
Background: Orthobiologics have shown promise in repair, restoration and regeneration of 
damaged and degenerated spine, joint and musculoskeletal tissues. The role of MSCs is to reduce 
inflammation, gliosis, and oxidative stress, while encouraging angiogenesis, neuronal proliferation, 
cell survival, and differentiation. While autologous MSCs have homologous advantages, they 
present with challenges related to donor predisposition, harvesting skills, and processing times. In 
this regard, allogenic MSCs show promise, but face ethical challenges, contamination, and survival 
risks. Ongoing efforts to overcome challenges and enhance performance include bioprinting, 
tissue engineering, artificial intelligence, nanotechnology, and microenvironmental alteration, 
among many others. Genetically programmed MSCs are being explored and tissue regeneration is 
now considered a real possibility. In this article, we discuss some of the leading-edge technologies 
in the process of being developed and perfected for widespread clinical application.

Objectives: The aim of this narrative review is both to update on orthobiologics, especially MSCs 
and provide a vision for their future potential in interventional spine medicine. 

Study Design: Narrative review.

Methods: The PubMed database of the National Institute of Medicine and Google Scholar 
were searched for keywords “mesenchymal stem cell,” “mesenchymal stem cell + regenerative 
medicine,” and “mesenchymal stem cell + spine.” The bibliographies of these articles and 
authoritative Web sites were also consulted. 

Results: There are hundreds of ongoing clinical trials exploring the role of MSCs in regenerative 
medicine for treating a wide range of diverse conditions, including spine conditions, 
neurodegenerative disorders, and cardiovascular disease. 

Limitations: This visionary narrative review has several limitations. It is a narrative, rather than 
a systematic review. Many of the ideas and treatments presented here are not perfected and are 
still in development. 

Conclusions: The role of MSCs in regenerative medicine is still emerging, but their promise for 
spinal cord injury and other disorders of the spine is clear. Using allogenic or autologous MSCs can 
help stimulate healing and neural regeneration remains a tantalizing possibility.
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TThe first detailed description of the isolation of 
mesenchymal stem cells (MSCs) from human bone 
marrow dates back 30 years, with infusion of MSCs 

into humans reported as early as 1995 (1,2). The ability 
of MSCs to differentiate into cells with endoderm and 
neuroectoderm characteristics, that is, into neurons and 

their progenitors, has opened important new avenues in 
interventional spine techniques (3,4). MSCs derived from 
human bone marrow are the most-used type of stem cell 
in regenerative medicine because of their homing ability 
to navigate to the site of injury (5). While it can be easy 
to herald the potential of MSC treatments as a major 
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breakthrough in treating spinal cord injury, there still 
remain unanswered questions, therapeutic limitations, 
and technological gaps and limitations.

The Mesenchymal and Tissue Stem Cell Committee 
of the International Society for Cellular Therapy has 
set forth minimal criteria to define human MSC: plastic 
adherence in standard culture; expression of certain cell 
surface proteins (CD105, CD73, and CD90) and lack of 
expression of others (CD45, CD34, CD14, CD11b, CD79ɑ, 
or CD19, and HLA-DR surface molecules); and that these 
MSCs differentiate into osteoblasts, adipocytes, and 
chondroblasts in vitro (6). MSCs have been extracted 
from bone marrow, adipose tissue, dental tissue, the en-
dometrium, peripheral blood, salivary glands, skin, and 
synovial fluid, leading to a great deal of heterogeneity 
among depots. Despite these issues, MSCs offer numer-
ous advantages over embryonic stem cells because MSCs 
are genomically stable, easy to obtain, self-renewing, 
and their harvesting poses minimal ethical challenges 
(7). But while basic science has accelerated our under-
standing of the molecular structure of mesenchymal 
cells and their promise to regenerative medicine, clinical 
science lags behind due to regulatory challenges, lack of 
high-quality data, and the rigors and time requirements 
needed for long-term clinical studies. 

MSCs have 3 important therapeutic characteristics: 
they can differentiate into specific cell types; they se-
crete exosomes and cytokines that stimulate cell growth 
and proliferation; and they act as anti-inflammatory, an-
tibacterial, and immunomodulatory vehicles. MSCs must 
come into direct contact with host tissue in order to be 
effective (8). Numerous things can affect the effective 
use of MSCs in regenerative medicine, including MSC 
potency (which can be variable), their pharmacological 
function, how the cells are harvested and handled, dose, 
and route of delivery (9). There are hundreds of ongoing 
clinical trials exploring the role of MSCs in regenerative 
medicine for treating a wide range of diverse condi-
tions (8). The purpose of this narrative review is both 
to update on MSCs and provide a vision for their future 
potential in interventional spine medicine.

Spinal Cord Injuries 
Globally, 250,000 to 500,000 people suffer a spinal 

cord injury each year and 90% of such cases are caused 
by trauma (10). In the United States, there are approxi-
mately 20,000 survivors of spinal cord injury every year 
(11). About 12% of traumatic spinal cord injury patients 
die on the scene or within the first 3 hours, while 48% 
die within 7 days (12). Survivors face lifelong functional 

deficits, disability, and painful symptoms. Men are about 
twice as likely to experience a spinal cord injury as wom-
en with the greatest risk occurring between the ages of 
20 to 29 and over 70 years (10). By contrast, in the United 
States, 78% of all new cases of spinal cord injury occur in 
men at age 43, up from age 29 in the 1970s (13). Spinal 
cord injury is associated with numerous comorbidities, 
such as deep vein thrombosis, muscle spasms, osteoporo-
sis, pressure ulcers, and respiratory illnesses (10). 

In theory, MSC transplantation would promote 
recovery from spinal cord injury through reduction in 
inflammation, gliosis, oxidative stress, and stimulation 
of angiogenesis, cell survival, and the proliferation of 
remaining neurons (14). Unfortunately, there are few 
studies using MSCs in patients with spinal cord injuries 
and mixed results. A meta-analysis of 19 studies, includ-
ing a total of 670 patients with spinal cord injuries, 
showed statistically significant improvements in the 
American Spine Injury Association (ASIA) impairment 
scale total grade, and among other sensory scores, but 
no significant improvements were found in motor or 
activities of daily living scores (15). In a 3-year prospec-
tive placebo-controlled study (n = 27) of the use of 
bone marrow MSCs in patients with acute complete 
spinal cord injury, no functional motor improvement 
occurred in any patient, although those treated with 
MSCs had improved bladder sensation, decreased spas-
ticity, and better posture control (16). In an unblinded, 
single-center study of 13 spinal cord injury patients 
administered autologous MSCs in cultured autoserum 
in one infusion, 12/13 patients had neurological im-
provement at 6 months. Five patients were rated ASIA 
C at baseline and 100% progressed to ASIA D one day 
postinfusion (17).

Preclinical studies using animal models of spinal 
cord injury in mice, rats, and dogs (n = 34 studies) 
revealed a meta-analytic improvement in motor func-
tional recovery with MSC treatment (18). 

Disorders of the Spine
Damage to intervertebral discs is a leading cause 

of low back pain and disability. The intervertebral discs, 
located between cartilage endplates within the spinal 
column, are the largest nonvascularized tissue in the 
body (19). In studies, chondrogenic-differentiated MSCs 
provide best results, but progress has been limited 
because of lack of unifying definitions as to what dis-
tinguishes an annulus fibrosis vs a nucleus pulposus cell 
(20). To date, the use of MSCs to repair intervertebral 
discs has concentrated on the nucleus pulposus pheno-
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type, although the annulus fibrosis phenotype may be 
of utility in herniated or “slipped” discs (21). In a study 
of 24 patients with chronic low back pain (cLBP), 12 pa-
tients were administered allogenic MSCs by intradiscal 
injection, and 40% exhibited rapid pain relief (22).

cLBP is a prevalent, potentially disabling, global 
health care crisis with about 20% of the popula-
tion between the ages of 20 and 59 affected (23). A 
meta-analysis in cLBP patients revealed significant 
improvements in pain score and function based on 
the Oswestry Disability Index after 12 months follow-
ing treatment with MSC injections (24). Mesenchymal 
precursor cells were administered via intradiscal injec-
tion in 100 cLBP patients in a randomized multicenter 
clinical trial and shown to provide safe, effective results 
in relieving pain durable to 36 months (25). In a study 
of 11 patients suffering monosegmental degenerative 
disc disease at L4-L5 or L5-S1, autologous MSCs in a 
tricalcium phosphate carrier were implanted in spinal 
surgery and patients were monitored in 4 visits over the 
next year. In all cases, autologous MSCs expanded and 
no adverse events were observed. Oswestry Disability 
Index scores, as well as pain relief, improved following 
surgery (26). Similarly, therapeutic potential of MSCs is 
also being explored in other spinal structures such as 
vertebral body, facet joint, capsule, ligaments, among 
other tissues that comprise the spine functional unit.

Therapeutic Potential of MSCs
MSCs are a class of multipotent stromal cells with 

the ability to self-renew and differentiate into termi-
nally, specialized cells within the mesodermal lineage, 
such as adipocytes, fibroblasts, stromal cells, myoblasts, 
osteoblasts, and chondrocytes (27,28). Not limited 
to mesodermal lineages, MSCs have the potential to 
differentiate into cells with endoderm and neuro-
ectoderm characteristics, namely neurons and their 
progenitors, making MSCs highly relevant to interven-
tional spinal therapeutics (4,29). Natively, MSCs are 
distributed throughout perivascular regions of most 
tissues in the body and are thought to play a role in 
maintaining tissue remodeling, repair, and homeostasis 
by acting as a latent pool of stem/progenitor cells (29-
31). MSCs have shown to have the ability to migrate 
to the local site of tissue injury, replace damaged and 
dying cells through differentiation, and modify the lo-
cal microenvironment to promote tissue repair (32,33). 
The primary tissue repair mechanisms of MSCs reside in 
their secretory molecules and paracrine signaling (35). 
MSCs mediate immunosuppression in the local tissue 

environment through the inhibition of CD8+/CD4+ T 
lymphocytes, natural killer cells, dendritic cells, and the 
reduction of immunoglobulin production. They also 
stimulate local T regulatory cells to modulate immune 
activation of other immune cells (29,34). MSCs have low 
expression of HLA-I and do not express HLA-II, CD80, or 
CD86 on their cell surface, all of which are critical for 
T lymphocyte activation (29,35). For that reason, MSCs 
are unlikely to be targeted by T cells and have reduced 
immunogenicity when transplanted (36). However, this 
is not to say that they are immune privileged, as there is 
evidence for rejection for allogenic MSCs, albeit a slow 
and subdued one (36).

Sources of adult MSCs that have been extracted, 
cultured, and studied include bone marrow, adipose 
tissue, dental tissue, endometrium, peripheral blood, 
salivary gland, skin, and synovial fluid - all of which 
have shared and unique cell surface markers (7). 

Current Innovations in MSC Therapy
The optimal transplantation method for MSCs is 

not known. With the injection method, only a portion 
of the total MSCs injected will actually engraft onto 
the injured tissue. A biomaterial “scaffold” can assure 
transport of as many MSCs as possible directly to the 
site of injury. A meta-analysis of 34 animal studies 
found that MSCs and scaffolds provided significantly 
greater motor function recovery than MSCs alone or 
placebo (18). Scaffolds as an adjunctive treatment to 
MSC transplantation in humans with spinal cord injury 
remain controversial. Collagen scaffolds were used with 
human umbilical cord MSCs in 2 patients with acute 
complete spinal cord injuries (one at T11 and one at C4) 
(37). At one year, there were no adverse reactions to 
the treatment and some degree of sensory and motor 
function recovery was observed in both patients (37). 
Further study is needed.

While 3-dimensional (3D) printing of the various 
structures of the central nervous system has not yet 
been achieved, a microscale continuous projection bio-
mimetic printing method may help to reproduce certain 
complex structures needed for regenerative therapies 
of the spinal cord (38). A biomimetic hydrogel scaffold 
has already been tested in rats; it was successful in that 
the study found that cells adhered to the scaffold (38). 

Nanotechnology
Nanotechnology encompasses both the creation 

of novel nanomaterials and their use in nanostructures; 
many nanotechnological applications relate to regen-
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erative medicine. Nanoparticles can serve as carriers for 
targeted MSC delivery. Such nanostructured materials 
attempt to recapitulate the stem cell within a tissue and 
then guide the MSC toward creating the sort of envi-
ronment that would permit further regeneration (39). 
Accurate targeting of the MSCs can be problematic, 
and a proof-of-concept study has evaluated the role of 
a magnetically activated “micro-robot” that can be de-
ployed, guide the MSCs to proper placement, and then 
biodegrade after delivering the MSCs (40). Magnetic 
resonance imaging applications can be used to move 
these structures or to create a magnetic domain (41).

Nanotechnology can be used to image MSCs, to 
deliver drugs within cells, to track MSCs, and others 
(42). Overall, nanotechnology enhances specificity and 
control of the MSC treatment, making it more versatile 
(43). Scaffolds for use with nanoparticles have been 
created in a variety of shapes and sizes, including some 
with specific surface topographies and others that allow 
for a controlled release of small molecules (44). The bio-
materials can send signals, which MSCs can interpret for 
determination of their cell fate. To that end, chemical, 
physical, and topographical scaffolding features may 
play a role (44). Nanoparticles can also be used as carrier 
systems to promote targeted delivery of bioactive MSCs, 
which enhances regeneration (39). Nanotechnology 
monitoring systems that track the MSCs as they migrate 
within the body may be helpful in diagnostic procedures, 
as they are drawn toward injury and inflammation that 
diagnostic systems may not be able to detect (39).

Exosomes and Secretomes from MSCs
An exosome is a vesicle with a single membrane 

that is found in a variety of different types of cells and is 
present in MSCs (45). The MSC exosomes aid in cell-to-cell 
communication by secretion, protein, and RNA transport 
(45). First discovered in the early 1980s, exosomes were 
initially misinterpreted as waste products from cells, caus-
ing them to be downplayed until recently (46). While 
these extracellular vesicles are a type of paracrine mol-
ecule whose functions are not elucidated (47), exosomes 
likely support cellular regeneration and do not carry the 
same risks as transplanted cells (48). Exosomes specifically 
secreted by MSCs may aid in tissue repair (49). 

Exosomes may be described as nanovesicles, that is, 
small organelles with a single membrane and a topology 
similar to their cell. Thus, they can remodel the extracel-
lular matrix (ECM) and transmit signals (50). When prop-
erly deployed and directed, exosomes can transform the 
ECM, transmit signals, and trigger changes in pathophys-

iology (50,51). Stem cell products, including exosomes, 
are regulated by the US Food and Drug Administration 
(FDA), which is responsible to grant market clearance to 
all stem cell products (52). To date, no exosome-based 
product has yet been approved to market by the FDA. In 
specific, none of these products have been approved for 
orthopedic or neurological application (52). 

First described in 2000 by Tjalsma et al (53), sec-
retomes secreted by an organism, tissue, or a cell into 
the ECM. MSCs secrete secretomes that can regenerate 
nerves and relieve pain at inflammatory sites (54). Sec-
retomes are of great interest to regenerative medicine 
because they may offer new avenues of treatment; it 
may be that secretomes have a beneficial synergistic 
effect when acting on host tissue (55). Secretomes are 
currently being studied for their potential role in regen-
erative medicine (56). In animal studies, MSC serotomes 
injected into lesion sites had neuroprotective features, 
reduced the cystic cavity, and preserved the spinal tract, 
all of which aided the recovery of locomotion (57,58).

Allogenic and Autologous MSCs
Allogenic stem cells from donors can be used im-

mediately in allogenic treatments. Such cells can be 
specifically derived and excess cells banked for future 
use, so a series of allogenic treatments can be sched-
uled and deployed rapidly (59). The main drawback 
to allogenic MSCs is the potential for rejection (60). 
Immunosuppressive therapy may be required with al-
logenic MSCs (61). In this regard, autologous MSCs are 
considered (62,63). A drawback to autologous therapy 
is that the MSCs share the same comorbid burden as 
the patient. The heterogeneity of MSC populations has 
been a long-standing challenge to their effectiveness 
because these cells may come from different tissue 
depots, different donors, different cell cultures, and 
subjected to different expansion protocols. MSCs from 
certain tissue depots proliferate faster than others and 
some have more potent self-renewal capacity (64). Im-
munogenicity with autologous MSCs is more limited, 
but may still occur and has been observed in animal 
studies (65). 

Risks associated with allogenic MSC therapy include 
the dangers of potential contamination, the potential 
for cytokine storm, tumor lysis, and even graft-vs-host 
disease (9,66). Over the long term, risks can include 
genetic instability, chromosomal mutations, and lack of 
or poor therapeutic response (66). Based on the limited 
clinical studies conducted and their adverse events, it 
may be that MSC therapies are relatively safe (66). 
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Current Challenges in MSC Therapy
A great challenge in regenerative medicine, in 

general, and MSC therapy, in particular, remains the 
low rates of cell retention and survival in clinical use 
(44). Cell therapy involves introducing stem cells into 
tissue for treatment of a disease or condition without 
the inclusion of gene therapy (67). Preclinical studies of 
MSC for treating spinal cord injury were promising, but 
subsequently, a few small human trials produced mixed 
results and modest benefits (68).

A major challenge in MSCs is the fact that popula-
tion sources of MSCs are heterogeneous. For instance, 
the depot from which the MSCs were obtained may 
affect their proliferation rate or other attributes. Al-
logenic MSCs obtained from older individuals have a 
reduced differentiation potential, as well as a slower 
proliferation rate (69). Once in the body, MSCs can be 
washed away in circulatory activity or leak out of the 
body; low retention rates limit or preclude effective-
ness. MSCs injected where they are needed, that is, into 
an inflammatory or ischemic environment, may not sur-
vive (70). When ECM-anchoring cells detach from the 
ECM, they may undergo apoptosis in a process known 
as anoikis (71). Stem cells normally resist anoikis (71), 
but therapeutic delivery of transplanted MSCs can trig-
ger anoikis due to the loss of cell adhesion (71,72).

MSC grafts can facilitate bone healing, but atten-
tion must be paid to the microenvironment in which 
the grafts are to function (73). When MSCs are directed 
toward diseased microenvironments, they can struggle 
to survive. Improving their resistance to such hostile 

microenvironments can be a crucial component to their 
successful application (73). The solutions to bringing 
safe, effective MSC treatments to spinal patients reside 
in novel forward-looking technologies, such as bioen-
gineering, microenvironment optimization, artificial 
intelligence (AI), and genetically enhanced therapies.

Bioprinting 
Bioprinting utilizes additive manufacturing tech-

nology to combine living and nonliving materials into 
highly specific 3D structures (74). In contrast to other 3D 
printing techniques, bioprinting prints living cells within 
the medium (“bio-ink”), presenting both new medical 
opportunities and new engineering challenges (74). A 
great advantage of bioprinting technology is that it is 
highly customizable (75) and ideally suited for the body’s 
microenvironments (76). In theory, at least, bioprint-
ing technologies have the potential to revolutionize 
regenerative medicine (45). Bioprinting of organs, tis-
sues, and even individual cells is possible, allowing for a 
native-similar replication of cellular architecture (77). A 
formidable challenge in bioprinting is “bio-ink,” a name 
given to the living cells that are used in the processes; 
these bio-inks must be handled with extreme care and 
gentleness to preserve them (77). Bioprinting undiffer-
entiated stem cells expands the potential of stem cell 
therapy, but it requires careful replication of the physi-
ologic microenvironment (45). 

There are currently several different ways to bio-
print: multicellular bioprinting; microextrusion; laser-
assisted bioprinting; stereolithography; cell aggregates; 

Table 1. Bioprinting options for MSC (45).

Bioprinting Technique Description Advantages Disadvantages

Cell Aggregates Use of organoids rather than 
printing drops

Moderate printing speeds, high 
resolution, high throughput, good cell 
viability

Limited capability in terms of 
cell density, high costs

Droplet-Based Bioprinting Single-cell printing
Allows for printing and depositing one 
cell at a time, ideal for academic or 
research applications, high cell viability

Delicate technique, high costs

Laser-Assisted Bioprinting Cell-rich bio-inks are layered, one 
by one, onto a substrate

Moderate to fast printing, high 
resolution, limited shear stress on cells 

Downside, may have difficult 
with viscous materials, high 
costs

Microextrusion Creates continuous lines of cell-rich 
bio-ink

Allows for building stable 3D structures, 
can replicate ECM 

Slower printing speeds, risk of 
shear stress

Multicellular Bioprinting Cell-rich bio-inks are used in inkjet 
printers; delivery is in droplets

Moderate throughput speeds; relatively 
low cost

May result in some cell 
abnormalities

Stereolithography
Liquid photocurable polymer cured 
in UV light is used to construct 
layers

Allows for high resolution, good cell 
viability, photopolymerization can 
crosslink the constructions, allows for 
elaborate 3D constructs

Limited availability of resins

Abbreviations: MSC, mesenchymal stem cell; 3D, 3-dimensional; ECM, extracellular matrix.
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and droplet-based bioprinting (45). Each method has 
its own particular advantages and drawbacks, as sum-
marized in Table 1.

Repairing tissue in situ using MSCs utilizes bio-
printing techniques, which, in turn, is dependent on 
the biomaterial(s) used (78). A variety of materials have 
been utilized: hydrogels; biopolymers; synthetic ECMs; 
and others (78). The 4 factors that must be addressed 
in this stem cell microenvironment are: cell migration; 
environmental remodeling; change in phenotype; 
and cell viability (78). Hydrogels can encapsulate the 
MSCs and since hydrogels are porous, biodegradable, 
and essentially made of water, they provide a suitable 
environment by permitting the encapsulated cells to 
maintain homeostasis as they adjust to their new mi-
croenvironment (79). However, hydrogels have limits 
depending on the ECM into which the MSCs are intro-
duced (78). 

For spinal applications, scaffolding rather than bio-
printing may be a more effective approach. The MSCs 
attach themselves to the biocompatible scaffold which 
is then implanted, allowing the MSCs to slowly migrate 
beyond the scaffold and into the affected area. This 
method is particularly suitable for hard cartilage and 
bone (78).

Biological Device Combinations
In their native microenvironment, human MSCs are 

exposed to a continuous flow of chemical, physical, and 
mechanical cues that prompt them to differentiate (80). 
Early attempts to guide or influence this differentiation 
were ineffective for a variety of reasons, including an 
inability to provide precise technical controls along 
with a lack of scalability (80). Regenerative medicine 
requires tissue engineering to find ways under biomi-
metic conditions for seed cells to grow properly.

 Functional nanoparticles can help allow scaffolds 
to produce cells with the appropriate biocompatibility, 
physical sensing, and other desired features (81). To 
this end, magnetized scaffolds have been used with an 
electrospinning process that assembles superparamag-
netic iron oxide nanoparticles or gold nanoparticles, 
layer by layer (81). This results in a film-like structure of 
nanoparticles, improving hydrophilicity, and promot-
ing scaffold elasticity, all of which contribute to osteo-
genesis (81). In other words, magnetized nanoparticles 
work as a biologically active interface between MSC 
and scaffolds (81).

The application of exogenous electrical stimula-
tion to cells can affect cell proliferation, orientation, 

and bone remodeling (82). Functional assays per-
formed in vitro have shown that the homogeneous 
delivery of electrical energy can cause human MSCs to 
elongate, differentiate, and orient themselves to the 
cytoskeleton without variations in pH levels or hydro-
gen production (82). Such stimulation usually involves 
conductive electrodes made of noncorrosive materi-
als, such as titanium (83). In osteogenesis, both cell 
morphology and elongation can be crucial, making 
electrical stimulation an important technology (84). 
Using nanofiber scaffolding and a 2-layer microfluidic 
chip system, a 3D microenvironment can be created, 
allowing for seeding MSCs onto the scaffolds for op-
timization (84).

Biomechanics play an important role in bone mar-
row MSC differentiation (85). Protocols differentiate 
between MSC differentiation into cartilage cells, bone 
cells, or adipose cells. In an in vitro study, compression 
alone or shear force alone was not able to induce 
chondrogenic differentiation in MSCs, but when shear 
force was superimposed on dynamic compression, this 
combination allowed chondrogenic gene expression 
(85). Subsequent histology reports showed that the 
combination group (shear plus compression) was the 
only cell group to have sulfated glycosaminoglycan and 
collagen II (85).

Microenvironment Optimization
When MSCs are to be used in vivo, special atten-

tion must be paid to the creation of the most physi-
ologically accurate microenvironment possible (45). 
Scaffolding and inclusion of biochemicals, such as pep-
tides, exosomes, growth factors, and so on are crucial 
(45). The ideal microenvironment for MSCs seems to be 
a 3D spheroid (86). While there is general agreement 
on this premise, it is not clear how to best maximize 
the spheroid formation, which leads to greater cell 
survivability and better anti-inflammatory and proan-
giogenic potential (86). MSC spheroids, for example, 
secrete more beneficial trophic factors than individual 
dissociated MSCs (87). Transplanting MSCs in biomateri-
als increases their ability to aid in wound healing not 
just by localizing the MSCs at the desired site, but also 
by upregulating the secretion of trophic factors, for 
example, using a fibrin gel (87). 

Notable recent advancements in biomaterials 
apply novel techniques using tissue-derived ECM, con-
jugated growth factors, and biochemically adjustable 
properties (44,88). Thermosensitive hydrogels using 
chitosan can provide an interesting microenvironment, 
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in that they change from a liquid state to a gelatinous 
state at room temperature; they are biocompatible and 
work well with 3D scaffold technologies (89). 

Statistical Modeling and AI
The quantity, complexity, and sheer quantity of 

data generated in cell-based regenerative medicine 
have given rise to an interest in AI. A variety of AI al-
gorithms are being explored to help semiautomate the 
challenging work of cell segmentation and assessments 
of the quality of a particular colony of cells (90). In fact, 
MSC therapy on a large scale is hardly feasible without 
AI due to the time-consuming process of evaluating 
colony morphology and the potential for human error 
in this tedious work (90). 

In health care, the main forms of AI currently 
in active use are machine learning (ML) and deep 
learning (DL). While a full discussion of AI is beyond 
the scope of this review, in short, ML can teach it-
self, while DL is more nuanced and based on layers 
of information. ML uses statistical tools to discern 
patterns in supervised or unsupervised learning situ-
ations, and uses statistical tools to help discern pat-
terns (93). DL is a more complex, open-source system 
currently used in certain business applications, robot-
ics, self-driving cars, and medical imaging interpreta-
tions (91). AI seems a valuable tool for regenerative 
medicine because working with large quantities of 
nonstable, heterogeneous MSCs necessitate such 
arduous testing methods that errors can occur even 
in the strictest settings (92). A long-term objective 
for AI in regenerative and other fields of medicine 
would be to accurately predict outcomes that could 
help guide clinical decision-making (93). The poten-
tial of AI, or rather a synergy of human clinical expe-
rience coupled with AI systems, may also help solve 
other MSC-related problems, such as length culture 
times, the laborious characterization of specific cells, 
faster identification of cells, fewer errors, truncated 
manufacturing processes, and eliminating produc-
tion bottlenecks (94).

Genetically Programmed Stem Cells
MSC-based gene therapy introduces genes into 

the MSC using a viral or nonviral method to promote 
transgene expression. This is a very new strategy, but it 
has the potential to be useful in numerous and diverse 
applications, particularly in personalized medicine (95). 
Transduced human MSCs are able to maintain trans-
gene expression in vitro and in vivo following stem cell 

differentiation (96). Existing gene delivery systems for 
MSCs are efficient, but they may induce permanent 
undesired genetic changes and promote tumors, lead-
ing to the investigation into more refined and other 
approaches (97).

Discussion

Regenerative medicine, in particular the use of 
MSCs, presents new options for the treatment of spinal 
disorders. This is particularly important for treatment 
of a spinal cord injury, which is characterized in large 
part by a cascade of multifactorial secondary effects 
that include diverse molecular processes: inflammation; 
neuronal death; ionic dysregulation; overwhelming 
presence of free radicals and lipid peroxidation; disrup-
tion of nerve pathways; dysfunction at the blood-brain 
barrier; and cellular apoptosis and necrosis, along with 
cavitation and retrograde degeneration (68). Left un-
checked, this becomes a dangerous cascade of inflam-
matory responses, aberrant signaling, vascular damage, 
and cellular dysfunction (68). Two key processes are 
needed for relative recovery: removal of the accumu-
lating cellular debris (macrophagy) and regeneration 
of neurons (68). Neuronal regeneration is a natural 
process for the axolotl (salamander), where the spinal 
cord injury triggers a glial response, causing these glia 
to migrate to the injured area, replace the missing 
neural tube, and stimulate axonal growth (68). Thus, 
the key to treating a spinal cord injury is to understand 
neural regeneration.

Stem cells divide and produce asymmetrical off-
spring; stem cells can differentiate into a variety of 
phenotypes. A totipotent stem cell is one that could 
develop into any potential cells, while multipotent cells 
have the potential for any number of cells (101). Im-
portant steps in advancing stem cell treatments are the 
modulation of phenotypic pathways, better transplant 
and imaging techniques, tissue engineering, and clini-
cal trials. MSCs have specific appeal: they can be readily 
isolated; are available from multiple sources; can be 
easily preserved; have limited risk of causing tumors; 
and are free from technical and ethical controversies 
(101). MSCs are also known for rapid proliferation, 
another key advantage, and they have both autocrine 
and paracrine activity (102,103). MSC treatments have 
been used on patients with chronic spinal cord injury 
and while it was a safe treatment its neurological ben-
efits were modest to none (104). This should not be 
viewed as a definitive failure, but rather as a need to 
find better techniques and improve our clinical under-
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standing. The vision of this narrative review is that we 
have many - if not all - of the puzzle pieces needed to 
assemble a new way of treating spinal cord injury and 
other disorders of the spine.

This visionary narrative review has several limita-
tions. It is a narrative, rather than a systematic review. 
Many of the ideas and treatments presented here are 
not perfected and are still in development. 

conclusions

The role of MSCs in regenerative medicine is still 
emerging, but their promise for spinal cord injury and 
other disorders of the spine is clear. Using allogenic or 

autologous MSCs can help stimulate healing and neural 
regeneration remains a tantalizing possibility. Break-
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and forth with other cells by secretion and protein and 
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secreted from MSCs may play a crucial role in tissue 
repair. Numerous challenges remain, mainly involving 
the best way to transfer regenerative medical concepts 
into safe and effective clinical practice.
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