko et al., 2018; Rumman et al., 2018). Moreover,
basal metabolic activity, biosynthesis, and energy requirements are
significantly decreased in quiescent stem cells, which favors the
adaptive survival of transplanted cells in adverse environments (Ho
et al.,, 2017; Moya et al.,, 2017; Ferro et al.,, 2019). Accordingly, we
hypothesized that quiescence preconditioning of NPSCs can
increase the tolerance of the cells in response to the extreme
environment of the degenerated disc after transplantation. We
have confirmed the existence of quiescence in NPSCs by serum
starvation previously in vitro and showed that quiescent NPSCs
(Q-NPSCs) can maintain regenerative capacity (Li et al, 2019).
Nevertheless, it is unknown whether Q-NPSCs can maintain
survival and function under the ND environment for disc repair.
In the present study, we investigated the characteristics of
Q-NPSCs and the survival of the cells under the ND condition
in vitro, and then determined the therapeutic effect of the cells in a
rat model of IDD. We also studied the metabolic characteristics of
Q-NPSCs through metabolomic analysis and elucidated the
potential mechanism of the cells in maintaining homeostasis.

2 Materials and methods

2.1 Isolation and culture of primary rat
NPSCs

All animal experiments in this study were approved by the
Animal Care and Use Committee of Nanchang University (China)
and followed by the Guide for the Care and Use of Laboratory
Animals by the National Institutes of Health (NIH). Animals were
bred in a natural ventilated room with a dark/light cycle at
20°C-25°C, at ad libitum access to water and food.

Primary rat NPSCs were isolated using a low-density culture
method, as reported elsewhere (Zhao et al., 2017; Wang et al., 2019;
Lietal., 2020). In brief, SD rats were sacrificed by cervical dislocation
after inhaling an overdose of isoflurane, and then caudal disc
specimens were collected. The NP tissues were separated from
the rat coccygeal IVD and washed twice with PBS under sterile
conditions. Then, the tissues were digested with 0.2% collagenase
type Il (Sigma, United States) solution at 37°C for 2h. After
centrifugation at 1000 rpm for 5 min, the cell pellets were
cultured in Dulbecco’s Modified Eagle Medium/Nutrient Mixture
F-12 (DMEM/F12, Gibco, United States) medium supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin
combination at 37°C under a 5% CO, atmosphere. The medium was
changed twice a week until sufficient cell colonies were observed,
and the cells were digested with 0.25% trypsin-EDTA solution
(Gibco) for subculturing. Finally, NPSCs up to the third passage
were applied for subsequent experiments.

2.2 ldentification of the differentiation
capacity of rat NPSCs

The osteogenic, chondrogenic, and adipogenic differentiation
capacities of NPSCs were determined by Alizarin red staining,
Alcian blue staining, and Oil Red O staining, following the
manufacturer’s instructions (Cyagen, Guangzhou, China) and the
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methods of the previous study (Li et al, 2019). The osteogenic
differentiation of NPSCs was induced with osteogenic
differentiation medium (RASMX-90021, Cyagen) containing 10%
FBS, 1%
glycerophosphate, 0.2% ascorbate and 0.01% dexamethasone.

penicillin-streptomycin, 1% glutamine, 1% f-
After 3 weeks, Alizarin red staining was used to identify mineral
deposits. The cells were fixed at room temperature with 4%
paraformaldehyde (PFA) for 30 min, and then stained with an
Alizarin Red solution for 10 min at room temperature. Then, the
cells were washed with PBS and observed microscopically.

Chondrogenic differentiation was induced by a high-density method
(Tezaki et al., 2019). NPSCs were suspended to a cell density of 1 x 107
cells per ml. 10 pl were dripped into a the 6-well plate and placed in the
incubator for 1.5 h. After that, chondrogenic medium (RASMX-90042,
Cyagen) was added for culture, taking care not to destroy the droplet.
The medium was changed every 2 days until the sixth day. The cells were
fixed with 4% PFA for 10 min, washed twice using PBS, and incubated in
Alcian Blue solution for 2 h. Then, the cultures were washed again with
PBS and observed by optical microscope.

Adipogenic differentiation was induced with adipogenic
medium (RASMX-90031, Cyagen), including induction medium
FBS, 1%
L-glutamine, 0.2% insulin, 0.1% 3-Isobutyl-1-methylxanthine,

A (containing 10% penicillin-streptomycin, 1%
0.1% rosiglitazone and 0.1% dexamethasone) and maintenance
medium B (containing 10% FBS, 1% penicillin-streptomycin, 1%
L-glutamine and 0.2% insulin). The NPSCs were induced with
solution A for 3 days and solution B for 1 day, alternating until
lipid-rich droplets appeared. The cells were fixed and then stained
with Oil Red O solution for 30 min. After washing with PBS, the
culture plates were placed under a microscope for observation.

2.3 ldentification of stem cell surface
markers

The stem cell specific markers CD73, CD90, CD105, CD34,
CD45, and HLA-DR were analyzed by flow cytometry. Briefly, rat
NPSCs were digested with 0.25% trypsin and collected. The cells
were centrifuged at 300 ¢ for 5 min, washed twice with PBS, and
finally resuspended in 0.1 ml of PBS. The samples were incubated at
room temperature with primary antibodies CD73-PE (Bs-4834R,
Bioss, Beijing, China), CD90-PE (Bs-0778R, Bioss), CD105-APC
(67075-1-1g, Proteintech, Wuhan, China), CD34-FITC (Bs-0646R,
Bioss), CD45-FITC (Bs-4819, Bioss), and HLA-DR-APC (Bs-1198R,
Bioss) for 30 min, washed twice with PBS, and then incubated in the
dark with secondary antibodies for 30 min After being washed again
twice with PBS, they were detected by flow cytometry.

2.4 Induction of quiescence and reactivation
in NPSCs

NPSCs (2 x 10°) were seeded in a 25-cm? cell-culture flask and
cultured in a standard medium (DMEM/F12 supplemented with 10%
FBS). After 24 h, the cells were used as proliferating NPSCs (P-NPSCs).
At this time point, another group of NPSCs were rinsed with PBS and
cultured in a low-serum medium (DMEM/F12 supplemented with 0.1%
FBS) for 48 h to induce quiescence, as quiescent NPSCs (Q-NPSCs).
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Next, the medium was changed every 3 days with a low-serum medium,
and, on day 7, with the standard medium in order to stimulate the cells.
After 24 h, the cells were used as reactivated NPSCs (Re-NPSCs).

2.5 Nutrient-deficient culture conditions

In vitro, the degenerative disc microenvironment was simulated
by culturing cells in a glucose-free DMEM without FBS, which was
defined as the nutrient deficiency (ND) condition (Liu et al., 2017;
Wang et al., 2020). The cell experiments were divided into four
groups based on the participating cell types: P-NPSCs (proliferating
NPSCs), P-ND-NPSCs (proliferating NPSCs cultured under ND),
Q-NPSCs (quiescent NPSCs), and Q-ND-NPSCs (quiescent NPSCs
cultured under ND). Quiescent cells were prepared 2 days in
advance (Day-2), and the proliferating cells were prepared 1 day
in advance (Day-1). On Day 0, the medium for both P-ND and
Q-ND was replaced with a glucose-free DMEM without FBS and
subsequently cultured without any medium change.

2.6 Cell cycle analysis

The cell cycle of NPSCs was detected by flow cytometry. Briefly,
the samples were digested with 0.25% trypsin, collected, and then
washed twice with PBS. Then, the cells were fixed in precooled 75%
ethanol and stored at —20°C until further use. To analyze the cell cycle,
the fixed cells were centrifuged and the ethanol was discarded. Then,
the cells were hydrated with PBS for 15 min, and the supernatant was
discarded after centrifugation. Then, 1 mL of the DNA staining
solution (Multi Sciences, Hangzhou, China) was added and mixed
well. The stained cells were incubated in the dark at room temperature
for 30 min, followed by flow cytometry analysis.

2.7 Immunofluorescence

The cell slides prepared earlier fixed in 4%

paraformaldehyde for 15min and then permeated with 0.5%

were

Triton X-100 for another 15 min at room temperature. The cells
were then blocked with 10% goat serum for 30 min and incubated
with a primary antibody at 4°C overnight. Then, the cells were
treated with secondary antibodies in the dark at room temperature
for 1 h and counter-stained with DAPI for 5 min. After sealing the
slices, the images were observed by fluorescence microscopy and
subjected to semi-quantitative analysis using Image].

2.8 Cell proliferation, apoptosis, and survival
analysis

The Cell Counting Kit-8 (CCK-8; Solarbio, Beijing) was used to
detect the cell viability of NPSCs. In accordance with the above-
mentioned methods, NPSCs were seeded into a 96-well plate at the
density of 5000 cells/well, and 100 pl of the medium was added to each
well. For detection purpose, 10 pl of the CCK-8 solution was added to
each well and incubated for 3 h. The optical density (OD) at 450 nm
was measured using an enzyme-labeled instrument.
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TABLE 1 The histological grading of the disc degeneration.

Cellularity and

morphology

Cellularity of the annulus fibrosus | 1. Fibroblasts comprise more than 75% of

the cells

2. Neither fibroblasts nor chondrocytes
comprise more than 75% of the cells

3. Chondrocytes comprise more than 75% of
the cells

Morphology of the annulus fibrosus | 1. Well-organized collagen lamellae without

ruptured or serpentine fibers

2. Inward bulging, ruptured or serpentine
fibers in less than one-third of the annulus

3. Inward bulging, ruptured or serpentine
fibers in more than one-third of the annulus

Border between the annulus fibrosus
and nucleus pulposus

1. Normal, without any interruption

2. Minimal interruption
3. Moderate or severe interruption

Cellularity of the nucleus pulposus | 1. Normal cellularity with stellar-shaped
nuclear cells evenly distributed throughout

the nucleus

2. Slight decrease in the number of cells with
some clustering

3. Moderate or severe decrease (>50%) in the
number of cells with all the remaining cells
clustered and separated by dense areas of
proteoglycans

Morphology of the nucleus pulposus | 1. Round, comprising at least half of the disc

area in mid-sagittal sections

2. Rounded or irregularly shaped,
comprising one-quarter to half of the disc
area in mid-sagittal sections

3. Irregularly shaped, comprising less than
one-quarter of the disc area in mid-sagittal
sections

The apoptosis of NPSCs was detected using the FITC-Annexin
V/PI Kit (UE, Suzhou, China). First, the cells were digested with
EDTA-free trypsin solution and then centrifuged, followed by
washing twice with pre-cooled PBS. The resultant cells were
collected and resuspended with 100 pul of 1x binding buffer,
followed by the addition of 5ul FITC-Annexin V (AV) and 5l
PI working solution. In addition, AV and PI single-stained cells were
prepared for flow compensation regulation. After incubation at room
temperature for 15 min, the samples were analyzed by flow cytometry.

The Hoechst 33342/PI Staining Kit (Solarbio) was used to label
the living and dead cells. According to the manufacturer’s
instruction, the cells were treated with a staining buffer and dyed
at4°C for 30 min in the dark. Finally, the images were observed using
a fluorescence microscope. Hoechst 33342-positive and PI-negative
cells were designated as viable cells, whereas Hoechst 33342-positive
and PI-positive cells were designated as dead cells.

Cell survival was determined by performing the Trypan Blue
Exclusion Dye assay. Briefly, the cells were digested with trypsin and
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centrifuged at 1000 rpm for 1 min, and the supernatant was
discarded and resuspended in 900 pl of PBS. Then, 100 pl of
0.4% trypan blue (Gibco) solution was added, mixed, and stained
for 3 min. A small amount of the cell suspension was absorbed and
counted in a blood cell-counting plate. The dead cells were stained
blue, while the living cells were unstained. The cell survival rate was
expressed as the percentage of viable cells relative to total cells at
each time point. In addition, the NPSCs were stained with
hematoxylin eosin (HE) dye and observed under a microscope.

2.9 Cell retention study in isolated
intervertebral discs

To investigate the survival of NPSCs after implantation into the
disc. We constructed a rat IVD organ culture model (Wu et al,, 2019;
Liao et al., 2021). The tail disc with an intact endplate was isolated from
3-month-old SD rats (300 g) and cultured in DMEM/F12 medium
supplemented with 15% FBS and 1% penicillin/streptomycin at 37°C. A
solution of 1.5 M NaCl and 0.4 M KCl was added to adjust the osmotic
pressure of the medium to 400 mOsm, which is similar to the
physiological conditions. NPSCs with a positive GFP expression
from GFP transgenic SD rats (donated by Xinqiao Hospital) were
employed for tracing. The cell suspension (2 pl) containing 1 x 10* P-
NPSCs(GFP+) or Q-NPSCs(GFP+) cells was slowly injected into the
disc using a 31G needle, and the injection was kept inserted at the site
for about 5min to prevent any leakage. The culture medium was
replaced every 3 days. At each time point, the cultured discs were
observed using an animal imaging system (AniView600, BLT,
Guangzhou, China), and the fluorescence intensity of each
membrane was subsequently quantified.

2.10 Rat IDD model induction and NPSCs
implantation

Following anesthesia, the tail was disinfected with iodophor, and
a 21G-puncture needle was used to puncture different levels of the
tail IVD at a depth of 5 mm. The needle was inserted into the center
of the nucleus pulposus through the annulus fibrosus and rotated by
360° and maintained for 30s. After 2 weeks, the caudal discs of
different levels were divided into four groups: Control (not
punctured), P-NPSCs  (punctured and with
P-NPSCs(GFP+)), Q-NPSCs (punctured and injected with
Q-NPSCs(GFP+), and PBS (punctured and injected with PBS)
groups. The injection protocol was performed as described in
Section 2.9. The segments were injected with 2 ul cell suspension
(containing 1 x 10* cells) or 2 ul PBS.

injected

2.11 Radiographic analysis

X-ray were taken to assess the disc height at 0, 2 and 4 weeks
after cell injection. Briefly, the animal was placed in the prone
position with the tail straight and the ray perpendicular to the tail.
The disc height index (DHI) was calculated according to the method
described by Han et al. (Han et al., 2008) to evaluate the disc height.
Changes in DHI were normalized to the preoperatively measured
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TABLE 2 Primes sequences.

10.3389/fbioe.2023.1073238

Gene Forward primer Reverse primer o]

PCNA GCCCTCAAAGACCTCATCAAT ATCAGCATTATCTTCAGCCCTTA NM_022381.3
Ki67 CCATTAACAAGAGTGAGGGAGTG TGAGTGGAGTATTAGGAGGCAAG XM_006230453.2
Sox9 CACATCTCTCCTAACGCCATCT GCGGCAGGTATTGGTCAAACTC NM_080403.2
Acan AGTGACCCATCTGCTTACCCTG CTGCATCTATGTCGGAGGTAGTG XM_039101034.1
Col2al GTGTCAAGGGTCACAGAGGTTAC CGCTCTCACCCTTCACACCT NM_012929.1
GAPDH CTGGAGAAACCTGCCAAGTATG GGTGGAAGAATGGGAGTTGCT NM_017008.4

DHI and expressed as %DHI (= measured DHI/before acupuncture
DHI x 100). All images were measured by three independent
observers who were blinded to the experimental design.

2.12 Histological analysis

Two weeks after the cell transplantation, the rats were sacrificed
and their caudal disc tissues were assessed. These tissues were fixed
in 4% paraformaldehyde, decalcified, and embedded in paraffin. For
the immunohistochemistry analysis, the sections were incubated
with Collagen-Il (1:200, 28459-1-AP, Proteintech) or Aggrecan (1:
200, 13880-1-AP, Proteintech) antibodies. On the other hand, the
sections were stained with hematoxylin-eosin (HE), saffron O-fast
green (SO), and toluidine blue (TB). The images were then observed
under the microscope (Olympus, Tokyo, Japan). The degree of disc
degeneration was assessed based on the historical grading of the disc
degeneration (Table 1) (Zhou et al., 2018). The control, Q-NPCSs,
P-NPSCs and PBS groups each contained six samples and were
scored by three independent observers.

2.13 Real-time quantitative PCR

Total RNA was extracted from the cells with TRIzol reagent
(Invitrogen, United States) and transcribed into ¢cDNA using a
reverse transcription kit (Takara, Japan), which was amplified by
using the SYBR Green Master Mix (Takara). Then, the mRNA
expression levels of PCNA, Ki67, Sox9, Acan, and Col2al were
detected by using the Real-time ABI 7900 HT System (Applied
Biosystems, CA, United States), using GAPDH as the internal
reference. The results of the experiment were calculated using the

27%4¢T method. The primers are listed in Table 2.

2.14 Metabolomics analysis

To detect the differences in the metabolic patterns between
P-NPSCs and Q-NPSCs, the cells were collected (four samples from
each group), and it was ensured that the number of cells in each
sample was not less than 1 x 10°. The cells were centrifuged and the
supernatant was discarded. Then, the wet pellets were flash-frozen
under liquid nitrogen for 30 s and then transferred to —80°C for
storage until use. Widely targeted/non-target metabolomics
experiment was performed at the Biomarker Technologies
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(Beijing, China) using the following process: after further
treatment of the sample with methanol and acetonitrile,
metabolomic analysis was performed by using an LC/MS system
consisting of Waters Acquity I-class PLUS ultra-high-performance
liquid chromatography tandem equipped with the Waters Xevo G2-
XS QTOF high-resolution mass spectrometer. The raw data
collected using MassLynx V4.2 was processed by the Progenesis
QI software for peak extraction, peak alignment, and other data
processing operations. The identified compounds were searched for
classification and pathway information in the KEGG, HMDB, and
lipidmaps databases. According to the grouping information, the
difference multiples were calculated and compared, and t-test was
applied to calculate the difference significance p-value of each
compound. The R language package ropls was used to perform
the orthogonal partial least squares discriminant analysis (OPLS-
DA) modeling, and 200-times permutation tests was performed to
verify the reliability of the model. The VIP (Variable Importance in
Projection) value of the model was calculated through multiple
cross-validation to measure the effect of each metabolite expression
pattern on the classification of each sample, thus assisting the
filtrated metabolites. The method of combining the difference
multiple, the p-value, and the VIP value of the OPLS-DA model
was adopted to screen the differential metabolites. The screening
criteria were FC > p-value <0.05 and VIP >1. The difference
metabolites of the KEGG pathway enrichment significance were
calculated using the hypergeometric distribution test.

2.15 Statistical analysis

All experiments were performed in triplicate. The mean +
standard deviation (SD) was applied to present the data.
Graphics and statistical analyses were conducted by GraphPad
Prism eight software. Student’s t-test for two groups and one-way
ANOVA with Tukey post hoc test for three or more groups were
used for group comparisons. p < 0.05 was considered to indicate
statistical significance.

3 Results
3.1 Characterization of NPSCs

After three passages, the cells were purified; they exhibited a long
spindle shape with a uniform morphology and whirlpool arrangement
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FIGURE 1

Morphological characteristics and identification of nucleus pulposus stem cells (NPSCs). (A) P3 NPSCs exhibited a long spindle shape with a uniform
morphology and whirlpool arrangement. Osteogenic, chondrogenic, and adipogenic differentiation capacities of NPSCs were identified by Alizarin Red
staining, Alcian blue staining, and Oil Red O staining, respectively. (B) Cell surface markers of NPSCs were detected by flow cytometry. The NPSCs
positively expressed CD73, CD90 and CD105 and negatively expressed CD34, CD45, and HLA-DR.

(Figure 1A). After inducing osteogenic differentiation of the NPSCs,
the formation of mineralized nodules was determined by Alizarin red
staining. For the chondrogenic differentiation, Alcian blue staining
showed a large amount of glycosaminoglycan accumulation in the
cells. Oil Red O staining showed many intracellular lipid droplets after
adipogenic differentiation (Figure 1A). For the uninduced NPSCs in
these stains, no significant positive stains were observed, as
demonstrated in the previous study (Li et al.,, 2019). Furthermore,
the expressions of NPSCs surface markers CD73 (+), CD90 (+),
CD105 (+) were 98.0%, 98.1%, and 99.8%, respectively, whereas the
expressions of CD34 (-), CD45 (-), HLA-DR (-) were 0.12%, 0.07%,
and 0.33% respectively, by flow cytometry (Figure 1B). To conclude,
these results showed that the NPSCs had higher purity and stemness,
which was suitable for the treatment of IVD.

3.2 Quiescent NPSCs sustained favorable
potential for proliferation and biological
function

The quiescent state of NPSCs was induced by serum starvation
(DMEM/F12 medium containing 0.1% FBS) and its characteristics
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were observed. Compared with the proliferating NPSCs (P-NPSCs),
the growth of the quiescent NPSCs (Q-NPSCs) was arrested and the
cells gradually shrunk and became smaller. At the same time, the cell
morphology gradually changed from a long spindle shape to a round
or polygon, and the transparency increased. After 7 days, Q-NPSCs
were reactivated with DMEM/F12 medium containing 10% FBS. It
can be seen that the cells exit the quiescent state and start to
proliferate again. It manifested that the cell morphology
gradually expands and recovers the long spindle shape
(Figure 2A). According to the CCK-8 assay, Q-NPSCs had low
or no growth activity compared with P-NPSCs. However, after
reactivation, the NPSCs showed the same growth activity as the
P-NPSCs and continued to rise over time (Figure 2B). Flow
cytometry was adopted to examine the cell cycle (Figures 2C, D).
The percentage of Q-NPSCs in the GO/G1 phase was significantly
higher than that of P-NPSCs and reactivated NPSCs (Re-NPSCs). In
addition, the Q-NPSCs can maintain pluripotent differentiation
potential. In our pervious study (Li et al, 2019), we have
observed that the Re-NPSCs can be induced to osteogenic,
chondrogenic, adipogenic differentiation just like the
Q-NPSCs. These results showed that serum starvation can induce
NPSCs to enter the GO phase, which was defined as the quiescent

and
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FIGURE 2

Morphological characteristics, proliferative potentials, and biological functions of the NPSCs were analyzed before and after quiescence induction
and reactivation. (A) The morphology changes of P-NPSCs, Q-NPSCs and Re-NPSCs. (B) The cell viability of NPSCs in each group were detected by CCK-
8 assay. "p > 0.05, ***p < 0.001. (C,D) The cell cycle of NPSCs in each group were analyzed by flow cytometry and through statistical analysis. **p < 0.01,
P-NPSCs vs. Q-NPSCs; “®p < 0.01, Q-NPSCs vs. Re-NPSCs. (E,F) The relative mRNA levels of PCNA and Ki67 (E) as well as that of Sox9, Acan and
Col2al (F) were analyzed by gRT-PCR. (G,H) The protein expression of Ki67 was detected by immunofluorescence (G), followed by quantitative analysis
by ImageJ software (H). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. P-NPSCs: proliferating NPSCs; Q-NPSCs: quiescent NPSCs; Re-NPSCs

reactivated NPSCs

state. After reactivation, the cells re-entered the cell cycle and
resumed proliferation.

Moreover, the expression of genes and the levels of proteins were
evaluated to determine the biological activity of each group. PCNA
and Ki67 are classical markers of cellular proliferation. Compared
with P-NPSCs, the mRNA levels of PCNA and Ki67 in Q-NPSCs
decreased significantly, and the levels of PCNA and Ki67 increased
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again in Re-NPSCs (Figure 2E). Furthermore, when compared with
P-NPSCs, the protein level of Ki67 was decreased in Q-NPSCs. After
reactivation, the protein level of Ki67 was restored (Figures 2G,H).
In addition, many chondrogenic genes (Sox9, Acan, and Col2al)
that promote extracellular matrix synthesis were detected. In
contrast to P-NPSCs, Sox9 and Acan mRNA expression was
slightly downregulated in Q-NPSCs but restored in Re-NPSCs.
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The apoptosis and survival of P-NPSCs and Q-NPSCs were analyzed in vitro under nutrient deficiency conditions. (A,B) The apoptosis of P-NPSCs,
P-ND-NPSCs, Q-NPSCs and Q-ND-NPSCs were analyzed by flow cytometry (A) and statistical analyses (B). (C) The NPSCs in each group were stained
with the Hoechst 33342 dye (blue) and PI dye (red). Blue cells without red color signify living cells and red cells signify dead cells. (D) To observe the
morphology of the surviving cells in each group, the cells were stained with hematoxylin Eosin (HE). (E) The survival of P-ND-NPSCs and Q-ND-

NPSCs was analyzed by the Trypan Blue Exclusion Dye assay

However, an interesting observation was that Col2al mRNA
expression was significantly increased in Q-NPSCs and Re-
NPSCs (Figure 2F). These results showed that the proliferation
activity of NPSCs
suppressed by quiescence induction but resume or increase

and partial biological are temporarily

immediately after reactivation.

3.3 Quiescence preconditioning favored
NPSCs against apoptosis and increase cell
survival under nutrient deficiency in vitro

To observe the response of proliferating NPSCs (P-NPSCs) and
quiescent NPSCs (Q-NPSCs) in response to the nutrient-deficient
(ND) environment, flow cytometry analysis was performed to detect
cellular apoptosis. Even though quiescence preconditioning by serum
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starvation led to apoptosis, the apoptosis rate was less than 10%
compared with unpreconditioned NPSCs, which was within the
acceptable range. The P-NPSCs and Q-NPSCs were then cultured
in the ND condition. After 48 h, both P-NPSCs and Q-NPSCs showed
a significant increase in apoptosis, whereas Q-NPSCs had lower
apoptosis than P-NPSCs (Figures 3A, 3B). Moreover, Hoechst
33342/PI double staining was used to visualize the living and dead
cells at this time (Figure 3C). No obvious PI-positive cells were found
in the untreated P-NPSCs, whereas a small number of PI-positive cells
were seen in the Q-NPSCs. Under the ND culture condition, the
number of PI-positive cells in quiescent NPSCs (Q-ND-NPSCs) was
significantly lower than in proliferating NPSCs (P-ND-NPSCs). These
results demonstrated that quiescence preconditioning can inhibit
apoptosis and reduce cell death under the ND condition.

With the progression of nutrient deprivation, more and more
P-ND-NPSCs died, and “ghost cells” appeared (Figure 3D). On the
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FIGURE 4

The survival of NPSCs after implantation into isolated discs was measured using an animal fluorescence imaging system. (A) Grouping and
procedure of the cell retention study. (B,C) The fluorescence intensity, which indicates the number of surviving cells, was measured at day 0, day 3 and
day 7 after injection of P-NPSCs and Q-NPSCs. PBS was implanted as a control. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

contrary, the Q-ND-NPSCs showed almost no morphological
changes and less cell death from day 0 to day 7. The results of
the trypan blue exclusion experiment showed (Figure 3E) that the
cell survival rate of the P-ND-NPSCs continued to decrease
significantly, and reached only about 30% on the seventh day,
whereas that of the Q-ND-NPSC decreased slowly and remained
above 60% on the seventh day. These results showed that quiescence
preconditioning increased the tolerance under the ND environment,
thereby improving the cell survival rate.

Furthermore, the retention of P-NPSCs and Q-NPSCs after
implantation in the disc was determined by in vitro imaging
As shown in Figure 4,
represented cell retention. The fluorescence cells after
implantation of P-NPSCs and Q-NPSCs decreased in the IVD.
However, the fluorescence intensity of Q-NPSCs was higher than
that of P-NPSCs on the seventh day of implantation. These results
suggested that quiescence preconditioning also contributed to the
survival of NPSCs in the IVD after implantation.

analysis. the fluorescence intensity

3.4 Quiescence preconditioning increased
the ability of NPSCs to alleviate the
intervertebral disc degeneration in vivo

To determine the therapeutic effect of Q-NPSCs transplantation
on disc degeneration compared with P-NPSCs in vivo, a rat model of
IDD was established by needle puncture. After 2 weeks, P-NPSCs,
Q-NPSCs, and PBS were administered into different segments of
intervertebral discs, where PBS was used as the control. The untreated
segment was the normal group. We then performed radiographic
analysis and histological analysis of each group after transplantation,
as shown in Figure 5A.

First, the intervertebral disc height was observed by X-ray after cell
injection and evaluated by disc height index (DHI) (Figures 5B, C).
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Compared with the normal group, DHI decreased after induction of
IDD in the PBS, P-NPSCs, and Q-NPSCs groups. The mean DHI
continued to decrease in the PBS group. After 2weeks of cell
transplantation, the DHI of the P-NPSCs group and Q-NPSCs
group was significantly higher than that of the PBS group. After
4 weeks of cell transplantation, the DHI of the Q-NPSCs group was
significantly higher than that of the P-NPSCs group. All these results
suggested that NPSCs transplantation can maintain IVD height and
quiescence preconditioning can increase this ability.

Four weeks after transplantation, the caudal discs were harvested to
assess histological differences between each group. The macroscopic
observation of the IVD was evaluated (Figure 5D). The NP and AF in
the IVD without acupuncture were distinctly defined. The AF was
complete, and the NP tissue was water-rich. In the PBS group, the AF
structure was disordered, and the NP area was significantly reduced and
replaced by microscopic tissues. Although AF tissues in the P-NPSC
and Q-NPSC groups were thicker than those in the PBS group, they
were rich in NP tissues, and the boundary between the NP and AF was
clear. Notably, the NP area of the Q-NPSC group was larger than that of
the P-NPSC group. HE staining (Figure 5E) showed that NP tissues
were arranged neatly and evenly in the normal group. In the PBS group,
NP tissues were damaged or disappeared and filled with fibrous
connective tissues, whereas AF tissues were disordered and lost their
concentric circular lamellar structures. The distribution and structures
of the NP and ECM in the P-NPSC and Q-NPSC groups were visible;
however, the quantity and structure of the ECM in the Q-NPSC group
were better than those in the P-NPSC group. S-O staining (Figure 5E)
showed that polysaccharide content in the PBS group decreased
significantly; thus, the staining of both groups was stronger than
that of the PBS group. Furthermore, the staining of the Q-NPSC
group was stronger than that of the P-NPSC group. In contrast,
toluidine blue staining (Figure 5E) showed that the P-NPSC and
Q-NPSC groups showed more NP chondrocytes and positive
proteoglycan staining than the PBS group, and the staining intensity
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FIGURE 5

The therapeutic effects of P-NPSCs and Q-NPSCs on intervertebral disc degeneration (IDD) were analyzed and compared in vivo. (A) Groupings and
procedures for in vivo experiments. (B) X-rays were captured to assess the disc height before the puncture, at 2 weeks after the puncture and then at
2 weeks after the cell injection. The red arrows indicate the location of the disc, as well as the locations of the acupuncture and injection cells. (C) The disc
height index (DHI) was calculated and expressed as %DHI to assess the change in disc height after cell implantation. (D) Two weeks after the cell
transplantation, the rat caudal disc tissues were assessed. (E) The disc sections were stained with hematoxylin eosin (HE), saffron O-fast green (SO), and
toluidine blue (TB). (F) The degree of disc degeneration was assessed through histological scoring. (G) The protein expression of aggrecan in the nucleus
pulposus (NP) and collagen-II in the annulus fibrosus (AF) was determined by immunohistochemistry analysis (x100). *p < 0.05, ***p < 0.001.

of the Q-NPSC group was better than that of the P-NPSC
group. Overall, the histological scores were significantly higher in all
experimental groups than those in the normal group and were higher in
the PBS group than those in the P-NPSC and Q-NPSC groups. The
histological scores of the Q-NPSC group were lower than those of the
P-NPSC group (Figure 5F). These results indicated that the
transplantation of preconditioned quiescent NPSCs might maintain
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or improve the tissue structure of the IVD with better effects than the
transplantation of non-preconditioned proliferating NPSCs.
Immunohistochemical staining showed that collagen-ll and
aggrecan were present in the normal, P-NPSC, and Q-NPSC
groups (Figure 5G). Due to the absence of NP tissues in the PBS
group, only small amounts of collagen-II and aggrecan were
observed. According to the quantitative analysis, collagen-Il and
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The metabolomics analysis of P-NPSCs and Q-NPSCs. (A) Principal component analysis (PCA) revealed the metabolic differences between P-NPSCs
and Q-NPSCs. (B) The permutation test was performed by the orthogonal partial least squares discriminant analysis (OPLS-DA). (C,D) The differential
metabolites of P-NPSCs and Q-NPSCs were analyzed by cluster analysis and represented by volcano plots (C) and heat map (D). The screening criteria
were Fold Change (FC) > p-value <0.05 and Variable Importance in Projection (VIP) > 1. The scatter size represents the VIP value of the OPLS-DA
model. The labeled differential metabolites in the volcano represent the top five differential metabolites ranked by p-value. (E) The difference deviation in
the P-NPSCs and Q-NPSCs were analyzed using the Z-score. A positive value means up, while a negative value means down. The top 30 differential

metabolites ranked by p-value are shown in (E).

aggrecan levels in the P-NPSC and Q-NPSC groups were
significantly higher than those in the PBS group and lower than
those in the normal group. The collagen-Il and aggrecan levels in the
Q-NPSC group were higher than those in the P-NPSC group. These
results suggested that the preconditioned quiescent NPSCs
maintained ECM production in the degenerate disc.
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3.5 Preconditioned quiescent NPSCs adopt
an adaptive metabolic pattern

Using the liquid chromatography-quaternary time-of-flight
mass spectrometry (LC-QTOF) technology, qualitative and
quantitative analyses were performed for metabolomics on the
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eight samples of P-NPSCs and Q-NPSCs, and a total of 14,809 peaks
were detected (Supplementary Figure S1, Supplementary File S1). A
total of 3,589 metabolites were annotated using the online METLIN
database and Biomark’s self-built library. Principal component
analysis (PCA) showed considerable differences between
P-NPSCs and Q-NPSCs (Figure 6A, Supplementary File S2).
Orthogonal partial least squares discriminant analysis (OPLS-
DA) was performed to assess the reliability of the data model.
The Q2Y score of the OPLS-DA represents the predictive ability
of the model, that is, whether the model can distinguish correct
sample groups by metabolic expression. The closer the R2Y and Q2Y
of the index are to 1, the more stable and reliable the model is, that is,
the model can be used to screen differential metabolites. The model
was considered effective when Q2Y > 0.5 and excellent when Q2Y >
0.9. This model has a Q2Y value of 0.788 (Figure 6B). Then
740 differential metabolites were screened out according to Fold
Change (FC), p-value, and Variable Importance in Projection (VIP)
obtained by the OPLS-DA. Differences were considered significant if
FC > 1, p-value <0.05 and VIP >1. Compared with the P-NPSCs, the
overall metabolic level of the Q-NPSC group was reduced, with
483 downregulated and 257 upregulated metabolites. The expression
levels of differential metabolites in the two groups were represented
by volcano and heatmap, as shown in Figures 6C, D and
Supplementary File S3 respectively. The Z-score (standard score)
value, a value converted based on the quantitative value of
metabolites, was used to measure the difference deviation
between the experimental and control groups. It should be noted
that the Z-scores are calculated based on the mean and standard
deviation of the control group (P-NPSCs), in order to center the
control group on the axis for easy comparison. A positive value
means up, while a negative value means down. The top
30 differential metabolites ranked by p-value are shown in
Figure 6E (Supplementary File S4).

Next, a pathway enrichment analysis was performed using the
KEGG database for these differential metabolites (Figures 7A, 7B,
Supplementary Files S5, S6). Considerable differences were observed
in the following metabolic pathways: phenylalanine, tyrosine, and
tryptophan biosynthesis, plant hormone biosynthesis, cyanoamino
acid metabolism, and phenylpropanoid biosynthesis. Then, by
analyzing the pathway network map (Figure 7C), it was found
that L-tyrosine, L-tryptophan, Serotonin, and L-malic acid were
enriched into multiple metabolic pathways, indicating that they play
a role in these different pathways. The ROC curves were used to
analyze the possibility of these four differential metabolites as
specific markers of the quiescent state of NPSCs (Figure 7D). The
AUC (area under the curve) is a very useful measure for measuring
the ROC curve. It is always between 0.5 and 1.0. The closer the AUC
is to 1, the more different the substance is from the control and
experimental groups (i.e., a potential biomarker). L-tyrosine,
L-tryptophan and L-malic acid have an AUC of 1, and Serotonin
has an AUC of 0.875. The boxplots showed that the expressions of
L-tyrosine, L-tryptophan, Serotonin, and L-malic acid in Q-NPSCs
were significantly lower than those in P-NPSCs. These results showed
that the Q-NPSC group showed distinct metabolic patterns that were
significantly different from those in the P-NPSC group. Furthermore,
it may be possible to find biomarkers for the quiescent state of the
NPSCs from a metabolic perspective, and a large sample size is
required for verification.
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4 Discussion

Stem cell transplantation for IDD treatment is a hot topic in
current research. NPSCs have become one of the ideal seed cells
because of their unique advantages. However, stem cells used for
transplantation are generally in the proliferative phase, which is
inconsistent with the quiescence of adult stem cells in vivo.
Moreover, we have previously confirmed the quiescence of
NPSCs in 2019). Theoretically, the
transplantation of Q-NPSCs would be more suitable for the

vitro (Li et al,

internal environment of the disc. In addition, quiescent stem
cells can resist adverse environments to enhance their survival.
Moya et al. showed that preconditioned quiescent human MSCs
could survive better in vitro under hypoxia and glucose-free
conditions (Moya et al, 2017). In view of the special ND
microenvironment in the IVD, we hypothesized that the
transplantation of Q-NPSCs could better preserve survival and
cellular biological functions, facilitating the repair of the
degenerated disc. As shown in Figure 8, we tested this
hypothesis through in vivo and in vitro experiments.

First, we successfully isolated NPSCs from rat NP tissues and
identified  their
immunophenotypes. As shown in Figure 1, NPSCs have good

multilineage  differentiation  ability and
growth activity, high purity, and strong differentiation ability, and
they are highly potential seed cells for repairing IDD. Then we
induced these NPSCs to enter the quiescent phase by serum
starvation pretreatment for 48 h. As shown in Figure 2, the vast
majority of quiescence-inducing NPSCs were in the GO phase and
showed low or no proliferation. The mRNA levels of PCNA and
Ki67 were decreased. Compared with the proliferating NPSCs, the
mRNA levels of Sox9 and Acan were also decreased in the
quiescent NPSCs. Interestingly, Col2al mRNA level was
significantly increased. The secretion of ECM was increased in
quiescent cells, potentially reflecting the preservation of essential
physiological functions of the cells in response to harsh
environments (Lemons et al, 2010). In addition, we also
observed Ki67 level by cellular immunofluorescence. Similar to
the mRNA level, Ki67 level was significantly decreased in the
Q-NPSCs.

proliferative activity was immediately restored, and the mRNA

However, when the cells were reactivated, the
levels of PCNA, Ki67, Sox9, and Acan were significantly restored
or increased, and the mRNA level of Col2al was high.
Furthermore, Ki67 level was restored in the reactivated NPSCs.
These results suggest that Q-NPSCs maintain the potential to
proliferate, differentiate, and synthesize ECM and may even
perform better after reactivation.

As shown in Figures 2D,E,H, Re-NPSCs outperformed P-NPSCs
in the expression of Sox-9, Acan, and Col2al, and were comparable
to P-NPSCs in cell viability, but slightly inferior to P-NPSCs in the
expression of PCNA and Ki67 and in the cell cycle. This involves the
activation mechanism of quiescent stem cells. Urbdn et al. (Urban
and Cheung, 2021) suggested that when stem cells enter a deep
quiescent state, it takes longer to recover to a proliferative state,
which is influenced by various factors. Furthermore, due to the
drawbacks of inducing stem cells into a quiescent state by means of
serum starvation, it leads to a degree of apoptosis or irreversible
senescence (GO) (Marescal and Cheeseman, 2020). These ideas
suggest it takes a longer time for stem cells to recover from
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The pathway enrichment analysis of differential metabolites between P-NPSCs and Q-NPSCs. (A) Metabolic pathway and other pathways were
analyzed with reference to the KEGG database. (B) Bubble map of the KEGG enrichment factor for differential metabolites. The X-axis is the enrichment
factor and the Y-axis is the p-value. The size of the dots represents the number of differential metabolites enriched. The labeled dots are the top five
metabolic pathways ranked by p-value and were used for the analysis; The unlabeled dots were not used. (C,D) Several representative differential
metabolites of Q-NPSCs compared to P-NPSCs were obtained by enrichment network diagram (C) and analyzed by the receiver operating characteristic

(ROC) curves and box plots (D).

quiescence and that some degree of cell loss occurs are well made.
This is a problem that researchers are eager to address and look
forward to more satisfactory induction methods in the future. In
conclusion, our data suggest that NPSCs regain proliferation and
biological functions to levels comparable with P-NPSCs. We believe
that as technology advances and difficulties are resolved in the
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future, quiescence preconditioned NPSCs are expected to become a
new transplantation strategy for repairing disc degeneration.
Studies have shown that quiescence enables stem cells to
withstand harsh environments and reduces cell death (Stuart and
Brown, 2006; Alekseenko et al., 2018; Ferro et al., 2019). P- NPSCs
and Q-NPSCs were cultured in a serum-free and glucose-free
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Graphical abstract of the study, including in vivo and in vitro experiments

environment to investigate their survival under ND conditions
in vitro. As shown in Figure 3, the results showed that Q-NPSCs
showed a higher survival rate and anti-apoptotic ability than
P-NPSCs in response to the ND environment. Subsequently,
when the two types of NPSCs were implanted into the IVD, a
similar phenomenon was observed; the Q-NPSCs survived more, as
shown in Figure 4. On the seventh day of cell transplantation, the
survival rate of these P-NPSCs decreased to 30%, whereas that of the
Q-NPSCs remained above 60%. This result indicates that Q-NPSCs
have better tolerance to the ND environment than P-NPSCs, which
contributes to cell survival.

Cell therapy of the IVD depends on the survival of transplanted
cells and their biological functions (Sakai and Grad, 2015; Tong
et al,, 2017). In this study, we constructed a rat model of IDD by
needle puncture injury. We transplanted quiescent NPSCs,
proliferating NPSCs, and PBS into the IVD of the rat IDD model
and evaluated the repair efficacy of each group by radiography,
histology, and ECM synthesis. The results are shown in Figure 5. The
disc segment degeneration was most obvious in PBS injection only.
In contrast, the degeneration of the segments transplanted with
either quiescent or proliferating NPSCs was significantly improved.
However, Q-NPSC transplantation showed lower disc height
reduction, lower histological scores, and better ECM synthesis
than ~ P-NPSC  transplantation. — Therefore,  quiescence
preconditioning can improve the effectiveness of NPSCs in IDD
repair.

Although many previous studies have reported cell therapy for
IDD, ensuring cell survival after transplantation is difficult. In this
study, we present an innovative treatment strategy for the
quiescence preconditioning of NPSCs. This approach was

experimentally evaluated and successfully demonstrated to

improve the survival and repair ability of NPSCs, both in vitro
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and in vivo. However, due to the lack of vertical stress on the spine,
the rat model of IDD constructed by needle puncture was not
completely consistent with the IDD process in humans (Han et al.,
2008). Therefore, performing experiments on large animals, such as
rhesus monkeys (Zhou et al., 2013), is necessary to verify the repair
ability of quiescent NPSCs further.

However, one of the most important questions will be to
determine whether engrafted cells survive over the long term and
directly contribute to disc formation, or if they survive only
transiently, but in a manner that is sufficient to stimulate a
repair from within the endogenous environment. According to
previous studies (Clouet et al., 2019; Lyu et al., 2019), there must
be endogenous cellular repair during disc degeneration. In our
the
degeneration compared to segments without injected cells,

study, injected segments significantly delayed disc
indicating that exogenous NPSCs play an important role in
repairing intervertebral disc degeneration. This may be one of the
shortcomings of this study, and more information is needed for
further research.

Based on the above studies, we have confirmed that Q-NPSCs
are more tolerant to the harsh environment to maintain survival, but
the specific mechanism still needs further exploration. Previous
studies have shown that the quiescent state of stem cells is
regulated by metabolism (Moya et al, 2017; Theret et al.,, 2017;
Cho et al,, 2019; Marescal and Cheeseman, 2020). Moya A et al.
reported that quiescence pretreatment causes a protective metabolic
adaptation to improve the survival of human MSCs in an ischemic
environment (Moya et al., 2017). Theret M et al. showed that AMP-
activated protein kinase, the master metabolic regulator of a cell,
regulated muscle stem cells returning to quiescence, emphasizing the
importance of metabolism in stem cell fate (Theret et al., 2017).

Therefore, we examined the metabolic differences between the
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quiescent and proliferating NPSCs by metabolomics. The results are
shown in Figures 6, 7. The overall metabolic level of the quiescent
NPSCs was significantly reduced, including amino acid, nucleotide,
carbohydrate, and energy metabolisms. Amino acid metabolism
pathways (including tyrosine, tryptophan, and phenylalanine
metabolisms) and nucleotide metabolism pathways (including
pyrimidine and purine metabolisms) were significantly
downregulated, indicating that protein anabolism was reduced,
which was consistent with previous reports (Cho et al., 2019;
Marescal and Cheeseman, 2020).

Further analysis of the KEGG enrichment network graph
revealed several significantly under-expressed metabolites such as
L-tyrosine, L-tryptophan, Serotonin, and L-malic acid, which are
key metabolites in multiple enrichment pathways. L-Tyrosine is
closely related to cell cycle transition (Kaldis, 2007; Jikel et al., 2012).
The cyclin-dependent kinase inhibitor P27 can be phosphorylated
on tyrosine, and phosphorylated P27 reduces the ability to inhibit
the activity of cyclin-dependent kinases, a mechanism that allows
cells to enter the cell cycle from quiescence. In this study, we
hypothesized that the low level of tyrosine in the quiescent
NPSCs reduced the phosphorylation of P27, improving the
stability of P27, thus inhibiting the cell cycle and allowing the
NPSCs to remain in the quiescent state. Moreover, tryptophan is
an essential amino acid that the body cannot synthesize; it is also an
essential precursor in serotonin synthesis, which promotes
proliferation (Comai et al., 2020). Thus, with the constant
depletion of tryptophan in quiescent NPSCs, cell cycle arrest was
induced (Mellor et al., 2003; Oh et al., 2017) and serotonin level was
reduced (Fang et al., 2018; Gordeeva and Safandeev, 2021), probably
contributing to NPSC quiescence. L-Malic acid is a vital organic acid
produced in the metabolic process of organisms and an important
intermediate in the tricarboxylic acid cycle and its branch, the
glyoxylate cycle. L-Malic acid can quickly pass through the cell
membrane and enter mitochondria to participate in energy
metabolism directly (Ding et al, 2016); it is also an important
component of the malate aspartate shuttle and is important in
transporting NADH from the cytosol to mitochondria for ATP
production (Scholz et al., 2000; Wu et al., 2011). In the present study,
L-malic acid was reduced in the Q-NPSCs, which reduced ATP
production.

However, we found that lipid, terpenoid, and polyketide
metabolisms were active in the quiescent NPSCs. This is
consistent with previously reported results (Lemons et al., 2010).
Lipid metabolism is an important and complex biochemical reaction
in the body, which refers to the process of digestion, absorption,
synthesis, and decomposition of lipids in organisms under the
catalysis of numerous enzymes to be processed into products
needed by the body to ensure the normal operation of
physiological functions and is crucial for life activities (DeBose-
Boyd, 2018). Lipids are not only essential for energy supply and
storage but they also play an important role as structural
components of biofilms (Yao et al, 2019). Thus, ensuring basic
lipid metabolism is beneficial for maintaining cellular functions and
for stabilizing the membrane structure. In addition, terpenoids and
polyketides stabilize cells, resist oxidation, and inhibit proliferation
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(de Carvalho and da Fonseca, 2006; Kotoku et al., 2017), which need
to be further verified in Q-NPSCs.

5 Conclusion

In summary, our findings suggested that the quiescence
preconditioning of the NPSCs maintained proliferative potential
and cell viability, enhanced survival, and exhibited cellular functions
in response to the transition to a harsh, nutrient-deficient
IDD
hypothesized that the quiescent NPSCs adopted an adaptive

environment, thereby facilitating repair. Thus, we
metabolic pattern that favored resistance to the metabolic stresses
encountered. As this quiescence preconditioning method via serum
starvation is safe, feasible, and does not require many cells, it can be a

suitable strategy for using NPSCs in IDD treatment in the future.
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To date, the establishment of high-titer stable viral packaging cells (VPCs) at large
scale for gene therapeutic applications is very time- and cost-intensive. Here we
report the establishment of three human suspension 293-F-derived ecotropic
MLV-based VPCs. The classic stable transfection of an EGFP-expressing transfer
vector resulted in a polyclonal VPC pool that facilitated cultivation in shake flasks
of 100 mL volumes and yielded high functional titers of more than 1 x 10°
transducing units/mL (TU/mL). When the transfer vector was flanked by
transposon terminal inverted repeats (TIRs) and upon co-transfection of a
plasmid encoding for the transposase, productivities could be slightly elevated
to more than 3 x 10° TU/mL. In contrast and using mRNA encoding for the
transposase, as a proof of concept, productivities were drastically improved by
more than ten-fold exceeding 5 x 107 TU/mL. In addition, these VPC pools were
generated within only 3 weeks. The production volume was successfully scaled up
to 500 mL employing a stirred-tank bioreactor (STR). We anticipate that the stable
transposition of transfer vectors employing transposase transcripts will be of utility
for the future establishment of high-yield VPCs producing pseudotype vector
particles with a broader host tropism on a large scale.

KEYWORDS

sleeping beauty transposon, mRNA transfection, suspension cell, retroviral vector,
murine leukemia virus (MLV), stirred-tank bioreactor, gene therapy, mRNA transfection

Introduction

Retroviral and lentiviral vectors represent more than 25% of all viral vectors used in somatic
gene therapy today (Ginn et al., 2018). Retroviral vectors mediate efficient stable gene transfer
into a variety of cell types including early progenitor and hematopoietic stem cells. This qualifies
these vectors to be the favorite choice for the treatment of inherited monogenic diseases. The

101 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fbioe.2023.1076524/full
https://www.frontiersin.org/articles/10.3389/fbioe.2023.1076524/full
https://www.frontiersin.org/articles/10.3389/fbioe.2023.1076524/full
https://www.frontiersin.org/articles/10.3389/fbioe.2023.1076524/full
https://www.frontiersin.org/articles/10.3389/fbioe.2023.1076524/full
https://www.frontiersin.org/articles/10.3389/fbioe.2023.1076524/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fbioe.2023.1076524&domain=pdf&date_stamp=2023-04-04
mailto:joern.stitz@th-koeln.de
mailto:joern.stitz@th-koeln.de
https://doi.org/10.3389/fbioe.2023.1076524
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://doi.org/10.3389/fbioe.2023.1076524

van Heuvel et al.

majority of current clinical trials aim at the treatment of adenosine
deaminase-deficient severe combined immunodeficiency (ADA-SCID;
(Blaese et al., 1995; Aiuti et al., 2002; Gaspar and Thrasher, 2005);
X-linked severe immunodeficiency (SCID-X1 (Cavazzana-Calvo et al,
2000; Howe et al., 2008; Hacein-Bey-Abina et al., 2014; Cavazzana et al,,
2016); or Wiskott-Aldrich syndrome (WAS (Boztug et al., 2010; Braun
et al,, 2014; Hacein-Bey Abina et al., 2015; Ferrua et al., 2019)).

Gamma-retroviral vectors based on murine leukemia virus
(MLV) can be produced continuously employing stable viral
packaging cells (VPCs) expressing the viral structural genes gag/
pol (packaging construct), env (envelope construct) and a transfer
vector harboring the gene of interest in trans (Maetzig et al., 2011).
Most commonly, a transfer vector-free clonal VPC is first generated
by screening numerous cell clones for particle production
efficiencies (Miller, 1990; Cosset et al., 1995; Morita et al., 2000;
Wang et al., 2015). In a second step, the transfer vector of choice is
stably transfected followed again by a time-intensive screening of
cell clones yielding high-titer vector preparations. To date, mostly
adherent VPCs derived from human cell lines are used for clinical
grade vector productions hampering the scale-up for preclinical and
clinical trials (Coroadinha et al., 2010; Park et al., 2018). In contrast,
VPCs that grow in suspension at higher densities as well as in serum-
free media allow for viral vector productions in large bioreactors. In
pioneering studies, Ghani and colleagues (Ghani et al., 2006; Ghani
etal,, 2007) established a retroviral packaging cell line derived from a
human suspension 293SF cell producing retroviral titers of up to 4 x
107 transducing units per mL (TU/mL) comparable to yields
obtained with adherent VPCs. However, a very time-intensive
screening needed to be conducted to identify a high-yield
transfer vector-positive VPC clone.

We previously reported on the generation of a stable polyclonal
VPC using Sleeping Beauty (SB)- derived transposon vectors
encompassing MLV-derived retroviral vector components,
namely, an enhanced green fluorescent protein (EGFP) encoding
transfer vector (pSB-LEGFP-N1), a packaging (pSB-Gag/Pol) and
an ecotropic envelope construct (pSB-Env) were co-transfected with
a transposase expression vector (pSB100X). Within 3 weeks, stable
human adherent, as well as suspension VPCs were generated. These
VPCs produced MLV-based vectors at high titers efficiently
transducing  murine-/and  hamster  cell  lines, murine
hematopoietic stem and early progenitor cells (HSPCs) as well as
cell lines from different donor species recombinant expressing the
murine cationic amino acid transporter (mCAT; (Berg et al., 2019;
van Heuvel et al., 2021). Here, we describe the establishment of a
polyclonal 293-F derived human suspension cell called MuPACK.e
in only 3 weeks employing SB- and MLV-based packaging
components.

Moreover, we examined whether the time-intensive screening
for high-titer cell clones upon introduction of a transfer vector can
be omitted. Therefore, we compared three different approaches:
MuPACK.e cells were i) stably transfected with the transfer vector
plasmid pLEGFP-N1 harboring the reporter genes egfp and
neomycin resistance (neoR) - the most commonly used approach.
ii) The transfer vector plasmid now encompassing the TIRs of SB
flanking the transfer vector cassette (pSB-LEGFP-N1) was co-
transfected with the transposase-expression plasmid pSB100X
construct. iii) To increase biosafety and to exclude the genomic
integration of pSB100X, and thus the potential sustained expression
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of the transposase possibly resulting in the re-mobilization of vector
components, we co-transfected pSB-LEGFP-N1 together with
in vitro transcribed mRNA encoding the highly active SB100X
(Bire et al., 2013; Kebriaei et al., 2017; Tschorn et al, 2022).
Subsequently, all 3 cell pools were selected for high transfer
vector expression using escalating concentrations of neomycin
(G418). Functional and physical vector titers were assessed
conducting transduction experiments and vector particle
quantification using capsid-specific ELISA and a quantitative
reverse transcription PCR (RT qPCR). The most productive VPC
established, using transposase transcripts, was further characterized
employing enhanced cell densities and larger scale production in an

automated stirred-tank bioreactor (STR).

Methods and materials

Cells

Embryonic human kidney suspension FreeStyle™ 293-F cells
(Thermo Fisher Scientific, United States) were grown in FreeStyle™
293 expression medium (Gibco, United States) or Dynamis™
supplemented with 8 mM L-glutamine (for STR, Gibco,
United States) or GlutaMAX™ (for shake flasks, Gibco,
United States). Cells were cultured at 37°C, 8% CO,, and at
137 rpm in shake flasks (Thermo Fisher Scientific, United States)
using a Minitron shaker incubator (INFORS HT, Switzerland) with
an orbit of 5 cm. The adherent NIH/3T3 murine fibroblast target
cells (ATCC CRL-1658) were maintained in Dulbecco’s modified
Eagle medium high glucose, pyruvate (DMEM; Gibco, Germany),
supplemented with 10% fetal bovine serum (FBS; Gibco,
United States) at 37°C in a humidified atmosphere at 5% CO,.
Cell number and viability was accessed using a cell counter (anvajo
GmbH, Germany).

Plasmids

The MLV-based retroviral transfer vector pLEGFP-N1
(Clontech, United States) harbors the enhanced green fluorescent
protein (EGFP) and the neomycin resistance (neoR) genes. The
generation of the transfer vector, the packaging construct, the
envelope construct in transposon vector backbones and the
transposase construct was described previously (Berg et al., 2019).

The SB100X gene was amplified from pCMV-SB100X (Berg
et al,, 2019) and inserted into pIVTRup (a gift from Angel Raya
(Addgene plasmid #101362; https://n2t.net/addgene:101362; RRID:
Addgene_101362). This plasmid served as a template for PCR
amplification using primers containing the T7 promoter and
polyT tail sequences respectively. The resulting amplicons were
subjected to in vitro transcription (IVT) of SB100X-mRNA using
HiScribe™ T7 ARCA mRNA Kit (NEB, USA) following the
manufacturer’s instructions, respectively. After DNase treatment,
the mRNA was purified using the Monarch® RNA Cleanup Kit
(NEB, United States). RNA purity was confirmed using a Tecan
Infinite” and stored in aliquots at —80°C. The final mRNA
encompassed the 5'-Cap, the 5-UTR, the coding sequence of the
transposase, the 3’-UTR and the polyA tail (Tschorn et al., 2022).
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TABLE 1 Operating bioreactor production parameters.

Parameter Bioreactor DASGIP™ eppendorf

Basal medium Dynamis™ + 8 mM L-glutamine
Initial working volume 500 mL

Agitation 150 rpm

Agitation direction Downflow

Air flowrate 3L/

Initial dissolved oxygen (DO) 89.7%

Temperature 37°C

pH 7.09 no active control post inoculation
Initial VCD 0.84 x 10° cells/mL

Establishment of stable ecotropic MLV-
based vector packaging cells MuPACK.e

Packaging cells were generated by co-transfection of 3 x 107 293-F
cells in 20 mL shake flask cultures with 35.6 ug of pSB-gag/pol, 11.9 ug of
pSB-env and 2.5 pg of the transposase construct using polyethylenimine
transfection reagent (PELDNA mass ratio of 3:1; linear PEIL, 1 mg/mL,
MW 40,000; Polysciences Inc., United States). 9 mL fresh medium was
added 3 hours later and a complete medium exchange was performed on
the following day. Two days post-transfection, cells were subjected to
4 pg/mL puromycin and 50 ug/mL hygromycin (both InvivoGen,
France). Every passage, the concentration of both antibiotics was
escalated to a final concentration of 10 pug/mL puromycin and
200 ug/mL hygromycin resulting in a stable VPC bulk population
called MuPACK e within 21 days.

The subsequent transfections with the respective transfer vectors
were performed as described in detail (Bauler et al, 2020). For
30 million cells a total amount of 16.5 pug of pPDNA/mRNA was co-
transfected. A mass ratio of 1:10 (transposase to transfer vector) for the
plasmid-based transposase construct and a mass ratio of 1 to 1 for the
mRNA encoding the transposase was used (PELDNA mass ratio of 2:
1 and PELmRNA mass ratio of 4:1; linear PEI, 1 mg/mL, MW 40,000;
Polysciences Inc., United States). The mRNA-PEI mixes in this case
were always prepared in a separate tube and PEI was diluted directly
into the mRNA-medium mixture. VPCs stably expressing a transfer
vector were subjected to G418 mediated selection pressure 4 days post-
transfection at increasing concentrations of G418 ranging from 50 pg/
mL to a final concentration of 200 pg/mL. Two weeks post antibiotic
selection with G418, all three antibiotics were added at final
concentrations of 10 ug/mL puromycin and 200 pg/mL hygromycin
and G418. After 3 weeks, for transposition-based transfection and 2
month for classical plasmid-based transfection, and rigorous selection,
cells were expanded and cryo-stocks were made and rigorous selection,
cells were expanded and cryo-stocks were prepared.

MLV vector productions in shake flasks
and STR

Stable VPCs were seeded at a viable cell density of 2 x 10° cells/
mL in 500 mL shake flasks in 100 mL antibiotic-free FreeStyle™
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medium or Dynamis™ supplemented with 8 mM GlutaMAX™.
After 24 h of production, retroviral vectors were harvested by
centrifugation at 100 ¢ for 3 min at RT and made cell-free using
a PVDF syringe filter with a 0.45um pore size (Carl Roth,
Germany). Retroviral vector preparations were frozen at —80°C in
1.8 mL aliquots. For high-density VPC cultivations, the stable VPC
was seeded at 4 x 10°cells/mL in 250 mL shake flasks in 50 mL
Dynamis™ medium supplemented with 8 mM GlutaMAX™ and
MLV -based vectors were harvested after 48, 72 and 96 h.

For larger-scale vector production, cultivation in an STR with a
500 mL working volume (DASGIP® Parallel Bioreactor System,
Eppendorf AG, Cat. 76DG04CCBB) was performed. The STR
was equipped with one inclined blade impeller (three blades,
30%angle, 50 mm diameter) and a macro-sparger. Production
parameters are shown in Table 1 Prior to inoculation, the stable
VPC MuPACK.e.SB-LEGFP.N1,,rns was thawed and expanded in
Dynamis™ medium supplemented with highest concentrations of
antibiotics in shake flasks for 2 weeks. When cultures showed
viabilities >90% and a density of 2 x 10°cells/mL, cells were
centrifuged (300g, 5min, RT) and the complete medium was
replaced with fresh antibiotic-free Dynamis™ medium. The STR
was inoculated with 0.8 x 10° cells/mL and ran at 37°C, pO, > 40%,
controlled pH 7.0 (deadband +0.3), and 150 rpm for 10 days. During
cultivation thirteen independent viral vector harvests (5 mL) were
taken from the cultivation vessel, made cell-free by centrifugation
(3,000 g, 10 min at 4°C) and stored at —80°C. The STR was operated
in batch mode.

Viral vector titration and flow cytometry

To assess the viral vector titers produced by the established
VPCs, 1.0 x 10° adherent target NIH/3T3 murine fibroblasts were
seeded in 2 mL per well in six-well dishes 1 day prior to transduction
(Nunc, Wiesbaden, Germany). Dilutions of 1:1,000 and 1:10,000 and
of retroviral vector samples produced in shake flasks in total
volumes of 1 mL were added to target cells. The following day,
1 mL of fresh cultivation medium was added to transduced cells.
Three days post-transduction, the percentage of EGFP-positive cells
was analyzed using flow cytometry (S3e, Bio Rad, United States;
FlowJo BD Biosciences, United States) and used to detect gene
transduction efficiencies. Vector titers described as transducing
units per mL (TU/mL) were calculated as follows: titer = (F
%/(100 X Vi,1)) X S x D wherein F% is the percentage of GFP-
positive transduced cells, S represents the number of seeded target
cells on the day of transduction, D the dilution factor and V,, the
volume of viral vector in mL (Fehse et al., 2004).

For the viral vector titration using vectors produced in STR,
adherent target cells were seeded in 48-well dishes at 1 x 10* cells/
well in 0.5mL 1day prior to transduction. The medium was
removed and vector containing supernatant samples in different
dilutions of 1:10, 1:100 and 1:1,000, respectively, in a total volume of
0.25 mL were added to the target cells. Three days post-transduction,
cells were analyzed employing flow cytometry to determine the
percentage of EGFP-positive cells. Vector titers were calculated as
described previously employing supernatant dilutions resulting in
gene transfer efficiencies between 1.0% and 10.0% EGFP-positive
cells (Salmon and Trono, 2007).
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To detect the fluorescence intensities of the three VPCs or
transduced target cells expressing the EGFP expressing transfer
vector, 1 x 10° cells were centrifuged at 100 ¢ for 5 min and the cell
pellet was diluted in 1 mL flow cytometry buffer (phosphate-buffered
saline (PBS), pH 7.2, 0.5% bovine serum albumin (BSA) and 2 mM
EDTA). Prior to flow cytometry, viability was determined using an
anvajo cell counter (anvajo GmbH, Germany). A total of 10,000 gated
single cells were subsequently analyzed for EGFP expression.

Quantification of retroviral vectors using an
anti MLV p30 immunoassay

To assess the efficiency of viral vector production, total particle
concentration (i.e., physical titer) were quantified using a colorimetric
MuLV core p30 antigen ELISA kit (Cell Biolabs, Inc. (Cat. VPK-156,
United States)). From each cell-free retroviral particle harvest, one
sample was used to detect the total p30 concentration. Samples were
thawed from —80°C and diluted 1:10,000 in expression medium and
assayed in a 96-well plates in duplicate.

Quantification of transfer vector transcripts
in vector particles using RT-qPCR

To quantify the viral vector transfer vector RNA (i.e., physical
titer), a real-time reverse transcription quantitative PCR (RT-qPCR)
was performed. Cell-free and viral vector-containing cell culture
supernatant was used for the extraction and purification of vector
RNA according to the manufacturer’s instructions (NucleoSpin”
RNA virus kit; Macherey-Nagel, Germany).

A two-step hot start RT-qPCR with sequence-unrelated tagged
primers was used to specifically quantify viral vector EGFP mRNA
copies (Kawakami et al., 2011). Briefly, an external calibration curve
was generated for the EGFP-encoding sequence by amplifying from
the pLEGFP-N1 transfer vector template plasmid using the primers:
T7-gag/EGFP for 5'- TAATACGACTCACTATAGGGATGGTGA
GCAAGGGC -3' and T7-gag/EGFP rev 5'- GCTAGCTTCAGC
TAGGCATCTTACTTGTACAGCTCGTCC -3’. 300ng of the
amplicons were in vitro transcribed to RNA for 2 h at 37°C using
TranscriptAid T7 High Yield Transcription Kit (ThermoFisher
Scientific, United States). Transcribed RNA standards were
treated with 10 vol% DNase (30 min, 37°C) followed by 10 vol%
EDTA treatment (15min, 65°C) and purified using an RNA
isolation kit (Macherey Nagel, Germany).

Subsequently, a hot start reverse transcription PCR was performed.
Here, 1 pL of each EGFP mRNA sample and of each generated RNA
standard (ranging from 5.0E-07 ng to 5.0E+00 ng), 0.5 uL of dNTPs,
6.5 pL of nuclease-free water and 0.5 pL. MLV EGFP tagged RT primer
(rev 5'- GCTAGCTTCAGCTAGGCATCTTACTTGTACAGCTCG
TCCA -3) was first incubated at 65°C for 5 min and then at 55°C
for 5 min. For cDNA synthesis, 2 uL of 5X RT buffer (Thermo Fisher
Scientific, USA), 1.25 pL of nuclease-free water, and 0.25 uL of Maxima
H minus reverse transcriptase (Thermo Fisher Scientific, United States)
were added and incubated (30 min, 60°C), before the reaction was
terminated (5 min, 85°C). The generated cDNA was diluted to 100 pL.

To perform the qPCR, 4 pL diluted ¢cDNA, 5uL of 2X
QuantiNova SYBR green PCR mix (QIAgen, Germany), and
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05uL each of 1uM primers EGFP qPCR for 5'-
CTCGCCGACCACTACC -3' and EGFP tagged qPCR rev 5'-
GCTAGCTTCAGCTAGGCATC-3' were mixed. For the real-
time quantification, samples were subjected to initial
denaturation (5 min, 95°C), before 40 amplification cycles (10s,
95°C; 20's, 62°C) were carried out. The melt curve analysis was
between 65°C and 90°C. For absolute quantification, a regression
curve analysis was formulated by plotting the CT values of ten-fold
diluted RNA standards against the logl0 number of the RNA

molecules (Frensing et al., 2014).

Detection of replication-competent
retroviruses (RCRs): GFP marker rescue
assay and reverse transcriptase (RT) assay

To ensure that detected gene transfer efficiencies were purely a
result of vector-mediated transduction and not caused by the
of RCRs
recombination of complementary vector components,

from the
GFP
marker rescue assays were performed in triplicate as previously
described in detail (Cosset et al., 1995; Berg et al., 2019; van Heuvel
etal, 2021). In addition, NTH/3T3 target cells were exposed to vector

unintended  generation originating

preparations, expanded and supernatant of transduced cells was
collected after five and 12 days. Subsequently, samples were
examined using a reverse transcriptase (RT) assay with a
detection sensitivity of 10 pg RT per 40 uL sample (Colorimetric
reverse transcriptase assay, Roche, Switzerland) following the
manufacturer’s instructions. Supernatants of stable VPCs and
NIH/3T3 cells exposed to the supernatant of naive 293-F cells
served as positive controls and negative controls, respectively
(data not shown).

Statistics

An unpaired Student’s t-test was used to calculate p values. p
values of less than 0.05 were considered statistically significant (*(p <
0.05), **(p < 0.01), **(p < 0.001), ***(p < 0.0001)). Graphs and
statistics were calculated using GraphPad Prism 7 for Windows
10 software (GraphPad Software, Inc. United States).

Results
Generation of stable MuPACK.e based VPCs

The stable polyclonal suspension VPC MuPACK.e based on
ecotropic MLV was established as described using the expression
cassettes illustrated in Figure 1, namely, the packaging and envelope
construct pSB-Gag/Pol and pSB-Env together with the transposase
encoding plasmid pSB100X followed by selection using puromycin
and hygromycin. Upon transfection with the constructs illustrated
in Table 2 namely, i) only with pLEGFP-N1, ii) with pSB-LEGFP-
N1 and the transposase construct and iii) with pSB-LEGFP-N1 and
the mRNA of SB100X, stable cell pools were established in the
presence of escalating concentrations of G418. Cell-free
supernatants of the resultant VPCs MuPACK.e. LEGFP-N1,
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FIGURE 1

Genetic organization of expression cassettes. (A) In the packaging construct pSB-Gag/Pol, a CMV promoter/enhancer element (Pcmy) drives the
expression of the wildtype (wt) Moloney MLV (MoMLV) genes gag/pol followed by a synthetic intron (In), an internal ribosome entry site (IRES), a
puromycin-resistance gene (puro®), the Woodchuck hepatitis virus tripartite posttranscriptional regulatory element (WPRE) and the polyadenylation
signal (p(A)) of the bovine growth hormone gene. (B) The envelope construct pSB-Env encompasses the human codon-optimized ecotropic
envelope gene env derived from the Friend MLV molecular clone PVC-211 and the hygromycin-resistance gene (hyg®). ((C), left) The transposase
construct pSB100X harbors the human codon-optimized gene of the hyper-active Sleeping Beauty transposase SB100X. ((C), right) The transcript mRNA-
SB100X encompasses the 5'Cap, the 5'UTR, the coding sequence of the transposase SB100X, the 3'UTR and a polyA tail (AAAAAAA). (D) The transfer
vector pLEGFP.N1 encompasses the 5'- and 3’-long terminal repeats (LTRs; dotted arrows) of murine leukemia virus (MLV) flanking the packaging signal ¥
of MoMLV, a neomycin-resistance gene (neof) and a Pcuy driven EGFP expression. (E) The transfer vector pSB-LEGFP.N1 contains the same genetic
elements as pLEGFP.N1 but with the flanking 5'- and 3’-terminal inverted repeats (TIRs; black arrows) of Sleeping Beauty.

TABLE 2 Overview of plasmids and mRNA employed to generate polyclonal viral packaging cell lines.

VPC:Plasmids, mRNA MuPACK.e MuPACK.e. LEGFP-N1 MuPACK.e. SB-LEGFP-N1 MuPACK.e. SB-LEGFP-N1 ,ana
pSB-Gag/Pol X X X X
pSB-Eny X X X X
pSB100X X X X X
mRNA-SB100X — — _ X
pLEGFPN.1 — X — _
pSB-LEGFP.N1 — — X X

MuPACK.e.SB-LEGFP-N1 and

were harvested and frozen at

MuPACK.e.SB-LEGFP-N1,.zna
—-80°C. Thawed harvests were
subjected to three independent titration experiments conducted
in triplicate using murine NIH/3T3 target cells. Transduced cells
were analyzed 3 days later for EGFP expression.

Functional titers of generated MLV-based
vectors
As depicted in Table 3 MuPACK.e. LEGFP-N1 generated mean

vector titers ranging from 9.63 x 10° to 2.16 x 10° TU/mL. Viabilities
of the VPC at the time of vector harvests varied between 76% and
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85%. With viabilities of always >90%, MuPACK.e.SB-LEGFP-
N1 revealed slightly higher titers of 2.17 x 10° to 3.21 x 10° TU/mL.
MuPACK.e.SB-LEGFP-N1 showed stable productivity over a period
of 2 months in the presence as well as absence of selection pressure
(data not shown). The VPC MuPACK.e.SB-LEGFP-N1 ,rna
showed the by far highest productivity when cells were cultured
in FreeStyle™ medium (harvests 1). Titers of 5.12 x 10’ TU/mL were
detected at VPC viabilities of 80%, respectively.

When the VPC was expanded in Dynamis™ (harvests 2 and 3),
known as one of the mediums of choice for batch- and fed-batch
cultivation of highly efficient mammalian producer cells, to
prepare for cultivation at high densities in an STR or in
perfusion cultivation, cell viabilities varied between 73% and
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TABLE 3 Functional titers in TU/mL and physical titers in ng/mL (ELISA) of vector particles harvested from the stable VPCs. Frozen-thawed vector preparations
harvested from volumes of 100 mL VPC cultures at viable cell densities (VCD) of 4 x 10° cells/mL in FreeStyle™ medium in 500 mL shake flasks were titrated in
triplicate in NIH/3T3 target cells or measured in a 1:10,000 dilution in an ELISA. In harvests 2 and 3 of VPC MuPACK.e.SB-LEGFP-N1,zna cells were cultivated in
Dynamis™ expression medium. Standard deviations (SD) of mean are indicated.

Harvest Viability [%] Mean titer [TU/mL] SD Mean p30 [ng/mL]
1 76 9.63 x 10° +0.35 x 10° 6.38 x 10* +0.96 x 10*
MuPACK.e. LEGFP-N1 2 85 1.26 x 10° +0.05 x 10° 8.02 x 10* +1.71 x 10*
3 85 2.16 x 10° +0.15 x 10° 1.16 x 10° +0.22 x 10°
1 92 2.17 x 10° +0.11 x 10° 3.75 x 10* +1.89 x 10*
MuPACK.e. SB-LEGFP-N1 2 90 2.66 x 10° +0.21 x 10° 5.04 x 10* +0.17 x 10*
3 94 3.21 x 10° +0.32 x 10° 4.24 x 10* +1.54 x 10*
1 80 5.12 x 107 +0.51 x 107 7.20 x 10* +0.78 x 10*
MuPACK.e. SB-LEGFP-N1 ,rna 2 73 2.00 x 107 +0.05 x 10° 1.86 x 10° +0.24 x 10°
3 90 3.10 x 10° +0.55 x 10° 1.12 x 10° +0.01 x 10°
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FIGURE 3

Median fluorescent intensities (MFI) of the three VPCs:

MuPACK.e.LEGFP-N1, MuPACK.e.SB-LEGFP-N1 and MuPACK.e.SB-
90% and vector titer productivities of 2.00 x 10’ TU/mL and 3.10 x LEGFP-N1mrna- Data shown represent measurements in technical
triplicates +standard deviation. Statistical significance between

10° TU/mL were achieved. For high viable cell density cultivations
MUPACK.e.SB-LEGFP-N1 and MuPACK.e.SB-LEGFP-N1,anas based

(VCD), represented in Figure 2, VPCs were cultivated at 50 mL data with n = 3 was determined to p < 0.0001 (**%): between
scale and vector particle harvests at VCDs of 9, 10 and 15 X MUPACK.e.LEGFP-N1 and MuPACK.e.SB-LEGFP-N1 was p < 0.01 (**)
10° cells/mL were titrated in NIH/3T3 cells. VCDs correlated with using a tailed unpaired Student's t-test.

functional vector titers ranging from 3.58 x 10° TU/mL at 9 x
10° cells/mL to 3.43 x 107 TU/mL at 15 x 10° cells/mL in NIH/
3T3 cells. and represented in Figure 3. The highest expression of EGFP was

These results were supported by the median fluorescence  detected in MuPACK.e.SB-LEGFP-N1,zrna showing a
intensities (MFIs) of the three VPCs detected by flow cytometry  significantly higher MFI of more than 7,000 compared to
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FIGURE 4

Physical titers of transfer vector transcripts in vector particles
measured by real-time RT-qPCR. EGFP-specific primers were
used to generate amplicons using LEGFP-N1 mRNA packaged in
vector particles in each three harvests of the three VPCs
(depicted in Table 3). Mean values from assays performed in
analytical duplicates are indicated. Dots: MuPACK.e.LEGFP-N1,
rectangles: MUPACK.e.SB-LEGFP-N1, triangles: MuPACK.e.SB-
LEGFP-N1rNa-

the two other VPCs with MFIs between 4,000 and 5,000 (p <
0.0001).

Physical titer assessment using p30 capsid-
specific ELISA

To evaluate the total amount of MLV capsid protein p30 within
the three cell-free VPC harvests, a colorimetric ELISA assay was
performed, depicted in Table 3. Average p30 concentrations of all
three harvests (not shown in Table 3) were for MuPACK.e. LEGFP-
N1 8.65 x 10* ng/mL (£2.65 x 10*), for MuPACK.e.SB-LEGFP-N1
4.34 x 10" ng/mL (£0.65 x 10*) and for MuPACK.e.SB-LEGFP-
Nlypaa 1.23 x 10° ng/mL (0.58 x 10°).

Detection of transfer vector transcripts in
vector particles using RT-qPCR

The different functional vector titers were likely to result from
different transfer vector transcript amounts available for packaging
into the vector particles. Thus, RT-qPCR was performed in duplicate
using frozen cell-free samples from all VPC vector harvests and
EGFP-specific primers. As illustrated in Figure 4, the mean amount
of mRNA detected confirmed the trend observed in functional
vector titers obtained from all three VPCs. MuPACK.e.SB-
LEGFP-N1,rna (1.16 x 10" to 2.78 x 10" copies/mL) revealed
the highest amount of packaged transcripts as compared to
MuPACK.e.SB-LEGFP-N1 (6.60 x 10° to 8.96 x 10° copies/mL),
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FIGURE 5

Stirred-tank bioreactor vector particle production over 10 days

with VPC MuPACK.e.SB-LEGFP-N1,rna. (A) NIH/3T3 cells were
transduced with cell-free MLV vector containing supernatants
harvested at twelve time points. Data points represent average
values of technical triplicates, standard deviations are shown as
vertical error bars. (B) Viable VPC density (VCD) in 1 X 10° cells/mL
(dots) and cell viability in % (rectangles) during a 10-day STR
cultivation. (C) pH values (dots) and Osmolarity in mOsm (rectangles)
during a 10-day STR cultivation.

while MuPACK.e.LEGFP-N1 vyielded the lowest amounts of
encapsidated mRNA (1.42 x 10° to 4.16 x 10° copies/mL).

Production and functional titer of MLV
vectors in STR

To enable vector production at a larger scale, a cultivation in
STR was examined with the most productive stable VPC
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MuPACK.SB-LEGFP.N1,,rNa. Cells were cultivated for 10 days in
500 mL Dynamis™ medium supplemented with 8 mM L-glutamine
in the absence of antibiotics and medium change as described in
detail in materials and methods as well as in Table 1. Figure 5 shows
the retroviral vector titers detected in NIH/3T3 cells during a
10 days STR procedure. The VPC culture revealed increasing
productivity up to day 6. As illustrated in Figure 5A and at the
onset of the culture process, the titers were rather low with about 1 x
10° TU/mL correlating with the low VCD of less than 2 x 10° cells/
mL. With increasing VCDs up to 6 x 10° cells/mL (Figure 5B) the
transduction-competent particle numbers also increased, generating
titers of up to 2.81 x 10° TU/mL in NIH/3T3 cells at day 6. From day
6 to day 7, productivity stayed on a small plateau and from day 7 on,
the VCDs continuously decreased to 3.72 x 10° cells/mL resulting in
declining titers of 2.04 x 10° TU/mL down to 1.4 x 10°> TU/mL at the
end of the STR process on day 10. A linear scalability was observed
until day 6 of production remaining then on a plateau. From day
8 on and as no medium exchange was performed, the vector
production rate, as well as vector titer, dropped in correlation
with the decline in VCDs and viability, respectively. While
osmolality slightly decreased over time from 249 to 212 mOsm,
pH values remained considerably stable around 7.0 (+deadband)
throughout the process (Figure 5C).

Discussion

To facilitate high vector yield production in larger scale, stable
suspension VPCs are indispensable. In the first step and within only
3 weeks, we established the polyclonal ecotropic MLV-derived
VPC MuPACK.e transposon
components as previously described and shown in efficient

suspension using vector
transduction experiments in murine myeloblast-like cells as well
as in hematopoietic stem and progenitor cells (Berg et al., 2019; van
Heuvel et al., 2021). The establishment of stable high-titer producing
VPCs co-expressing the transfer vector of choice is a tedious and
time-consuming process. To reduce development times, we
compared in a proof-of-concept study three stable gene transfer
techniques. In one approach i) the transfer vector plasmid pLEGFP-
N1 was simply stably transfected. ii) The transfer vector cassette was
flanked by SB-derived TIRs and co-transfected with a transposase
plasmid construct pSB100X aiming at the stable transposition of the
viral vector component into the VPCs genomes. iii) To exclude the
undesired stable transfection of pSB100X and the expression of the
transposase over a period of one week, pSB-LEGFP-N1 was co-
transfected with mRNA-SB100X.

MuPACK.e.LEGFP-N1 produced vectors at high titers of 9.63 x
10° to 2.16 x 10° TU/mL in NIH/3T3 target cells. These results
exceed previously reported ecotropic MLV vector titers. Chan et al.
established a human lymphoblast WIL-2 cells-derived suspension
VPC using conventional plasmid transfection obtaining 7.5 X
10° TU/mL in NIH/3T3 cells (Chan et al., 2001). MuPACK.e.SB-
LEGFP-N1 generated only moderately improved titers between
2.17 x 10° and 3.21 x 10° TU/mL.

MuPACK.e.SB-LEGFP-N1,,rna  showed drastically increased
productivities reaching vector titers of up to 5.12 x 107 TU/mL
when cultivated in 100 mL shake flask volumes at a cell density of
4 x 10° cells/mL in FreeStyle™ or in Dynamis™ medium, respectively.
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In addition, these results were supported by the physical titers detected
using an anti-p30 ELISA. MuPACK.e.SB-LEGFP-N1,,rna showed
p30 amounts a power of ten higher than the other two VPCs.
Contaminations with RCRs resulting from recombination events of
the retroviral vector components were not detected in any of the vector
particle preparations conducting a GFP-marker rescue assay and a
sensitive RT-detection assay (data not shown).

The high abundance of the transfer vector RNA available for
packaging in concert with high level expression of Gag/Pol is a
crucial prerequisite for the efficient formation of transduction-
competent vector particles (Berg et al., 2019; Sweeney and Vink,
2021). Flow cytometric analysis of the three VPCs revealed different
expression levels of EGFP, and thus indicating differences in transfer
vector transcript amounts. MuPACK.e.SB-LEGFP-N1,,rna showed
a significantly higher MFI compared to the two other VPCs.

Consequently and to assess whether these differences also
mirrored the copy number of encapsidated transfer vector
mRNA, vector particle harvests from all three VPCs were
examined using RT-qPCR. MuPACK.e.SB-LEGFP-N1,,rna
showed the highest amount of packaged transfer vector RNA
followed by MuPACK.e.SB-LEGFP-N1 and MuPACK.e.
LEGFP-N1 confirming the trend observed in functional
vector titers. However, the RNA levels were two to three
orders of magnitude higher than the functional titers in
respective target This gap wusing two different
measurements was previously reported by Geraerts and
colleagues 2006 (Geraerts et al., 2006). Transfer vector RNAs
detected in the supernatant of the VPCs using qPCR are not

cells.

necessarily encapsidated (Onafuwa-Nuga et al., 2005; Rulli et al.,
2007; Eckwahl et al., 2016).

FreeStyle™ medium limits the VCDs to 4 x 10° cells/mL. We
thus conducted a high VPC density experiment in Dynamis™
medium in a 50 mL shake flask scale. VCDs could be elevated to
1.5 x 107 cells/mL reaching titers of up to 3.43 x 10’ TU/mL in NIH/
3T3 cells. This encouraged us to conduct a first STR pilot cultivation.
VPC MuPACK.e.SB-LEGFP-N1,,rna Was expanded at larger scale
using 500 mL volume STR employing Dynamis™. When the VPC
was seeded at a VCD of 0.84 x 10° cells/mL, the maximal cell density
peaked at 5.62 x 10° cells/mL along with increasing viability. The
highest vector titers of up to 2.81 x 10° TU/mL were obtained on day
6. Osmolality and pH values were moderately decreasing and
remained stable, respectively, over the entire cultivation period of
10 days. Viral vector titer and viability decline from day 7 on
correlated with the decreasing availability of essential nutrients
within the expression medium and with an increase of metabolic
degradation products. In addition and observed previously, the
amount of cellular proteases may have increased, and thus
degraded MLV vector particles (Genzel et al., 2010; Petiot et al.,
2011; Hein et al, 2021). Therefore, and to reach productivities
of >1 x 107 TU/mL in fed-batch approaches, the seed VCD of
VPCs should be increased to 2 or 4 x 10° cells/mL allowing the cells
to linearly grow to densities of 1.5 x 107 cells/mL or even higher
values within the first two or 3 days. Alternatively, fully automated
high-density perfusion reactors could be employed, and process
parameters would need to be optimized.

Serving as a proof-of-concept, only one VPC pool per
transfection technique of the transfer vector was examined here.
However, our findings still strongly indicate that the use of
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transposon-encoding mRNA is superior to the employment of
plasmid-based transposase. Using a ratio of 1:1 (transposase
transcript to transfer vector plasmid) instead of a ratio of 1:10
(plasmid-based transposase to transfer vector plasmid) for stable
transposition presumably led to a higher availability of active
transposases, elevating transposition efficiency. The high amount
of transposon-encoding mRNA probably resulted in enhanced copy
numbers of SB-LEGFP-NI per cell genome. Transposase transcripts
limit transposase expression to about 18 h Bire et al., 2013). Within
this time, a high abundance of transiently co-transfected transposon
donor plasmids are available and are likely to facilitate the superior
transposition. Using mRNA-based transposase expression appears
to avoid overexpression inhibition (OPI) or cytotoxicity observed
when plasmid-based transposase constructs are used (Grabundzija
et al,, 2010; Galla et al.,, 2011; Bouuaert et al., 2013). OPI is most
likely a result of high transposase activity over a period of up to
14 days. A prolonged expression of the transposase could lead to re-
mobilization and possibly depletion of packaging and envelope
donor expression cassettes resulting in less efficient production of
viral vector particles.

To date, larger scale retroviral vector productions are mainly
done in cell-factories, packed-bed bioreactors or fixed-bed-
bioreactors using adherent VPCs. The cells thus grow on a
limited area of the stacked cultivation devices or scaffolds such as
beads and microfibers (Merten et al., 2001; Wang et al., 2015; Powers
et al,, 2020). MLV vectors pseudotyped with the Env proteins of
Gibbon ape Leukemia virus (GaLV) with titers ranging from 7.88 x
10° up to 3 x 10’ TU/mL could be generated using fixed-bed
bioreactors in volumes of 200 mL to 1.4 L, respectively (Merten
et al, 2001). Using STRs and perfusion reactors instead, generated
MLV vectors pseudotyped with GaLV Env and vesicular stomatitis
virus G protein (VSV-G) with titers between 5 x 10° and 3.1 x
107 TU/mL, respectively (Merten et al., 2001; Ghani et al., 2006). The
packaging cell line PG13 stably transfected with a transfer vector
reached titer of 2 x 10° TU/mL and a piggy-bac transposon SIN
packaging cell line produced titers of up to 3 x 10° TU/mL. A non-
transposon-based amphotropic suspension packaging cell line called
293 GP-A2 produced titers of 4 x 10 TU/mL at a VCD of 12 x
10° cells/mL. However the mean time to develop this stable VPC
took several months (reviewed in Park et al., 2018).

Ecotropic MLV vectors, as shown here in our proof-of-concept
study, were not yet produced at such titers. We thus anticipate that the
VPC MuPACK e and our approach to rapidly establish VPCs within
only 3 weeks using mRNA-based transposase transcripts will foster
future viral vector productions at larger scale to facilitate preclinical ex
vivo gene transfer studies into murine primary cells, respectively. The
methodology reported here should also be applicable to SIN-transfer
vectors harboring a much lower risk for proto-oncogene insertion sites
(Hacein-Bey-Abina et al., 2014; Morgan et al., 2021). Transposon vector
utilizing strategies should also prove useful to establish VPCs producing
vectors with a broadened host cell range utilizing heterologous envelope
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Skin wound healing is a complex and multistage process, where any abnormalities
at any stage can result in the accumulation of non-functional fibrotic tissue,
leading to the formation of skin scars. Epigenetic modifications play a crucial role
in regulating gene expression, inhibiting cell fate determination, and responding to
environmental stimuli. m6A methylation is the most common post-transcriptional
modification of eukaryotic mRNAs and long non-coding RNAs. However, it
remains unclear how RNA methylation controls cell fate in different
physiological environments. This review aims to discuss the current
understanding of the regulatory pathways of RNA methylation in skin wound
healing and their therapeutic implications with a focus on the specific mechanisms
involved.

KEYWORDS

m6A methylation, skin regeneration, wound healing, scars, keloids

1 Introduction

As the protective barrier of the body, the skin is often exposed to potential causes of
injury that stimulate wound healing (Zeng et al., 2021). The healing of a normal tissue wound
after injury is a complex multistage process that involves hemostasis, inflammation,
proliferation, and remodeling (Amjadian et al., 2022; Yu et al.,, 2022). It is important to
note that abnormalities in any of these stages can result in the accumulation of non-
functional fibrotic tissue, leading to the formation of skin scars (Amini-Nik et al., 2018; Hu
et al., 2018).

A pathological scar is formed in the process of wound healing and is a proliferative
disease of skin connective tissue. Keloids are one of the most common pathologic scars that

Abbreviations: IncRNAs, long non-coding RNAs; ALKBH5, AlkB homolog 5; meRIP-seq, methylated RNA
immunoprecipitation sequencing; miCLIP-seq; single nucleotide mapping of m6A; SAM, S-adenosine
methionine; METTL3, methyltransferase-like 3; METTL14, methyltransferase-like 14; WTAP, Wilms" tumor
1-associated protein; RBM15, RNA-binding motif protein 15; VIRMA, Vir-like m6A methyltransferase
associated; ZC3H13, Zinc finger CCCH domain-containing protein 13; HNRNPC, heterogeneous nuclear
ribonucleoproteins C; VEGF-C, vascular endothelial growth factor C; ECM, extracellular matrix; TGF-f1,
transforming growth factor beta 1.
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occur in people of color. Keloids typically present as a bulge
extending beyond the original wound, nodular hyperplasia, and a
hard, red, benign mass with itching, pain, and discomfort (Jones
etal, 2017; Xie et al., 2022). Excessive skin scarring, hypertrophy, or
keloids pose significant challenges for patients and physicians, as
they can result in serious health problems, such as contracture,
functional and aesthetic issues, and complications such as pain,
thickness, and itching. These problems have a significant negative
impact on the physical, mental health, and social quality of life of
patients and lead to high medical costs (Goel and Shrivastava, 2010).
Therefore, treatment for reducing skin scarring is necessary to
improve the recovery of patients.

The pathogenesis of keloids is complex and involves wound
tension, genetic factors, immune changes, and programmed cell
death, among other factors (Wolfram et al., 2009; Hsu et al., 2017a;
Limandjaja et al., 2020; Zhang et al., 2020; Macarak et al., 2021).
Keloid formation is closely related to tumor-related genes (Ekstein
et al., 2021), and keloids are considered benign fibrogenic skin
tumors that possess many cancer-like features, such as
uncontrolled proliferation, a lack of spontaneous recovery, and
high recurrence rates (Atiyeh et al., 2005). Increasing evidence
suggests that the interaction among various promoting or
inhibiting factors in the tumor could explain the aggressive
clinical behavior of keloids. The most similar genotypes and
phenotypes between keloids and cancers are cell energy sources,
epigenetic methylation signatures, and epithelial-mesenchymal
transformation behavior (Tan et al., 2019).

2 Treatment of skin regeneration

2.1 Wound healing

The research into the wound healing process has a rich history
and is rapidly evolving. In addition to traditional therapies, novel
treatment options have emerged, such as growth factors, skin

substitutes, cytokine stimulants, cytokine inhibitors, matrix
metalloproteinase  inhibitors, gene and stem therapies,
extracellular matrix therapies, angiogenic stimulants, and

nanopreparation therapies (Patel et al, 2019; Qian et al., 2020;
Matoori et al., 2021).

2.2 Scars or keloids

Scarring and keloid formation can be prevented and treated with
a variety of strategies, including pressure, silicone gels,
corticosteroids, lasers, and surgery. Pressure suits restrict blood
flow to the scar area reducing oxygen supply, increasing
collagenase activity, and reducing adhesion between collagen
fibers. Stress therapy also regulates the secretion of fibrocytokines
and growth factors. Silicone gels mainly increase the temperature
and hydration of the blocked scar. Corticosteroids inhibit
inflammation, increase the vasoconstriction of the scar, reduce
collagen and glycosaminoglycan production, and decrease
fibroblast proliferation. Skin grafts are effective, however, they are
limited by the availability of skin, graft tissue rejection, infection, and

the prevention of wound overtension (Marshall et al., 2018).

Frontiers in Bioengineering and Biotechnology

10.3389/fbioe.2023.1143866

As aresult, traditional treatments lack specificity, and there is no
evidence to support their absolute efficacy. Even with the best
treatments, traumatic scarring is inevitable, and current
treatments can only reduce scarring (Ekstein et al, 2021).
Therefore, it is necessary to establish new methods to prevent or
reduce dermal fibrosis by optimizing the wound healing process.
This requires a better understanding of the mechanisms, key
regulators, and risk factors associated with wound healing (Chen
etal., 2021). Recently, epigenetic changes such as DNA methylation,
histone modification, and non-coding RNAs (e.g., microRNAs and
long non-coding RNAs [IncRNAs]), have been recognized as
IncRNAs, in

particular, offer new potential for targeted therapy to improve

promising approaches for scar management.

traditional and combination therapies.

3 Epigenetic inheritance

Epigenetic modifications refer to changes in the gene expression
that occur without altering the underlying DNA sequence. These
modifications can be passed down from one generation to another
and can be influenced by environmental factors such as diet, stress,
and exposure to toxins. Epigenetic modifications play a crucial role
in development, differentiation, and disease. Dysregulation of
epigenetic modifications can lead to a range of disorders,
including cancer, neurological disorders, and cardiovascular
disease. Understanding epigenetic modifications can provide
insight into disease mechanisms and potential targets for
therapeutic intervention.

Epigenetic modifications including DNA deposition and histone
modifications are well-established mechanisms that regulate gene
expression to suppress cell fate determination and the response to
environmental stimuli. DNA methylation involves the addition of a
methyl group to a cytosine residue in DNA, which can result in the
suppression of gene expression. Histone modification involves the
addition or removal of chemical groups to histone proteins, which
can affect the way that DNA is packaged and therefore impact gene
expression. However, the role of transcriptional modifications
(RNA) in gene expression regulation is only beginning to be
revealed (Hwang et al,, 2017; Livneh et al., 2020). mRNA is not
just an intermediate molecule, but also an important regulator of
gene expression. The process of post-transcriptional regulation of
RNA involves a variety of mechanisms, both cis- and trans-acting,
that are essential for controlling gene expression programs that
determine cell function and fate. These mechanisms include
alternative splicing, RNA editing, mRNA stability, and translation
initiation, among others. Importantly, these mechanisms can be
rapidly and dynamically regulated in response to changes in the
cellular environment, allowing for precise control of gene expression
in the face of changing conditions (Vu et al,, 2019).

3.1 N6-methyladenosine (m6A)

m6A methylation, a prevalent post-transcriptional modification
of eukaryotic mRNAs and IncRNAs, has garnered increasing
attention in recent years (Wang et al, 2018). RNA methylation
of transcripts was first discovered in the 1970s when a poly(A)
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sequence was found at the 3’end of mRNA (Desrosiers et al., 1974).
However, the methylation site of m6A methylation remained in an
early stage of characterization until the recent discovery of fat mass
and obesity-associated protein (FTO) (Jia et al., 2011) and AlkB
homolog 5 (ALKBHS5) as erasers of m6A methylation (Zheng et al.,
2013). These findings revealed that this modification could directly
control gene expression. With the development of m6A-specific
antibodies and several next-generation sequencing techniques, such
as m6A sequencing (methylated RNA immunoprecipitation
sequencing, meRIP-seq (Dominissini et al., 2012)), and single-
nucleotide mapping of m6A methylation (miCLIP-seq (Linder
et al,, 2015)), the m6A modification of specific mRNAs can now
be analyzed in the entire transcriptome.

m6A methylation is a widely distributed and dynamically
regulated  modification  in  the  transcriptome,  whose
understanding is primarily focused on its “readers” and “writers.”
m6A writers are methyltransferases that catalyze the transfer of
methyl groups from S-adenosine methionine (SAM) to adenosine at
N-6 a). The m6A “writer” complex mainly includes
methyltransferase-like 3 (METTL3), METTL14, Wilms’ tumor 1-
associated protein (WTAP), RNA-binding motif protein 15
(RBM15), Vir-like m6A methyltransferase associated (VIRMA)/
KIAA1429, and zinc finger CCCH domain-containing protein 13
(ZC3H13) (Uddin et al,, 2021), Among them, METTL3 and its
homolog METTL14 form stable heterodimers and exhibit
methyltransferase activity. Whereas WTAP was later identified as
another component of the mammalian methyltransferase complex
(Liu et al,, 2021b; Oerum et al., 2021; Guo et al., 2022; Huang et al.,
2022). RBM15 and its paramotifs, including RBM15B, KIAA1429,
HAKAI, and ZC3H13, have also been reported in recent years, with
different important functions such as recruitment and catalysis
(Patil et al., 2016; Yue et al., 2018).

“Erasers” of m6A methylation refers to enzymes that can remove
or reverse the addition of a methyl group to an adenosine base in
RNA molecules. These enzymes are also known as demethylases
(Edupuganti et al., 2017). There are several known erasers of m6A
methylation, including FTO (Fat Mass and Obesity-associated
protein) and ALKBH5 (AlkB Homolog 5) (Zheng et al, 2013).
These enzymes belong to the family of alpha-ketoglutarate-
dependent dioxygenases and use molecular oxygen to oxidize the
methyl group of m6A, which is then removed as formaldehyde. FTO
is a member of the AIkB family of non-heme iron and 2-
oxoglutarate-dependent dioxygenases. It was the first identified
m6A demethylase, and has been shown to be involved in
regulating a variety of physiological including
adipogenesis, energy metabolism, and circadian rhythm.
ALKBHS5 is another m6A demethylase that has been shown to
regulate RNA metabolism, including RNA splicing, translation, and

processes,

decay. ALKBH5 is also involved in the regulation of various cellular
processes, including cell differentiation and proliferation. (Wei et al.,
2018). Future research could lead to the discovery of novel m6A
demethylases and alternative mechanisms that mediate m6A
modification removal and m6A-labeled transcriptional clearance.
The biological function of m6A modification is primarily
mediated through the specific recognition and binding of readers,
which are responsible for the diverse effects of m6A methylation on
gene expression (Huang et al,, 2020; Zhang et al., 2021b). These
effects include the regulation of RNA splicing, output, decay,
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stabilization, and translation (Wang et al., 2014; Alarcon et al,
2015; Spitale et al., 2015; Xiao et al., 2016; Roundtree et al., 2017b;
Slobodin et al., 2017). A major reader of m6A methylation is the
protein family containing the YTH domain, including YTHDF1,
YTHDEF2, YTHD3, YTHDCI, and YTHDC2 (Luo and Tong, 2014).
For instance, YTHDFI has been found to enhance translation by
binding to translation primers and ribosomes (Wang et al., 2014). In
addition, the insulin-like growth factor 2 mRNA-binding protein
(IGF2BP) protein family includes IGF2BP1/2/3, comprising
reported readers of m6A methylation (Huang et al, 2018).
Moreover,  heterogeneous  nuclear  ribonucleoproteins C
(HNRNPC) and G (HNRNPG) are considered “indirect” readers
of m6A methylation because they preferentially bind to the RNA
structural “switches” induced by m6A modification (Hsu et al,
2017b; Zong et al., 2021; Chen et al., 2022). For example, HNRNPC
is an important physiological modulator of 3'-untranslated region
processing and miRNA maturation and acts as a reader protein
during m6A modification. It recognizes m6A modification groups
and mediates the selective splicing of mRNA precursors (Gruber
et al., 2018). Thus, RNA methylation is dynamically controlled by
writers, readers, erasers, and other proteins that might affect these
regulators (Figure 1). Although RNA methylation is recognized to
play a crucial role in gene expression regulation and many cellular
processes (Roundtree et al., 2017a; Meyer and Jaffrey, 2017; Huang
et al., 2020; Livneh et al., 2020), how it controls cell fate in different
physiological environments remains unclear. In skin regeneration,
epigenetic modifications are essential for the proper activation and
maintenance of stem cells responsible for tissue regeneration.
Epigenetic changes also play a role in the differentiation of
keratinocyte and fibroblast. This review aims to discuss the
current understanding of the regulatory pathways of RNA
methylation in skin wound healing and their therapeutic
implications.

3.2 Role of m6A methylation in wound
healing

During the wound healing process, various cellular and
molecular events are activated, including the regulation of gene
expression through RNA modifications such as m6A methylation.
The relationship between wound healing and epigenetic inheritance
is complicated and unclear (Mi et al., 2020; Zhi et al., 2021). Several
studies have demonstrated that m6A methylation can affect wound
healing by regulating the expression of genes involved in various
cellular processes, such as proliferation, differentiation, and
migration of cells (Table 1). Zhou et al. identifled adipose-
derived stem cells (ADSCs) via flow cytometry and tested their
pluripotency in terms of differentiation into adipocytes and bone.
Based on this, ADSCs were found to accelerate LEC proliferation,
migration, and lymphangiogenesis through the METTL3 pathway
and regulate vascular endothelial growth factor C (VEGEF-C)
expression and VEGF-C-mediated lymphatic angiogenesis
through the METTL3/IGF2BP2-m6A pathway, thus promoting
the repair of diabetic foot ulcer (DFU) wounds. The modification
of ADSCs by METTL3-mediated VEGF-C m6A methylation could
be a promising therapeutic strategy for promoting DFU wound
healing (Zhou et al., 2021).
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FIGURE 1

m6A methylation is dynamic regulated by writers, erasers, and readers.

TABLE 1 Current research progresses of m6A methylation in wound healing, hypertrophic scars, and keloids.

Authors  Year PMID m6A Type Acting cell Target Positive and negative Type of
protein molecule effects disease

Zhi et al 2021 34753397 = IGF2BP2 Reader | keratinocyte:HaCaT cell heparanase (HPSE) = upregulation Wound healing

Wu et al 2016 27513293  IGF2BP3 Reader = keratinocyte:HaCaT cell let-7b downregulation Wound healing

Zhou et al 2021 34773968 = METTL3 Writer = lymphatic endothelial VEGEF-C upregulation Wound healing

cell (LEC)

Lee et al 2021 33729590  Mettl14 Writer = epidermal progenitor cells | Pvtl upregulation Wound repair

Liang et al 2021 34657574 = YTHDC1 Reader = keratinocyte cells SQSTM1 upregulation Wound healing

Xie et al 2021 36760238 = FTO Eraser | fibroblasts COL1A1 upregulation Keloid

Liu et al 2021 34727293 = METTL3 Writer | Tenon’s capsule fibroblasts = Smad3 upregulation Glaucoma

Impaired physiological functions of keratinocytes induced by a
high-glucose environment lead to delayed healing of diabetic
wounds (Hu and Lan, 2016). In a study of diabetic skin wound
healing by Liang et al., m6 A RNA modification and the regulation of
autophagy were found to play a key role in diabetic skin wound
healing. The m6A reader protein YTHDCI1 (YTH domain 1), which
interacts with autophagy receptor SQSTMI mRNA, is
downregulated in keratinocytes in both acute and chronic
hyperglycemia. The knockdown of YTHDCI affects keratinocyte
biological functions, including an increased apoptosis rate and
impaired wound-healing ability. Further studies found that
YTHDC1 regulates autophagy in diabetic keratinocytes by
regulating the stability of SQSTMI nuclear mRNA, ultimately
affecting diabetic skin wound healing functions (Liang et al,
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2022). Overall, the evidence suggests that m6A methylation plays
an important role in regulating gene expression and cellular
processes involved in wound healing, making it a promising
target for future therapeutic interventions.

3.3 m6A methylation and hypertrophic scars

Hypertrophic scars (HSs) frequently arise following burns and
trauma, posing a formidable challenge in the field of wound repair
and plastic surgery. Conventional methods, such as surgery,
radiotherapy, and hormone therapy, have proven insufficient in
achieving complete HS remission, particularly in regions susceptible
to HS recurrence (Jaloux et al, 2017), Current studies generally
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support the pathological features of HSs, including abnormal
inflammation, excessive proliferation and differentiation of
fibroblasts, increased angiogenesis, and excessive deposition of
extracellular matrix (ECM); however, the causative factors and
molecular mechanisms underlying the unremitting collagen
synthesis in HSs remain indeterminate (Keane et al, 2018;
Roderfeld, 2018; Zhang et al., 2021a). Whether m6A methylation,
as a mechanism of targeting abnormal epigenetic modification, can
serve as a new target and mechanism for fibrotic diseases and
provide a new therapeutic strategy for the treatment of skin
fibrosis remains to be determined.

Liu et al. (2021a) conducted a study to investigate the
mechanism of m6A modification in HSs and normal skin tissues.
The study employed m6A methylation and RNA sequencing,
followed by bioinformatics analysis, immunoprecipitation of
mo6A-related RNA, real-time quantitative polymerase chain
reaction verification, and other methods. The presence of
14,791 new m6A methylation peaks in HS samples was
accompanied by the disappearance of 7,835 peaks. Unique m6A-
related genes in HS were associated with fibrosis-related pathways,
and differentially expressed mRNA transcripts were identified in HS
samples with hypermethylated or hypomethylated m6A
methylation peaks. The m6A transcriptome map of human HS
helped to elucidate the possible mechanism underlying mo6A-
mediated gene expression regulation (Liu et al., 2021b).

Furthermore, Liu et al. (2021b) reported the m6A methylation
mechanism of scar formation caused by human Tenon’s fibroblasts
(HTFs). First, they isolated and identified primary HTFs and found
that transforming growth factor beta 1 (TGF-f1) enhanced cell
viability and proliferation and ECM deposition in HTFs.
Subsequently, TGF-B1 was found to increase the number of m6A
methylation events and promote the expression of an m6A “reader.”
The study further revealed that the downregulation of
METTL3 inhibited the TGF-Pl-induced promotion of cell
viability and proliferation and ECM deposition in HTFs. The
results that METTL3 can indeed
expression of Smad3, playing a critical role in the regulation of

indicated regulate the
TGEF-B1-induced HTFs and providing new theoretical strategies for
regulating scar formation based on METTL3 (Liu et al.,, 2021b).

3.4 m6A methylation and keloids

The emergence of a public database of collaborative studies has
made a vast amount of gene expression data from RNA sequencing
available not only for tumor tissues, but also for keloid-associated
tissues. This provides great convenience for exploring and
identifying gene expression differences in keloid tissue analysis.
For example, tumor suppressor genes, such as p53, pl6, Fas, and
p27, were found to lose their inhibitory effect on fibroblast
proliferation after mutations (Tan et al, 2019). Moreover, the
overexpression of c¢-MYC and c¢-FOS promotes fibroblast
proliferation and inhibits apoptosis (He et al., 2017).

Recently, Xie et al. (2022) collected and integrated keloid-related
sequencing results from public datasets (GSE44270 and GSE145725)
to establish a new keloid risk diagnosis model, extracted m6A-
related genes from the literature, and compared their expression
matrices between high-risk and low-risk groups to explore
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differences in m6A methylation. It was found that ALKBHS5,
FTO, and HNRNPA2BI highly
YTHDEF2 was lowly expressed in the high-risk keloid group (Xie

were expressed, while
et al, 2022). This study provides an idea for treatment planning
based on clinical risk grouping.

Furthermore, Lin et al. (2022) investigated the overall m6A-
modified RNA pattern and the possible mechanism of keloid
pathogenesis (Lin et al., 2022). They collected 14 pairs of normal
and keloid that WTAP and
METTL3 protein expression was higher in keloid tissues than
MeRIP and RNA
analysis 21,020
and 6,573 unique

skin tissues and found
and
mo6A

m6A-related gene

in normal tissues. sequencing

bioenrichment revealed unique
methylation peaks
transcripts in keloid samples. In normal tissues, 4,028 unique
m6A methylation peaks were found, including 779 m6A-related
modified genes. Subsequent functional verification also showed
that the m6A-methylated genes and the differentially upregulated
genes between the two tissues were mainly related to the Wnt
signaling pathway. These findings directly confirmed that keloid
fibroblasts were in a state of m6A methylation activation and that
the high expression of the Wnt/B-catenin pathway in skin
fibroblasts, modified and activated via m6A methylation,

might promote the occurrence of keloid.

4 Conclusions and perspectives

Wound healing is a complex biological process involving a series
of molecular events to promote skin regeneration. However,
abnormal wound healing can lead to the formation of thick,
painful, and itchy scars, which can cause aesthetic and functional
complications. Therefore, it is crucial to develop more effective and
targeted treatments to prevent the deposition of excess fibrous tissue.
This can be achieved through a correct understanding of the
regulatory mechanisms of wound healing and scar formation.

Given the significant role of genetic and epigenetic differences in
physiological or pathological wound repair, we emphasize the
critical role of m6A epigenetic changes in regulating the switch
during wound healing. Regulatory epigenetic molecules are
considered promising therapeutic tools for scar management.
However, their exact roles need to be further explored in terms
of unexpected genetic disorders.

In conclusion, recent studies have suggested that RNA
methylation is a major pathway regulating skin wound healing.
This finding highlights the therapeutic potential of genetic and
epigenetic approaches for optimizing wound healing and scar
management. However, the precise function of m6A methylation
in regulating skin wound healing at the cellular level and its potential
mechanism in regulating gene expression after transcription require
further investigation. Whereas it is exciting to explore RNA
methylation as a promising avenue from a therapeutic
perspective, translation of these new findings to the clinic
remains an urgent challenge. Successful application of these
emerging strategies will require advances in existing tools and
technologies for the discovery, delivery, and control of genetic
and epigenetic regulation, which can help overcome associated
challenges and provide a new approach to wound healing
management.
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Adenovirus-associated
anti-miRNA-214 regulates bone
metabolism and prevents local
osteoporosis In rats

Cheng Wang?'!, Peng Wang?!, Feng Li"', Yang Li*, Minwei Zhao?,
Hui Feng?, Haoye Meng?, Junyang Li**, Peng Shi®, Jiang Peng?*
and Hua Tian'*
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Laboratory of Musculoskeletal Trauma & War Injuries PLA, The Fourth Medical Center of the General
Hospital of People’s Liberation Army, Beijing, China, *Department of Electronic Engineering, Ocean
University of China, Qingdao, China, “Centre for Robotics and Automation, Shenzhen Research Institute
of City University of Hong Kong, Shenzhen, China

Objective: We investigated the expression of miRNA-214 in human osteoporotic
bone tissue and tested the utility of adeno-associated virus (AAV) expressing a
mMiRNA-214 inhibitor in terms of preventing local osteoporosis of the femoral
condyle in a rat model of osteoporosis.

Methods: (1) Femoral heads of patients who underwent hip replacements at our
hospital because of femoral neck fractures were collected and divided into
osteoporosis and non-osteoporosis groups based on preoperative bone
mineral density data. MiIRNA-214 expression was detected in bone tissues
exhibiting obvious bone microstructural changes in the two groups. (2) A total
of 144 SD female rats were divided into four groups: the Control, Model, Negative
control (Model + AAV), and Experimental (Model + anti-miRNA-214) groups. AAV -
anti-miRNA-214 was injected locally into the rat femoral condyles; we explored
whether this prevented or treated local osteoporosis.

Results: (1) MiRNA-214 expression in the human femoral head was significantly
increased in the osteoporosis group. (2) Compared to the Model and Model + AAV
groups, the bone mineral density (BMD) and femoral condyle bone volume/tissue
volume (BV/TV) ratio in the Model + anti-miRNA-214 group were significantly
higher; in addition, the number (TB.N) and thickness (TB.Th) of the trabecular
bones were increased (all p < 0.05). MiRNA-214 expression in the femoral
condyles of the Model + anti-miRNA-214 group was significantly higher than
that in the other groups. The expression levels of the osteogenesis-related genes
Alp, Bglap, and Collal increased, while those of the osteoclast-related genes
NFATc1, Acp5, Ctsk, Mmp9, and Clcn7 decreased.

Conclusion: AAV-anti-miRNA-214 promoted osteoblast activity and inhibited
osteoclast activity in the femoral condyles of osteoporotic rats, improving
bone metabolism and slowing osteoporosis progression.
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osteoporosis, bone metabolism, miRNA-214, osteoblast activity, osteoclast activity
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1 Introduction

Osteoporosis is a common orthopedic disease of middle-aged
and elderly individuals. The common clinical features include
systemic bone mass reduction and destruction of the bone
microstructure. The incidence of osteoporosis has increased in
recent years (Johnston and Dagar, 2020). However, osteoporosis
awareness is low. Moreover, disease onset is insidious, and in early
stages, patients are often asymptomatic, or the symptoms are very
mild. Thus, the condition is often not detected. Serious osteoporosis
can cause back and leg pain, spinal deformities, and even fractures
that seriously compromise the quality of life, shorten life expectancy,
and impose heavy burdens on societies and families (LeBoff et al.,
2022). There is an urgent need to reduce the incidence of
osteoporosis, inhibit bone mass reductions, prevent declines in
mechanical strength, and reduce the fracture rate (Arceo-
Mendoza and Camacho, 2021). Osteoporosis is a complex
disease. It is believed that an imbalance between bone formation
and resorption is the principal cause. Thus, if bone metabolism
could be regulated via human intervention, natural osteoporosis
progression might be prevented and the condition adequately
treated.

We previously found that the expression of miRNA-214 was
significantly higher in a mouse model of bone loss induced by tail
suspension than in the control group, and it correlated negatively
with the bone expression levels of ALP and OCN (Sun et al., 2016).
Microarray analysis showed that in mature osteoclasts, the
expression of miRNA-214 was most significantly affected. We
confirmed that miRNA-214 targeted ATF4 to inhibit osteoblast
activity and PTEN/PI3K/Akt to promote osteoclast activity (Zhao
et al,, 2015). Might miRNA-214 serve as an early diagnostic marker
of osteoporosis and as a useful therapeutic target?

We collected femoral head samples from patients with femoral
neck fractures after they underwent hip replacements and divided
the samples into osteoporosis and non-osteoporosis groups by
reference to preoperative dual-energy X-ray bone density
screening. We measured miRNA-214 expression levels in the
that
(bidirectionally) regulated bone metabolism. We tested anti-
miRNA-214 (an inhibitor of miRNA-214), which promotes
osteogenesis and inhibits osteoclast action. We used this model

bone tissue. We also sought a drug effectively

to treat rat osteoporosis and explored the mechanism in play. We
sought new directions toward the treatment of local osteoporosis.

2 Methods
2.1 Clinical sample collection and analysis

Twelve femoral head samples from twelve patients with femoral
neck fractures undergoing hip replacements were collected.

Patients subjected to dual-energy X-ray tests prior to hip
replacement (T > —1.0 normal, -1.0 > T > -2.5 osteopenia, and
T < -2.5 osteoporosis) were included. To enhance rigor and reflect
the real-world situation, patients with T values < -3 formed the
osteoporosis group, and those with T values > —1.5 formed the non-
osteoporosis group. There were six patients in each group, aged
65-75 years, without systemic or local infection. There were no hip
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diseases, such as hip osteoarthritis, osteonecrosis of the femoral
head, or developmental dysplasia of the hip.

The diabetes,
hyperthyroidism, severe liver or kidney disease, and/or severe

exclusion criteria ~were any tumor,
rheumatic immune disease. Patients with excessive smoking,

alcohol, substance abuse, or mental illness were excluded.

2.2 Detection of miRNA-214 in the clinical
samples

We subjected the clinical

microcomputed tomography (CT)

samples to high-resolution
and then measured the
miRNA-214 levels in the internal bone tissues. We sought a
correlation between a change in the bone microstructure and the

local miRNA-214 expression level.

2.3 Preparation and evaluation of adeno-
associated virus (AAV)-anti-miRNA-214

The inhibitor of miRNA-214 (anti-miRNA-214) lost activity rapidly
in aqueous solutions. Systemic application is compromised by pH and
humidity, and the material may exert unknown effects on other organs
and systems. Local puncture/fractional administration does not ensure
the accuracy of release. AAV has become the most promising gene
therapy tool known. The safety profile is good, and its expression persists
in the long term (Li and Samulski, 2020; Large et al.,, 2021). The type of
AAV used was 9, which is called AAV9, and the concentration was 10"
vg/ml. Based on our previous research, we synthesized AAV-anti-
miRNA-214-expressing green fluorescent protein (GFP) to facilitate
tracking. We previously synthesized AAV-anti-miRNA-214 and
functionally evaluated the material at the cellular level. We found
that 30 uL is an excellent measurement (Wang et al.,, 2019).

2.4 The animal model of osteoporosis

A total of 144 3-month-old female SD rats were randomly divided
into four groups: 1. Control, 2. Model, 3. Model + Negative control
(Model + AAV), and 4. Model + AAV-anti-miRNA-214 (Model + anti-
miRNA-214). The Control group received no treatment, and the Model
group underwent only bilateral ovariectomy (OVX). In the Model +
AAYV group, 30 uL of an AAV suspension was injected into the right
lateral femoral condyle at the time of the bilateral OVX; in the Model +
AAV-anti-miRNA-214 group, 30ul of an AAV-anti-miRNA-
214 suspension was injected into the right lateral femoral condyle at
the time of the OVX. The animal study was reviewed and approved by
the Peking University Third Hospital Medical Science Research Ethics
Committee.

Osteoporosis was triggered by the OVX. After the rats were
anesthetized, the skin was prepared, and the operative area was
disinfected with iodophor and a sterile towel spread. With each rat
prone, the skin and muscle were dissected longitudinally 1 cm from
the right side of the spine and 1 cm below the costal margin. After
blunt dissection, pink cauliflower-shaped ovaries were evident when
the cellulite was removed. The ovaries and oviducts were excised,
ligated near the uterus, and the wounds were closed.
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Drug injection: The skin of the right knee was cut and exposed
layer-by-layer to the bone surface of the lateral femoral condyle. An
empty syringe (500 pl) was used to puncture the bone. This was
replaced by a brand-new syringe, and 30 ul of an AAV or AAV-anti-
miRNA-214 suspension was slowly injected. The syringe was held in
place for 5 min and then removed. Then, the wound was closed. The
right femoral condyles were collected 4, 8 weeks after the OVX and
subjected to micro-CT, fluorescence microscopy, and pathological
evaluation. MiRNA-214 expression and osteoblast and osteoclast
activity levels were assayed in the 8-week samples.

2.5 Bone microstructural analysis

2.5.1 Micro-CT, X-ray imaging, and bone
morphometric analysis

At 4 and 8 weeks after the OVX, the right femoral condyles were
harvested, subjected to X-ray imaging, and then detected by micro-CT
using standard settings: resolution 27 x 27 x 27 um, scan current
450 mA, scan voltage 80kV, and scan time 88 min. The 8-week
samples were subjected to three-dimensional reconstruction. We
delineated the region of interest (ROI) within the femoral condyle.
The axial surface of the epiphyseal plate served as the baseline. Overall,
50 scan layers were selected for both sides (100 in total), and the
epiphyseal plate contour was delineated at 10-layer intervals. Each ROI
avoided cortical bone, instead prioritizing cancellous bone. Bone
morphometric analysis was performed 4 and 8 weeks after the OVX.
We evaluated the BMD, bone volume/tissue volume (BV/TV), and
trabecular number (Tb.N), thickness (Tb.Th), and spacing (Tb.sp).

2.5.2 AAV transfection evaluation and pathological
examination

At 4, 8 weeks after the OVX, the rats in each group were
sacrificed via the induction of deep anesthesia. The right femoral
condyles were collected, embedded in a tissue-freezing medium, cut
stained with 4',6-diamidino-2-
phenylindole hydrochloride (DAPI) for 5min. Fluorescence

into frozen sections, and
microscopy was employed to assess the viral transfection status.

The samples were fixed in 4% (v/v) paraformaldehyde for 2 days,
decalcified with 10% (w/v) ethylene diamine tetra-acetic acid, subjected
to gradient dehydration and paraffin embedding, cut into 7-pm-thick
sections, and subjected to hematoxylin-eosin (HE) staining.

2.6 MiRNA-214 expression and osteoblast
and osteoclast activities

At 8 weeks after the OVX, fresh femoral condyles were collected for
PCR to measure the expression levels of miRNA-214, the osteoblast
activity-related genes Alp, Bglap, and Colla1, and the osteoclast activity-
related genes NFATcl, Acp5, Ctsk, Mmp9, and Clen7.

2.7 Statistical analysis

All statistical analyses were performed with SPSS wver.
20.0 statistical software; an analysis of variance was used to
compare among-group data. All results are presented as the
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means * standard deviations (SDs), and p < 0.05 was considered
statistically significant.

3. Results

3.1 MiRNA-214 expression in human
osteoporosis samples

We used the micro-CT data to select areas with obvious changes
in bone microstructure and subjected samples from these areas to
PCR. MiRNA-214 expression in the osteoporotic bone tissue was
significantly increased (compared to normal tissue); the difference
was significant (p < 0.05) (Figure 1).

3.2 Bone microstructure morphometry in
osteoporotic rats

The 4- and 8-week X-rays showed that the femoral condyles of
the Control group exhibited uniform bone density and good
structural integrity. The femoral condyle bone density decreased
gradually over time in the Model and Model + AAV groups. The
differences became more significant over time. However, this was
not the case for the Model + anti-miRNA-214 group, and better
bone mineral density was maintained in the femoral condyle
(similar to the Control group) (Figure 2).

The micro-CT three-dimensional reconstructions showed that the
femoral condyle microstructures of different groups differed significantly
8 weeks after the OVX. In the Control group, the trabecular bone
structure was continuous and evenly distributed. In the Model and
Model + AAV groups, the bone density decreased gradually, the number
of trabeculae fell, and most trabecular bone continuity was lost over time.
In the Model + anti-miRNA-214 group, the high bone mineral density
was preserved, and the trabecular bone structure was basically intact
(without obvious osteoporosis) (Figure 3).

The bone morphometry results showed that compared to what
was observed in the Model + anti-miRNA-214 group, the BMD and
BV/TV of the Model and Model + AAV groups were significantly
decreased (both p < 0.05). The trabecular number and thickness
were also decreased, and the spacing was increased. These
differences were statistically significant (all p < 0.05) (Figure 4).

3.3 AAV transfection evaluation

The Control and Model groups showed only blue fluorescence at
4 and 8 weeks after the OVX; there was no green fluorescence.
However, blue and green fluorescence was apparent in the Model +
AAV and Model + anti-miRNA-214 groups; the signals were
stronger at 8 weeks. Thus, the AAV virus infected the femoral
condyles and replicated extensively (Figure 5).

3.4 Bone histological assessment

The rats were sacrificed 4 and 8 weeks after the OVX, and the
condylar paraffin sections were HE-stained. The bone trabeculae of
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FIGURE 1

Micro-CT results and miRNA-214 expression levels in femoral head samples from both groups. (A) Bone microstructure of femoral head samples
from the osteoporosis group and a schematic of the affected region. (B) Bone microstructure of femoral head samples from the osteoporosis group and a
schematic of the affected region. (C) MiRNA-214 expression in osteoporotic tissue was significantly higher than that in non-osteoporotic tissue. For both
groups, n = 6. All data are means + SDs (*p<0.05).

Control Model + AAV  Model + anti-miR-214

FIGURE 2
X-ray imaging performed at 4 and 8 weeks after OVX. Anteroposterior and lateral radiographs of the femoral condyles of the various groups.

the Control group were orderly and intact, and the osteocyte density ~ trabeculae were interrupted, the number of bone lacunae gradually
was uniform. In the Model and Model + AAV groups, the bone  increased, and the number of osteocytes gradually decreased over
trabecular number and density decreased, the continuities of some  time. However, the trabeculae of the Model + anti-miRNA-
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Control

FIGURE 3

10.3389/fbioe.2023.1164252

(A) Condylar micro-CT three-dimensional reconstructions at 8 weeks after OVX for rats in different groups. (B) Selection of an ROI. The axial surface
of the epiphyseal plate served as the baseline. Overall, 50 scan layers were selected from either side (100 in total), and the epiphyseal plate contours were

determined at 10-layer intervals.

214 group were orderly, and the number of trabeculae and the
osteocyte density were similar to those of the Control group
(Figure 6).

3.5 Expression of miRNA-214 and genes
related to osteoblast and osteoclast activity

MiRNA-214 levels were detected via PCR. At 8 weeks after the
OVX, the miRNA-214 levels in the Model and Model + AAV groups
increased, and there was no significant difference in the expression
of miRNA-214 in the Model + anti-miRNA-214 group compared
with the Control group (Figure 7A). At 8 weeks after the OVX
(compared to the Control group), the expression of the osteoblast
activity-related genes Alp, Bglap, and Collal was significantly
decreased in the Model and Model + AAV groups but not in the
Model + anti-miRNA-214 group. The expression levels of the
osteoclast activity-related genes NFATcI, Acp5, Ctsk, Mmp9, and
Clcn7 were significantly increased in the Model and Model + AAV
groups, but the levels in the Model + anti-miRNA-214 and Control
groups did not significantly differ (Figures 7B,C).

4 Discussion

The prevention of osteoporosis would improve bone growth and
development, maintain bone quality and mass, and prevent age-
related bone loss, falls, and fractures (Munoz et al, 2020).

Frontiers in Bioengineering and Biotechnology

Treatments include basic lifestyle adjustments and bone health

supplements. Anti-osteoporosis drugs include vitamin D3,
salmon calcitonin, calcitriol, and bisphosphonates (Kanis et al.,
2019). However, no drug bidirectionally and efficiently regulates
osteogenic and osteoclastic processes. Moreover, some treatments
have side effects (mandibular osteonecrosis and renal toxicity) (Fink
et al., 2019). Thus, a new approach is needed. Osteoporosis is a
systemic metabolic disease; few studies have focused on the
prevention and treatment of local osteoporosis. In fact, most
patients with osteoporosis do not see a doctor prior to an
osteoporotic fracture. Clinically, most such fracture sites are in
the hip, spine, or distal radius. If the osteoporosis screening
intensity of the high-risk age group were increased, might local
anti-osteoporosis treatment of sites prone to fracture be of
assistance? Can we reduce the incidence of osteoporotic fractures?

MiRNAs regulate the proliferation, differentiation, and
functional activity of various bone cells, playing roles from
embryonic bone development to adult bone reconstruction
(Kabekkodu et al., 2018; Tafrihi and Hasheminasab, 2019). Lin
et al. (Lin et al, 2019) found significantly higher expression of
miRNA-338 clusters in postmenopausal patients with osteoporosis
than in those without osteoporosis, and they described an estrogen-
dependent Runx2/Sox4/miR-338 positive feedback loop regulating
osteoblast differentiation. More importantly, the inhibition of
miRNA-338 delayed  the

postmenopausal osteoporosis. Hu et al. (Hu et al., 2011) found

expression progression  of

that miR-2861 targeted Hdac5, a factor inhibiting the transcription
of RUNX2 (which mediates bone formation), and found that
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FIGURE 4

Bone morphometric analyses at different times (BMD, BV/TV, Tb.N, Tb.Th, and Tb.sp data). For each group, n = 6. All data are means + SDs. (*p<0.05;
**p<0.01; ***p<0.001)
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FIGURE 5
Fluorescence images of frozen femoral condyle sections at 4 and 8 weeks after OVX. Blue and green fluorescent signals were evident in the Model +

AAV and Model + anti-miRNA-214 groups; the signals were stronger at 8 weeks

clinical patients with osteoporosis. After mechanistic research, they
recognized that miR-483-5p contributed to the pathogenesis of
osteoporosis by inhibiting SATB2 and activating the PI3K/AKT

miRNA-3960 targeted Hoxa2 (a repressor of Runx2) to promote
osteoblast differentiation. Zhao et al. (Zhao et al.,, 2021) found that
miR-483-5p was upregulated and SATB2 was downregulated in
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FIGURE 6

Condylar HE staining of the Control, Model, Model + AAV-AAV, and Model + AAV-anti-miRNA-214 groups 4 and 8 weeks after OVX.
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FIGURE 7
(A) Quantitative real-time PCR analyses of the miRNA-214 levels in rat femoral condyles 8 weeks after OVX. (B) Expression levels of the osteoblast-
associated genes Alp, Bglap, and Collal. (C) Expression levels of the NFATc1, Acp5, Ctsk, Mmp9, and Clcn7 genes. For each group, n = 6. All data are

means + SDs (*p<0.05; **p<0.01; ***p<0.001).

pathway. Yu et al. (Yu et al.,, 2020) also conducted similar research ~ higher miR-16-5p and lower VEGFA levels. Experiments with
on osteoporosis. After analyzing microarray data and careful  stem cells have shown that miR-16-5p suppresses osteogenesis by
verification, they found that patients with osteoporosis had  inhibiting VEGFA expression. Wang et al. (Wang et al.,, 2013)
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previously confirmed that miRNA-214 targeted ATF4 in osteoblasts,
inhibiting cellular activity.

MiRNAs also play important roles in the regulation of osteoclast
differentiation and function (Inoue et al., 2019; Lozano et al., 2019).
The Krzeszinski team (Krzeszinski et al., 2014) found that the gene
encoding transforming growth factor-B-induced factor 2, a direct
target of miR-34a, played a role in promoting bone resorption. As a
key osteoclast suppressor, miR-34a may serve as a therapeutic target
in patients with osteoporosis and metastatic bone cancer. Sugatani
et al. (Sugatani et al., 2011) found that miRNA-21 expression was
regulated by various transcription factors (especially c-Fos) during
RANKL-induced osteoclast differentiation. Rankl-induced c-Fos
upregulated miRNA-21 and then downregulated the expression
of programmed cell death protein 4 (PDCD4). This constitutes a
c-Fos/miR-21/PDCD4 positive feedback loop that regulates
osteoclast function. Our preliminary data show that miRNA-214
slows the inhibition of PI3K/AKT by PTEN, activates the
downstream signaling pathway of osteoclasts, and enhances
osteoclast activity (Zhao et al., 2015).

We previously performed a detailed analysis of femoral heads
with osteonecrosis. Obvious local changes in bone metabolism were
apparent. In necrotic areas, osteoclast activity was significantly
enhanced, and osteoblast activity was weakened. However, the
opposite result was found in sclerotic regions. Therefore, we used
an AAV expressing the GFP reporter gene and an inhibitor of
miRNA-214 to treat femoral head osteonecrosis in rats. The drug
effectively regulated osteoblast and osteoclast activities and
prevented osteonecrotic collapse (Wang et al, 2019). Here, we
that the
osteoporotic samples exhibited obvious changes. MiRNA-214

found internal bone microstructure of human
expression was significantly upregulated in osteoporotic tissue,
and this was negatively correlated with the expression of genes of
osteoblast and osteoclast activities. Thus, miRNA-214 may play a
regulatory role in the pathogenesis of osteoporosis.

We thus used AAV-anti-miRNA-214 to locally regulate osteogenic
and osteoclastic processes; we sought to change or even reverse
osteoporosis. After the OVX, condylar osteoporosis gradually
developed in the Control rats, and the miRNA-214 level in the bone
increased significantly, suggesting that miRNA-214 is associated with
osteoporotic pathogenesis. After the OVX, condylar osteoporosis
gradually developed in the rats of the Model and Model + AAV
groups, and the bone expression of miRNA-214 increased
significantly. Again, these findings suggest that miRNA-214 is
associated with osteoporotic pathogenesis. The rats in the Model +
anti-miRNA-214 group received AAV-anti-miRNA-214 injections into
the right femoral condyles; there was no significant local bone loss. The
structural continuity of the trabeculae was ensured, and the trabecular
number and thickness did not significantly decrease. Compared to the
Model + AAV and Model groups, the expression levels of the osteoblast
activity-related genes Alp, Bglap, and Collal increased significantly, and
those of the osteoclast activity-related genes NFATc1, Acp5, Ctsk, Mmp?9,
and Clen7 decreased significantly. These findings suggest that AAV-anti-
miRNA-214 prevents osteoporosis via effective bidirectional regulation
of bone metabolism, promoting osteoblasts but inhibiting osteoclast
activity, reducing bone loss, and effectively delaying osteoporotic
pathology.

We have created a new direction toward the early diagnosis,
prevention, and treatment of osteoporosis. Molecular markers of
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early osteoporosis should be further screened and verified
because they may aid diagnosis. It is also important to seek
drugs that effectively balance osteogenesis and osteoclast
function, improve the bone microenvironment, and (when
given early) prevent osteoporosis occurrence/development.
When treating patients, it is possible to target the sites prone
to osteoporotic fractures. Local interventions will enhance the
bone masses of the hip, distal radius, spine, and other sites,
avoiding osteoporotic fractures caused by falls.
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The coronavirus disease 2019 (COVID-19) pandemic imposes an urgent and
continued need for the development of safe and cost-effective vaccines to
induce preventive responses for limiting major outbreaks around the world. To
combat severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), we
repurposed the VSVAS5IM oncolytic virus platform to express the spike
receptor-binding domain (RBD) antigen. In this study, we report the
development and characterization of the VSVA51IM-RBD vaccine. Our findings
demonstrate successful expression of the RBD gene by the VSVA51M-RBD virus,
inducing anti-RBD responses without attenuating the virus. Moreover, the
VSVA51IM-RBD vaccine exhibited safety, immunogenicity, and the potential to
serve as a safe and effective alternative or complementary platform to current
COVID-19 vaccines.

KEYWORDS

COVID-19 pandemic, oncolytic virus, repurposing oncolytic virus, VSVA51M-RBD
vaccine, SARS-CoV2 vaccine

Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) emerged in Wuhan, the
capital of Hubei Province in China, and rapidly caused a pandemic in 2020. Despite the
efforts made to contain the spread of this virus, as of 20 January 2023, there have been over
663 million confirmed cases and over 6.7 million deaths reported globally (WHO, 2023). The
urgent need for an effective vaccine led to an unprecedented effort to develop and test
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multiple vaccine candidates. Currently, there are at least 21 COVID-
19 vaccines approved globally for emergency use (Rahman et al.,
2022). These vaccines have been developed using different
platforms, including inactivated, live attenuated, protein subunit,
virus-like particle (VLP), viral vector, DNA, and RNA platforms.
Although they have some similarities in activating immune
against SARS-CoV-2,
differences in their immunogenicity and
(Frederiksen et al., 2020; Rahman et al., 2022).

SARS-CoV-2 is classified into the Coronaviridae family, which is
characterized by an enveloped structure with a positive-sense single-

responses they also possess some

efficacy profiles

stranded RNA (+ssRNA) genome. The viral genome encodes four
structural proteins, known as the spike (S), envelope (E), membrane
(M), and nucleocapsid (N) proteins (Wang et al., 2020). The S
protein facilitates viral entry into cells through the receptor
angiotensin-converting enzyme 2 (ACE2) expressed in various
cell types, including epithelial cells of the respiratory system
(Salamanna et al., 2020). Hence, vaccinating against the S protein
generates neutralizing antibodies and abrogates SARS-CoV-2 entry,
making the S protein one of the most favorable targets in COVID-19
vaccine designs (Dai and Gao, 2021).

Oncolytic viruses (OVs) are a new class of therapeutics that can
selectively infect and replicate in tumor cells, with the primary
objective being the direct lysis of cancer cells. Infection with an OV
results in a profound inflammatory reaction within the tumor,
initiating innate and adaptive antitumor immune responses.
Therefore, OV administration is a promising cancer treatment
strategy (Kaufman et al, 2015). The recombinant vesicular
stomatitis virus (VSV) vaccine platform has been widely used to
combat several viral outbreaks, including those caused by Nipah
(Foster et al., 2022; de Wit et al., 2023), Lassa (Safronetz et al., 2015;
Cross et al., 2020), and Ebola (Henao-Restrepo et al., 2017) viruses.
VSVA51IM is a VSV variant with deletion of methionine (M) 51 in
the matrix gene. The deletion of this amino acid results in an
impairment in the ability of the virus to block the antiviral
interferon (IFN) response in normal tissues, increasing the safety
profile of this variant (Stojdl et al., 2003; Wu et al., 2008). In our
previous study (Alkayyal et al., 2023), we found that VSVA5IM
encoding the SARS-CoV-2 RBD had a significantly larger viral
plaque surface area and higher viral titers than the parental virus,
subsequently improving the viral spreading capacity. Moreover, we
demonstrated that the presence of the SARS-CoV-2 RBD in the
VSVA51IM genome enhanced VSVA51M oncolytic activity in vitro.
These findings suggest that our VSVA51M-RBD platform may have
therapeutic potential as a vaccine for COVID-19.

Here, we report that utilizing the oncolytic VSVA51M-RBD
platform generated an anti-RBD humoral response in vivo, with a
potentially good safety profile. Therefore, this vaccine warrants
further preclinical and clinical investigation.

Material and methods
Construction of VSVA51M-RBD vaccine
The VSVA51M-RBDvirus was created as described previously

(Alkayyal et al., 2023). Briefly, codon-optimized RBD gene,
containing the amino acid region (319-541aa) of the full Spike
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gene of the SARS-CoV-2 (2019-nCoV), from the RBD expression
plasmid (Sino Biological Inc., Beijing, China, cat# VG40592-UT)
was inserted into a plasmid encoding the VSVA5IM antigenome
plasmid. The insertion was between the G and L genes, and primers
used for this insertion as follows: Forward 5-TGGAAAGTAAGC
TAGCTGTATGAAAAAAACTCATCAACAGCCATCATGAGG
GTCCAACCA-3’ and Reverse: 5'-GAAGAATCTGGCTAGCTC
AGAAGTTCACACACTTGTTC-3’. These primers were designed
to be compatible with the In-Fusion” HD Cloning Kit (Takara Bio
Inc., United States of America, cat# 638910). Both viruses were
rescued in A549 cell line by infecting them with vaccinia virus
expressing T7 polymerase and subsequently transfecting using
Lipofectamine 2000 with 2 mg of VSVA5IM-RBD DNA plasmid
together with plasmids encoding for VSV N, P and L (1, 1.25, 0.25
mg, respectively). The rescued virus was passaged and plaque
purified, amplified and titrated on VERO cells.

Cell lines and media

A549 human lung carcinoma and VERO cell lines were generous
gifts from Mr. Suhail Melibary (King Abdulaziz University Hospital,
Jeddah, Saudi Arabia). Both were cultured in Dulbecco’s Modified
Eagle Medium (DMEM, Gibco) containing 10% fetal bovine serum
(FBS), 2 mM L-glutamine, 1 mM sodium pyruvate, 100 units/mL
penicillin and 100 pg/mL of streptomycin. Cells were maintained in
humidified incubators at 37°C and 5% CO? (Al-Musawi et al., 2020;
Ibrahim et al., 2021).

Propagation and purification of VSVA51M
and VSVA51M-RBD viruses

VERO cells were infected with either VSVA5IM or
VSVA51M-RBD (MOI = 1). Post 24 h of infection, media was
harvested with 20 mM EDTA, and centrifuged at 500 RCF for
10 min. The supernatant was filtered through a 0.22 um pore size
sterile filter and centrifuged at 21,000 RCF for 1 h and 30 min 4°C.
Pellet was resuspended in 1x PBS. 20% sucrose was added to the
virus and centrifuged at 41,000 RCF for 1 h and 30 min 4°C. Pellet
was resuspended in 1x PBS. The virus was aliquoted and stored
at —80°C.

Virus titration and plaque assay

VERO cells were seeded in 12-well plates and infected by
VSVA5IM-RBD 10x serial dilutions (10°—10'). After 1h of
incubation in a 37°C/5% CO? incubator, agarose media (2:1 of
15% FBS DMEM media: 3% agarose) replaced the virus media.
Post 24 h incubation at 37°C/5% CO? incubator, media was removed
and wells were covered by methanol—acetic acid fixative solution (3:
1) for another 24h at room temperature (RT). Agar was then
removed and wells were rinsed with water. Wells were stained
with Coomassie Blue (ImL/well) for 1h RT. Finally, wells were
rinsed with water and set to dry. Viral titers were calculated by
means of the number of plaques in accordance with the viral dilution
factor.
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Mice vaccination

For immune response studies, C57BL/6 or BALB/c female mice
(6-10 weeks old) were vaccinated via the indicated route with the
VSVA5IM-RBD vaccine or the parental vector for two doses,
2 weeks apart. The blood from individual mice was collected
from the submandibular vein. After clotting of blood at room
temperature, samples were centrifuged and serum was obtained.
Serum samples were stored at 4°C until further analysis.

For different routes study, Immunizations were performed
through; Intraperitoneal (IP), Intradermal (ID), Intravenous (IV),
subcutaneous (SC), and intramuscular (IM) at 2 x 10* PFU/mL. Two
weeks after the boost immunization, blood samples were collected.

For the dose escalation study, Immunizations were performed
intramuscularly on the hind leg. Mice were vaccinated once with
either 5 x 107, 1 x 108, 5 x 10% or 1 x 10° PFU/mL. Two weeks after
immunization, blood samples were collected.

Western blot analysis

VERO cells were infected with VSVA51IM or VSVA51M-RBD
viruses at a multiplicity of infection (MOI) of 1. At 24h post-
infection, cells were collected and centrifuged at 500 g for 5 min.
VSVA51M- and VSVA51M-RBD-infected cells were lysed in RIPA
lysis buffer (Thermo Scientific) with protease inhibitor. Fifty pg of
total proteins were loaded and separated on 8% SDS-PAGE. Proteins
were transferred to nitrocellulose membranes, blocked with 5%
skimmed milk for 1 h at room temperature then incubated with
the primary antibody against SARS-CoV-2 RBD overnight at 4°C.
Membranes were washed three times with 1x PBS-Tween for 5 min
each and incubated with IRDye labeled secondary antibodies for 1 h
at room temperature. After a series of washes (3 x 5min), the
protein bands were then visualized using an Odyssey Infrared
Imaging System (LI-COR Biosciences). {B-actin expression was
used as an endogenous control for Western blotting. The
primary antibodies used in Western blot experiments were as
follows: SARS-CoV-2 (2019-nCoV) spike antibody, Mouse Mab
(Sino Biological Inc., Beijing, China, cat# 40591-MM42, 1:1000), and
monoclonal anti-B-actin (Abcam, United States of America 1:1000).

RNA extraction for RT-qPCR analysis

VERO cells grown in a 12-well plate were infected with
VSVA51IM or VSVA51M-RBD, (MOI = 1) for 24 h in a 37°C/5%
CO? incubator. In each well, 500 uL of TRIzol Reagent (life
technologies) were added to the cells. Samples were collected and
stored at —80°C. On the day of RNA extraction, 200 uL of
chloroform was added to each sample, incubated for 3 min, then
centrifuged at 12,000 g for 10 min at 4°C. The clear aqueous top
phase was recovered in a clean tube containing 500 pL of
isopropanol. The tube was mixed by inversion and incubated at
room temperature for 10 min. Samples were then centrifuged at
12,000 g for 10 min at 4°C, and the supernatant was discarded. The
pellet was washed with 500 uL of 75% ethanol, vortexed, then
centrifuged at 7,500 g for 5min at 4°C and the supernatant was
discarded. The pellet was dried at room temperature for 10 min and
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RNA was resuspended in 20 uL of RNase-free water and stored
at—380°C until further analysis. The expression of the RBD was
assessed using Quantifast SYBR Green RT-PCR (cat# 204156)
relative to the GAPDH gene. The RBD gene was detected using
the following primer pair: RBD Forward Primer (5'-GGAGTGAGC
CCAACCAAACT-3") and RBD Reverse Primer (5'-GGGGCAATC
TGTCTCACCTC-3'). For the GAPDH gene, the primer pair used
was: GAPDH Forward Primer (5-TAAATTGAGCCCGCAGCC
TCCC-3') and GAPDH Reverse Primer (5'-GACCAAATCCGT
TGACTCCGACCT-3"). Negative controls were included using
nuclease-free water. The reactions were performed on a
QuantStudio 5 Real-Time PCR system (Applied Biosystems) (Al-
Shammari et al., 2020).

The detection of the RBD protein-specific
IgG by indirect ELISA

SARS-CoV-2 spike RBD protein-specific IgG levels in mouse
sera were determined by indirect ELISA. 96-well ELISA plates were
coated with lug/mL SARS-Cov-2 Spike RBD recombinant protein
(Sino Biological Inc., Beijing, China, cat# 40592-VNAH) overnight
at 4°C. Plates were then washed with PBST, Phosphate Buffer Saline
with 0.05% tween-20, (SIGMA) three times. Plates were then
blocked with a BSA blocking buffer (PBST with 3% BSA
(SIGMA)), for 2h at room temperature (RT). Ten-fold serial
diluted serum samples, starting with a 1:10 dilution, were
incubated in the blocking buffer for 1 h at 37°C and then washed
three times with PBST. Bound IgG was detected using HRP-
conjugated goat anti-mouse IgG (at 1:2000) (EMD Millipore
Corporation, Billerica, MA, United States of America cat#
AP308P). Following a 1h incubation at 37°C, washed plates were
developed with 100 pL of the peroxidase substrate TMB (3,355
Tetramethylbenzidine) liquid substrate system for ELISA (SIGMA,
United States of America, cat# 34021) for 20 min at RT. The reaction
was quenched with IN HCI (hydrochloric acid). Absorbance was
read at 450 nm using an ELISA plate reader.

Statistical analysis

All statistical analyses were performed using GraphPad Prism
9.0 software. Student’s t-test, one-way ANOVA with Tukey’s
multiple comparisons test, and Dunnett’s multiple comparisons
test were used as appropriate to determine statistical significance,
with a cutoff of p = 0.05. The data are presented as mean + SD
(Bahjat et al., 2021).

Results

Development of the VSVA51M-RBD vaccine
To generate a VSVA51IM-RBD vaccine candidate, the RBD

coding sequence of SARS-CoV-2 was inserted into the VSVA5IM

genome between the glycoprotein (G) and polymerase (L) genes

(Figure 1A). To confirm RBD expression by the rescued VSVA51M-
RBD vaccine, we infected VERO cells with either VSVA51IM or
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VSV-A5MI1-RBD and evaluated the expression level of the RBD
gene in the infected cells by using QRT-PCR. Indeed, the expression
level of the RBD gene produced by VSV-A5M1-RBD (in terms of the
RBD gene copy number) exhibited an approximately 1250-fold
increase, but this was not the case for uninfected VERO cells or
VSVA51IM infected cells, in which the RBD gene signal was not
detectable (Figure 1B). To further evaluate the expression of the
RBD at the protein level, we performed a Western blot analysis of
VERO cells infected with either VSVA51M or VSV-A5M1-RBD. As
expected, we were able to detect RBD protein expression in the VSV-
A5M1-RBD-infected cells, with a band at ~25 kDa corresponding to
the size of the inserted RBD gene, suggesting that the generated
vaccine could infect and express the RBD protein (Figure 1C).

The VSVA51M-RBD virus retains its
cytotoxicity and viral fithess

To confirm the retained cytotoxicity of VSVA51M-RBD, we
infected a VERO cell monolayer with VSVA51M-RBD at a
multiplicity of infection (MOI) of 1 and evaluated the cytopathic
effect (CPE) of the virus at different time points. Images of
VSVA51M-RBD-infected VERO cells acquired at 8, 24 and 48 h
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post-infection (hpi) indicated that the CPE increased with time,
suggesting that the cytotoxicity of the VSVA51M-RBD virus was
retained (Figure 2A). To determine if the insertion of the SARS-
CoV-2 RBD gene into the VSVA5SIM genome attenuated viral
cytotoxic activity, a single-step growth curve was generated by
infecting VERO cells with either VSVA5IM or VSVA51M-RBD
and evaluating viral production at 6, 12, 24, 36, 48, and 72 h post-
infection. As expected, the production rates of both viruses increased
gradually from 6 to 12h and plateaued at 24h (Figure 2B).
Interestingly, VSVA51M-RBD resulted in significantly higher
viral titers at 12, 24 and 36 h post-infection (p < 0.05, *p <
0.005, and *p < 0.0005, respectively). Collectively, these
observations suggest that the insertion of the SARS-CoV-2 RBD
gene into the VSVA51M genome did not attenuate VSVA5IM viral
cytotoxicity or fitness.

The VSVA51M-RBD vaccine is safe and
immunogenic

To evaluate the immunogenicity of our COVID-19 vaccine

candidate, we first wanted to determine the best route of
vaccination for inducing an anti-RBD response. We vaccinated
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through different routes; IP, IM, IV, ID, SQ in C57BL/6 mice at week 2 post-immunization (B) Average body weight of vaccinated mice with different doses;
5x107,1x 108 5x 108 or 1 X 10° PFU/mL, in a dose escalation manner. After vaccination, mice were weighed daily. Percent body weight per group was
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108, 5 X 10% or 1 x 10° PFU/mL at week 2 post-immunization (D). The detection of RBD antibodies in VSVA51M-RBD vaccinated Balb/c mice. Serum was
collected from all animals 2 weeks post booster immunization. IgG titers were determined by ELISA against the recombinant VSVA5IMRBD. N = three to
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naive C57BL/6 mice with the VSVA51M-RBD vaccine twice (a
priming dose on Day —14 and a booster dose on Day 0) using
five different routes (IP, intraperitoneal; ID, intradermal; IV,
intravenous; SC, subcutaneous; and IM, intramuscular)
(Figure 3A). Two weeks after the booster vaccination, we found
that the serum anti-RBD level was detectable for all vaccinated
routes but to a greater extent when mice were vaccinated via the IP,
IM, or IV route compared to the SC and ID routes, and these
increases were statistically significant (IP vs. SC, IP vs. ID, IP vs.
Control Serum, IM vs. SC, IM vs. ID, IM vs. Control Serum, SC vs.
IV, SC vs. Control Serum, ID vs. IV, ID vs. Control Serum, IV vs.
Control Serum. This observation suggests that the VSVA51M-RBD
vaccine is immunogenic. Hence, we selected the IM route for
subsequent experiments due to its ease of testing in the clinical
development stage.

Next, we performed a dose escalation experiment to evaluate
whether the VSVA51M-RBD vaccine could be tolerated in doses that
have been reported to be tolerable in mice (Kim et al., 2022). Based
on our observation of the anti-RBD response induced by IM
vaccination with VSVA51M-RBD, we vaccinated naive mice with
a single dose of VSVA51M-RBD administered intramuscularly at
different doses (5 x 107, 1 x 10%, 5 x 10® and 1 x 10° PFU). As
expected, the mice vaccinated with 1 x 10% 5 x 10° or 1 x 10° PFU
experienced flu-like symptoms, and transient weight loss was
observed 24 hours after vaccine administration but rebounded
beginning at 48 hours (Figure 3B). Concomitantly, the levels of
anti-RBD antibodies in the serum of the vaccinated mice were
assessed at week two after vaccination and were correlated with
the vaccination dose (Figure 3C). The levels of anti-RBD antibodies
induced by the 1 x 10% 5 x 10® and 1 x 10° PFU doses were
significantly higher compared to serum from unvaccinated.
Furthermore, we wanted to assess whether this immunogenicity
could be replicated in another mouse strain. Therefore, we
vaccinated BALB/C mice with 2 x 10° PFU/mL VSVA5IM or
VSVA5IM-RBD administered IM. As shown in Figure 3E, this
vaccination approach resulted in a significantly higher serum
anti-RBD level than the injection of the VSVA5IM virus at
2 weeks after the booster vaccination (p-value <0.005). Taken
together, these results provide supportive evidence that the
VSVA5IM-RBD vaccine is safe and immunogenic in vivo when
tested in mice.

Discussion

The goal of this study was to repurpose the oncolytic virus
VSVA5IM for COVID-19 vaccination. Here, we generated a
VSVA5IM-RBD vaccine candidate by inserting the RBD coding
sequence of SARS-CoV-2 into the VSVA5IM genome. Then, by
comparing VSVA51IM-RBD to the parental VSVA5IM virus, we
determined that the SARS-CoV-2 RBD gene did not negatively
attenuate VSVA5IM viral cytotoxicity or fitness. Additionally, we
demonstrated that the VSVA51IM-RBD vaccine was safe and
immunogenic in vivo.

The VSVA5IM-RBD vaccine has
characteristics. The VSV vaccine platform can generate a rapid

unique advantageous

and effective immune response, and it is suitable for efficient large-
scale virus production (Patel et al, 2015; Fathi et al., 2019).
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Therefore, it has been
investigated to combat several viral outbreaks, including the
SARS-CoV-2 pandemic (Dieterle et al, 2020; Yahalom-Ronen
et al, 2020; Kim et al, 2022). In this study, we employed an
attenuated VSV strain, VSVA51M, which harbors the deletion of
methionine (M) 51. This genetic alteration makes the VSVA5IM
variant more sensitive to the interferon (IFN) response (Stojdl et al.,
2003; Wu et al, 2008). Hence, VSVA5IM not only retains the
advantages of VSV but is also much safer than wild-type VSV.
Hence, VSVA51M not only retains the advantages of VSV but is also
much safer than wild-type VSV. Additionally, the insertion of the
SARS-CoV-2 RBD gene into the VSVA51M genome significantly

improved the viral replication capacity (Alkayyal et al., 2023). This

clinically used and preclinically

novel observation has been employed when utilizing VSVA51M-
RBD as an anticancer agent with a better therapeutic index than the
parental VSVA5IM virus owing to its enhanced replication and
spreading in cancer cells. Moreover, previous studies have shown
that the spike protein of SARS-CoV-2, particularly the S1 region
containing the receptor-binding domain (RBD), can interfere with
and downregulate the production and signaling pathway of type I
interferon (IFN-I) by suppressing the phosphorylation and nuclear
translocation of STAT1 and disrupt its interaction with JAKI
(Zhang et al., 2021). However, in our study, we found that the
insertion and expression of the RBD antigen in the VSVA5IM
platform did not negatively impact viral replication probably owing
to its interstice interferon sensitivity. The VSVA51M-RBD virus
retained its cytotoxicity and viral fitness, indicating that the presence
of the RBD gene did not attenuate the virus.

VSVA5IM-RBD is potentially an effective booster vector for
adenovirus-based COVID-19 vaccines. There are currently four
different adenovirus-based COVID-19 vaccines approved for
emergency use. These vaccines are Janssen Ad26.COV2.S,
Oxford/AstraZeneca ChAdOx1 nCoV-19 (AZD1222), Sputnik V
Gam-COVID-Vac Ad5-nCoV. However,
adenovirus-based require a

and Convidecia

typically
immunization to enhance the duration and potency of the

vaccines booster
adenovirus-elicited immune responses (Bridle et al, 2013). In
alignment with our strategy for developing rhabdovirus-based
COVID-19 vaccines, there is compelling evidence in the
literature suggesting that rhabdoviruses, including VSV (Bridle
et al, 2013) and Maraba virus (Pol et al, 2019), can further
improve the quantity and quality of T cells when used as booster
vaccines with adenovirus-based priming vectors. Given that the
VSVA5IM-RBD vaccine is a rhabdovirus, it is likely that
heterologous immunization mediated by boosting with our
VSVA5IM-RBD viral vector after priming with an adenovirus-
based vaccine could be an efficient booster strategy for COVID-
19 vaccination. The heterologous prime-boost approach has been
investigated in the context of COVID-19 vaccination before by
utilizing an adenovirus-based vaccine (ChAdOxl nCoV-19)
priming immunization with an mRNA (BNT162b2) booster
vaccination, which revealed that this vaccination strategy elicits
potent humoral and cellular immunity against prevalent SARS-
CoV-2 variants (Gross et al., 2022). Given the limited access to
the biosafety level 3 (BSL-3) containment facilities required to
handle SARS-CoV-2 safely, we were not able to conduct efficacy
studies for the VSVA51M-RBD vaccine. Nonetheless, the use of the
VSVA51IM-RBD vaccine did not lead to serious side effects and was
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able to elicit a humoral immune response, which might provide
protective immunity against SARS-CoV-2. These findings warrant
further investigation and potential translation into the clinical trial
setting.
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