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Abstract  
Spinal cord injury results in the loss of sensory, motor, and autonomic functions, which 
almost always produces permanent physical disability. Thus, in the search for more 
effective treatments than those already applied for years, which are not entirely efficient, 
researches have been able to demonstrate the potential of biological strategies using 
biomaterials to tissue manufacturing through bioengineering and stem cell therapy as 
a neuroregenerative approach, seeking to promote neuronal recovery after spinal cord 
injury. Each of these strategies has been developed and meticulously evaluated in several 
animal models with the aim of analyzing the potential of interventions for neuronal repair 
and, consequently, boosting functional recovery. Although the majority of experimental 
research has been conducted in rodents, there is increasing recognition of the importance, 
and need, of evaluating the safety and efficacy of these interventions in non-human 
primates before moving to clinical trials involving therapies potentially promising in 
humans. This article is a literature review from databases (PubMed, Science Direct, 
Elsevier, Scielo, Redalyc, Cochrane, and NCBI) from 10 years ago to date, using keywords 
(spinal cord injury, cell therapy, non-human primates, humans, and bioengineering in 
spinal cord injury). From 110 retrieved articles, after two selection rounds based on 
inclusion and exclusion criteria, 21 articles were analyzed. Thus, this review arises from the 
need to recognize the experimental therapeutic advances applied in non-human primates 
and even humans, aimed at deepening these strategies and identifying the advantages 
and influence of the results on extrapolation for clinical applicability in humans. 
Key Words: bioengineering; biomaterials; cell therapy; humans; non-human primates; 
spinal cord injury; stem cell therapy 

Introduction 
Spinal  cord injury (SCI)  is  considered a devastating 
neurological condition, with incidence dynamics ranging 
from 11 to 16 cases per 100,000 people worldwide. In clinical 
terms, SCI causes the loss of sensory, motor, and autonomic 
functions, leading to a physical disability that is almost always 
permanent, with psychological problems (James et al., 2019; Eli 
et al., 2021). The pathophysiology of SCI consists of a primary 
event that causes cell death (neuronal, glial, and endothelial 
cells) and the disruption of axonal connections. Subsequently, 
axon stumps undergo a process of Wallerian degeneration, 
which consists of an alteration of the cellular structure of 
the axon, characterized by axonal degeneration of the distal 
stump, followed by demyelination and atrophy (Figure 1) 
(Mietto et al., 2015). The secondary injury cascade begins 
within a few hours after SCI and is characterized by many 
cellular, molecular, and biochemical responses that continue 
to self-destruct to spinal cord tissue and impede neurological 

recovery. The cascade of physiological secondary events 
is characterized by obstruction of blood flow, followed by 
hemorrhage, edema, inflammation, secretion of extracellular 
matrix molecules, pro- and anti-regenerative biomolecules, 
lipid peroxidation, and activation of programmed cell death 
(Figure 1; Mietto et al., 2015; Alizadeh et al., 2019).  

The injury response can be temporally divided into acute, 
subacute, intermediate, and chronic phases. During the 
subacute phase, several vasoactive factors are released in 
physiological response to edema. This mechanism triggers 
hypoperfusion, hypoxia, and hypoglycemia, which continues 
with the aforementioned ischemia and cell death (Wang et 
al., 2021). Ischemia is followed by reperfusion, which triggers 
an increase in reactive oxygen-free molecules, which form 
part of the degenerative environment that tends to cause 
loss of gray matter. The chronic phase is the pathophysiology 
evolution characterized by glial scar formation. Nowadays, the 
spinal cord scar is considered a multifaceted interplay that 
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performs dual opposing roles to protect tissue and inhibit 
repair. The protective glial scar role is related to separating 
the healthy tissue from pathology after injury to minimize 
the inflammatory response. The inhibitory role of the glial 
scar is classically associated with failed axonal re-connectivity 
due to action as a physical and molecular obstacle to axonal 
regeneration at the epicenter of the lesion by the scar and 
scar-associated molecules with signaling changes and the 
extracellular environment (Chu et al., 2002; Jung et al., 2016; 
Yu et al., 2018; Bradbury and Burnside, 2019).

Regarding the current treatment of traumatic SCI, the literature 
shows that this has been limited to supportive care, with 
mainly physical therapeutic interventions. However, surgical 
intervention is also estimated within 24 hours after the injury, 
as long as the type of trauma allows or requires it. Despite this, 
there is currently no safe and effective treatment available 
to humans that can regenerate damaged neuronal tracts and 
restore the loss of neurological functions in patients after the 
traumatic event. According to a recent research, in search of 
more effective treatments than those already applied for years, 
great potential has been demonstrated in biological strategies 
with stem cell transplantation as a neuroregenerative approach 
(Wang et al., 2021). Thus, various preclinical studies have 
shown that scaffold implantation and stem cell transplantation 
treatments have the capacity to promote functional recovery 
in experimental animals, until now mostly in rodents. 
Furthermore, in some clinical trials, the authors have used 
scaffolds combined with stem cells, showing promising results 

in the future for the treatment of patients with acute and 
chronic traumatic SCI, partial or complete. Along these lines, 
other researchers have pointed to the manufacture of scaffolds 
and their enrichment with bioactive factors, which offer the 
possibility of modulating the microenvironment, further 
enhancing neuronal recovery (Abbas et al., 2020; Llorens-
Bobadilla et al., 2020; Soares et al., 2020; Zipser et al., 2022; 
Gong et al., 2023; Szymoniuk et al., 2023). 

The variable neuroanatomical in animal models can impact the 
response of motor neurons to the execution of some motor 
actions (Rouiller et al., 1996). In neuroanatomical terms, the 
difference between rodents and non-human primates (NHP) is 
quite evident in motor tracts, since the pattern of corticospinal 
tract (CST) projection is much more complex throughout the 
evolution of humanity and NHPs when compared to rodents. 
Rodents have a CST, a descending tract from the motor cortex, 
projecting mainly to the interneurons of the dorsal horn 
and the premotor spinal circuits without maintaining direct 
communication with motor neurons (Figure 2; Lemon et al., 
2004; Jacobson et al., 2021; Sun et al., 2021). Conversely, 
NHPs have a location and function similar to humans (Ko et 
al., 2019), and like a human exhibit a massive increase in the 
proportion and size of CST neurons in the neocortex, both in 
motor and supplementary areas that widely projected from 
the cortex to the brainstem and into the spinal cord, with 
CST fibers directed towards the ventral horn with some axons 
synapses directly to motor neurons (Figure 2; Whishaw et al., 
1998; Rosenzweig et al., 2018).

Figure 1 ｜ Schematic representation of the pathophysiology of SCI. 
The primary response to SCI promotes the breakdown to the ascending and descending tracts and disconnection to the cortex from circuitry 
below the injury. The trauma also causes the breakdown of the blood–brain barrier and the developing cavities filled by blood near the 
impact site (area of the epicenter to the lesion). SCI acute phase starts immediately after injury, and finishes when some reflex response can 
be elicited. The subacute and intermediate phases are characterized by the secondary response beginning a few hours after the injury. These 
secondary events involve axonal degeneration, infiltration of inflammatory cells (neutrophils and macrophages), apoptotic oligodendrocytes 
followed by demyelination, synapse alteration, and microenvironment modulation among other responses. The chronic phase in rodents 
and humans begins 4 and 6 weeks after injury, respectively, and the glial scar delimiting the tissue is quite evident in this phase. Created with 
BioRender.com. ROS: Reactive oxygen species; SCI: spinal cord injury.
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The difference between rodents and NHP is more evident in 
the forelimbs muscles, since NHP has developing fine motor 
skills much more human-like (such reaching and motor 
grasping, tools using and has precision between the thumb 
and forefinger in some primates like Rhesus) (Courtine et 
al., 2007; Han et al., 2019). Although the control of fine 
motor skills of the forelimb has been tested in rodents and is 
affected by lesions in the CST, the delicacy in the hand control, 
specifically in digital dexterity, is much less developed in 
rodents than in primates and humans, which is also justified 
by marked differences in the musculoskeletal structure of the 
forelimb musculature, hand, and fingers between primates 
and rodents (Whishaw et al., 1998). From the perspective of 
clinical trials, the evaluation of motor performance in NHP is 
seen as an advantage due to the neuroanatomical similarity 
of the motor pathway, and the functional capacities between 
them, in contrast to rodents. In fact, specific behaviors such 
as precision grasping, manual precasting, and other hand-
grasping tasks performed by macaques and other monkeys 
bear a strong resemblance to such actions in humans. 

Lesions that alter CST neurons in the cortex of rodents give 
rise to a few sequelae in the execution of gait in rodents, 
indicating that the motor cortex is not essential to creating 
the muscle synergies for simple locomotion in rats and 
mice. However, damage to the CST in the cerebral cortex 
in rhesus primates causes permanent deficits in motor gait 
performance, as in humans, where damage to the cortex 
leads to motor impairment severe enough to compromise 
independent gait (Nathan, 1994; Courtine et al., 2007) (Figure 
2). Thus, the neuroanatomical divergences identified point to 
a greater complexity and specialization in the organization of 

the motor pathway in macaques compared to rodents, despite 
certain general similarities. 

In this context, although rodents have been accepted as 
animal models for preclinical experimental studies of SCI 
and most experimental research is carried out in rodents, 
there is increasing awareness of the importance and, above 
all, the need to determine the safety and effectiveness of 
these interventions in NHP, before advancing to clinical trials 
with potentially promising therapies (Slotkin et al., 2017). 
The literature converges in that NHP models more closely 
emulate the size, scale, and work protocol for clinical surgical 
implantation or other types of intervention in SCI. Additionally, 
NHPs and human beings share many anatomical similarities in 
the organization of their nervous system structure and even in 
both normal and pathophysiological processes, which provides 
greater security to predict the viability and effectiveness of 
repair in humans (Courtine et al., 2007). 

This article focuses precisely on the review of the scientific 
evidence that supports the application of biological and 
cellular strategies, specifically in non-human primates, with 
the purpose of reviewing the advances in intervention in SCI 
on these species, which form an important part of a transition 
phase in the experimental process to advance to clinical 
practice, both for protocol and ethical reasons, they are 
essential and indispensable in studies carried out in SCI, since 
they are animal models that would anatomically simulate the 
most accurate process, both pathophysiological and recovery, 
of human motor abilities, which until now has not been fully 
achieved with the development of experimental trials in 
rodents.

Figure 2 ｜ Representative diagram of the main neuroanatomical differences between macaques and rodents. 
Special attention is given to the trajectory and communication patterns of the corticospinal tract at both the spinal cord and cerebral cortex 
levels. In the sections enclosed in the cortex, the graphic highlights the contrasting cortical activation and the differential influence of various 
areas, predominantly observed in macaques during basic motor responses, like walking or more complex ones, such as fine grips. This stands 
in contrast to rodents, characterized by a diminished cortical response. The transverse sections of the thoracic spinal cord show variations 
in neuronal communication, showcasing the interneuronal connectivity prevalent in rodents as opposed to macaques. The latter, akin to 
humans, exhibit direct communication of the corticospinal tract with motor neurons at the spinal level. Created with BioRender.com. 
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Search Strategy and Selection Criteria
This article was developed through a review of scientific 
literature published in the areas of neurology, physiotherapy, 
biology, tissue engineering, and biomedicine in journals 
indexed from 10 years ago to the present. For its structuring, 
the guidelines of the PRISMA declaration of bibliographic 
reviews were applied. Before proceeding to select the articles, 
the inclusion and exclusion criteria were defined.  

Inclusion criteria: Scientific articles that include detailed 
methodology and results (should be experimental studies, 
cases, and controls, and review articles); no older than ten 
years derived from indexed journals; that exclusively include 
the determined keywords (spinal cord injury, cell therapy, NHP, 
humans, and advances in tissue bioengineering in spinal cord 
injury); and be written in English, Spanish or Portuguese.

Exclusion criteria: Articles applied to species other than 
primates and humans.

The search was in scientific databases such as PubMed, 
Science Direct, Elsevier, Scielo, Redalyc, Cochrane, and 
NCBI using the keywords previously cited to find around 
110 articles in different languages into the profile to types 
of studies included (systematic and bibliographic revisions, 
cases and controls, and case studies). The title and abstract 
were analyzed, followed by reading the full text from eligible 
articles, and the results were analyzed and described in figures 
and table to the text.

The literature search process is presented in Figure 3. The 
search identified 110 studies of which 21 remained for 
analysis. Figure 3 shows the flowchart of the articles screening 
by PRISMA methodology. A total of 110 articles were obtained 
from the databases, of which 23 were discarded due to 
replication, and subsequently, 48 more were excluded due 
to non-compliance with the inclusion criteria. The number of 
articles and reasons for exclusion are detailed in the side box. 
Thus, 39 articles were included to be fully read, of which 18 
were discarded because full text cannot be obtained, finally 
including 21 articles in total to this review article. 

Additional Table 1 succinctly summarizes the data from the 
21 articles analyzed, presenting the update of the different 
types of treatments that have been applied in NHP after SCI 
to describe the utilized biomaterials, experimental population 
characteristics, and the achieved outcomes, seeking by 
advances of intervention and the possible advantages that 
this entails in experimental research with NHP models 
towards application in humans. Furthermore, it elucidates the 
evolution of functional recovery resulting from the effects of 
the employed strategies that demonstrate similarities with 
human outcomes regarding temporal aspects, motor capacity, 
and sensory function.

Therapeutic Advances in Spinal Cord Injury in 
Non-Human Primates 
Cell therapy 
A few years are coming and a large number of experimental 
studies have been carried out to develop possible therapeutic 
options for patients with SCI, which mainly seek to reduce 
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motor sequelae and, therefore, levels of disability. Many 
studies have shown partial  morphological  changes, 
accompanied by improvements in motor behavior in various 
animal models, rodents, pigs, rabbits, and NHP (Fouad et al., 
2005; Blesch and Tuszynski, 2009; Kadoya et al., 2009; Danilov 
and Steward, 2015; Zhao et al., 2017).

Among this large number of studies, stem cell-based 
transplantation has been considered a promising therapeutic 
strategy for successful outcomes, primarily due to the direct 
replacement of damaged neural tissue, neuroprotective 
properties to preserve neuronal connections, and the ability 
to provide a permissive and supportive cell growth substrate 
for axonal regrowth and/or neuronal plasticity (Ohta et al., 
2004; Ferón et al., 2005; Granger et al., 2012; Kanno et al., 
2015).
 
Human neural stem/progenitor cell and human iPSC-neural 
stem/progenitor cell transplantation in NHP SCI
Yamane et al. (2010) used galectin-1-expressing neural 
stem cells in SCI at a C3–C4 and T9–T10 level of an adult 
common marmoset, and they showed that adult marmosets 
transplanted 9 days after injury showed better motor recovery 
and the transplanted stem cells were found in the epicenter 
of the lesion and were capable of differentiating in glial cells. 
These findings suggest that Gal-neural stem/progenitor 
cell (NS/PC) and NS/PC could be feasible treatments for SCI 
(Yamane et al., 2010). 

Kobayashi et al. (2012) reported positive therapeutic effects of 
the use of NS/PC derived from human embryos to treat NHP 
after SCI, precisely they observed positive results in the motor 
function recovery, much more visible in manual dexterity. 
Despite authors suggesting the NS/PCs lineage is very efficient 
to guide the differentiation into neural cells as neurons, 
astrocytes, and oligodendrocytes into the injured spinal cord   

Figure 3 ｜ Flow chart of the screening phases of the literature 
review. 
This diagram represents each of the phases described in the 
methodology applied for the selection of the articles included in the 
literature review.
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(Yamane et al., 2010; Kawai et al., 2023). However, there are 
ethical issues to obtain human NS/PC to treat human cases 
by aborted fetal tissue, and to change this difficult situation, 
the hiPSCs lineage has been established and developed as a 
promising cell source for NS/PC transplantation therapy. hiPSC-
NS/PC transplantation into subacute SCI has demonstrated 
ameliorate locomotor function (Kawai et al., 2023). 

Tsuji et al. (2019) treated macaque with these stem cells and 
described a principle of recovery based on a reduction of post-
injury demyelination with improvements in the gait pattern, 
demonstrating a picture very similar to that of humans, with 
a progressive evolution in the number of steps in walking, 
along with an evolutionary increase in manual dexterity. For 
this reason, the projection of the first phase of a protocol 
in humans with induced pluripotent stem cells, specifically 
neural/progenitor stem cells (iPSCs-NS/PCs), was proposed. 
The first-in-human clinical trial of iPSCs and NS/PC with 
patients with subacute spinal cord injury is underway, using 
clinical-grade iPSCs and NS/PCs generated at Keio University 
School of Medicine and Osaka National Hospital. The “iPSC 
membrane” is manufactured by the iPS Cell Research and 
Application Center (CiRA) at Kyoto University. Clinical-grade 
iPSCs and NS/PCs are kept frozen until a few days before 
surgery, then transplanted into the injured spinal cord of 
patients in the subacute phase (14–28 days after injury), and 
then followed for safety reasons for up to 2 years. 
 
Mesenchymal stem cell and their exosome transplantation
Many preclinical studies have been described in the literature 
in which mesenchymal stem cell (MSC) is used in animal 
models of SCI, or even studies in macaques or clinical trials in 
humans, and all researchers described therapeutic potential 
and safety to this MSC use. Several technical aspects of 
neuronal MSC transplantation to different sources in various 
conditions have been tested. MSC transplanted in thoracic 
macaque SCI and showed benefits in motor recovery for gait 
readaptation processes, identifying transformations not only 
at the spinal cord level, but also at the cortical level, which 
enhances neuroplastic and motor rehabilitation processes 
(Nemati et al., 2014; Joo et al., 2022).

Exosomes are membrane-bounded extracellular vesicles, 
secreted by all cells and filled by many biomolecules from 
donor cells that can influence a large variety of biological 
activities, including neuroregeneration, neuroprotection, 
neurorepair, microenvironment modulation, and anti-
inflammation effects. Exosome therapy is biocompatible, non-
immunogenic, and the macrophages and lysosomes-escaping, 
and it has become a representative cell-free intervention in 
regenerative medicine. Also, it is now known that exosomes 
have the ability to cross the blood–brain barrier and travel 
long distances toward lesions in the nervous system (Fayazi et 
al., 2021; Xu et al., 2021).

A variation in cell therapy is the application of stem cell 
exosomes, which have been applied in large quantities 
in rodent species; however, in macaques so far the 
evidence remains low. Go et al. (2020) made MSC exosome 
transplantation in macaques and 12 weeks later, the monkeys 
showed improvements in motor function tests and functional 

grip capacity that were associated with the results found. 
The exosomes were isolated from human MSC (bone marrow 
stem cell source) and administered intravenously, first at 
24 hours post-injury and again at 14 days post-injury. Also, 
immunohistochemical analysis shows a greater microglial 
activation response after the supply of extracellular vesicles 
(exosomes), which are related to a good anti-inflammatory 
response, contributing to their time to the generation of 
cellular changes in the gray matter, specifically in the area of 
the injury.

Human neural progenitor cell GABA transplantation in non-
human primates 
The concept of cell therapy related to the use of spinal GABA 
neurons in SCI in NHP was introduced by Zheng et al. (2023), 
who collected neural progenitor cells (NPCs) from human 
spinal GABA neurons, which were resuspended in a culture 
medium, and then by means of a microinjection pump, they 
were slowly injected for 3 minutes at the site of injury (T10). 
With this intervention, the formation of specific human 
synapses in human neurons was obtained, which was verified 
by presynaptic and postsynaptic markers (human synaptic 
synapt and Homer1, respectively). In addition, these synapses 
were inhibitory as confirmed by the application of GAD65, 
vesicular transporter of GABA, and gephyrin. In addition, they 
showed that there was approximately 20.47% differentiation 
of astrocytes in human cells, which was verified by the 
stimulation and release of SOX9 and human glial fibrillary 
acid protein (GFAP). These human astrocytes also expressed 
vimentin, S100β, connexin 43, and glutamate transporter 1, 
and facilitated neuronal regeneration procedures, as they 
were observed to tightly surround the cell body of neurons, 
support axons, and wrap capillaries, for their survival. Thus, 
it was concluded, through the evaluation of quadrupedal 
locomotion, that monkeys that obtained 36 points before SCI, 
demonstrated severe locomotor disorders, with total paralysis 
on the left side for 1 week after injury, weight-bearing 
paralysis on the plantar landing on the right side, and no trunk 
stability (Gong et al., 2021). 

Thanks to studies such as those proposed above, under the 
principles of cell therapy and the application in species that 
have a greater similarity with the neuroanatomical and body 
structure of the human being, it is possible to advance and 
extrapolate experimental but safe results and procedures from 
NHP to humans. For these reasons, in another study, Curtis et 
al. (2018) sought to test the feasibility of transplanting neural 
stem cells derived from the human spinal cord (NSI-566) for 
the treatment of chronic SCI in humans.

In this clinical trial, four subjects with SCI T2–T12 received 
treatment consisting of spinal instrumentation removal, 
with laminectomy and duratomy, followed by six bilateral 
stereotactic injections into the NSI-566 midline cell. All 
subjects tolerated the procedure well and there have been 
no serious adverse events to date (18 to 27 months post-
grafting). In two subjects, one or two levels of neurological 
improvement were detected using the ISNCSCI motor 
and sensory scores. These results support the safety of 
transplantation of NSI-566 at the SCI site, and early signs of 
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potential efficacy in three of the subjects warrant further 
exploration of NSI-566 cells in dose-escalation studies (Curtis 
et al., 2018). 

Membranes and/or scaffolds combined with cell therapy
Collagen scaffolds with human NPCs, brain-derived 
neurotrophic factor and glial cell line-derived neurotrophic 
factor 
The use of scaffolds made of different biopolymers is so 
far a widely used technique in the line of study of nerve 
regeneration. Xu et al. (2023) developed a study at NHP 
that once again demonstrated its effectiveness, a little more 
precise in what would happen in human application. Nineteen 
adult female rhesus monkeys (Macaca mulatta), 3–4 years 
old and weighing 4.1–5.8 kg, were used. The authors isolated 
and cultured 7-week-old human embryonic cells (NPCs), 
which were inserted into a collagen scaffold with dorsal and 
ventral neurons (DV-SC), and placed at the site of spinal cord 
injury at the T8–T9 level. These results demonstrated that the 
DV-SC scaffold grafted with human NPCs could survive and 
differentiate into human spinal cord NPCs in mature neurons 
that still possessed features of dorsal and ventral spinal cord 
interneurons in SCI lesions of Rhesus monkeys sacrificed 6 
months after injury.

DV-SC could also form synapses with host sensory and motor 
axons in the injured spinal cord of rhesus monkeys (Xu et al., 
2023). Therefore, it was shown that the hind leg movement 
skills in rhesus monkeys implanted with DV-SC continuously 
improved during the experimental period, the muscle strength 
of the hind leg was partially restored, and they were able to 
alternately lift both knees on different occasions. In contrast, 
Rhesus monkeys in the control group and the scaffolding + 
NPC group were unable to move their hind leg joints during 
the entire observation period. These findings revealed that 
DV-SC implantation is successful and could promote the 
restoration of electrophysiological motor capacity in the hind 
legs in rhesus monkeys after spinal cord injury, promoting 
gait recovery and progressive independence (Xu et al., 2023), 
making it a potential treatment to be tested in humans.  
 
Chitosan scaffold with neurotrophic factor neurotrophin-3 
Chitosan has been one of the most evidence-based 
biopolymers in scaffold engineering, as it has been repeatedly 
used in cell therapy studies for neuronal regeneration. Rao 
et al. (2022) conducted a study applied to macaques, as 
this biopolymer has been tested primarily on rodents. The 
authors performed a T7–T9 hemisection of the spinal cord 
in nine adult female rhesus monkeys (mulatta macaque, 4–6 
years old, 5 ± 1 kg). A 10 mm chitosan tube, to which a load 
of neurotrophin-3 (NT3) (neurotrophic factor) was added, 
was transplanted into the BF area. Injured animals and those 
treated with NT3 chitosan showed similar motor adjustments, 
which demonstrated improvement in motor performance. 
Consecutive steps on a treadmill before and after spinal cord 
injury were evaluated and a recovery in gait performance over 
time was observed.

Additionally, it was possible to demonstrate that, in the 
injured group, intrahemispheric changes were present. 

Functional magnetic resonance imaging, combined with 
Granger causality analysis, showed a functional reorganization 
of the brain in the early postoperative stage, evidencing 
interhemispheric interactions in animals treated with chitosan 
NT3. This allows us to corroborate neuroplastic changes not 
only at the spinal level, but also at the cortical level, which is 
quite similar to the human being and favors the restoration of 
the motor patterns of gait in the NHP with this biotechnology 
(Rao et al., 2018).

Previously, it was shown that primates (monkeys and humans) 
can achieve substantially better spontaneous motor recovery 
than rodents after spinal cord injury, recovering and creating 
alternative circuits to structural reorganization, such as 
synaptic remodeling, dendritic spine growth, axonal budding, 
and reconstruction of circuits in the supra- and sublesional 
cord can restore the functions after an injury (Ko et al., 2019; 
Rao et al., 2022).

Human thrombin in fibrinogen loaded with human NPCs and 
neurotrophic factors
Rosenzweig et al. (2018) subjected nine adult male rhesus 
monkeys to a C7-level spinal cord injury model and then 
received the implantation of neural progenitor cells, derived 
from the human spinal cord. They structured a two-part 
fibrin matrix membrane that was loaded with a cocktail of 
neurotrophic factors (brain-derived neurotrophic factor, NT3, 
glial cell line-derived neurotrophic factor, epidermal growth 
factor, hepatocyte growth factor, platelet derived growth 
factor, and vascular endothelial growth factor), and placed it 
in the BF area, and subsequently followed up to 9 months.

In their view of the results, it was evident that NPCs survived 
in the lesion cavities of hemisection C7 for 2–9 months. The 
grafts occupied most of the lesion cavity in all subjects and 
integrated well with the host’s spinal cord. The more mature 
neural marker NeuN was also detected two months after 
engraftment and continued to be expressed over time. The 
density of cells in the graft was higher two months after 
implantation, which is related to the evolution in the motor 
performance of manual gripping. 

Graft-derived axons were present 2 mm caudal from the 
lesion, 2–9 months after grafting, and axons reached distances 
of up to 50 mm from the graft. Axons emerged rostrally in 
similar numbers and at similar distances, extended into white 
matter tracts resting directly against the grafts, and appeared 
to maintain growth within these same fascicles of white 
matter to distant points of the graft; this observation suggests 
that axons may continue to extend through the medullary 
tracts they first encounter when emerging from the grafts 
of the injurious focus (Rosenzweig et al., 2018). In monkeys 
with surviving grafts, the initial period of functional loss or 
partial spontaneous improvement was 4–8 weeks after injury, 
followed by a second period of subsequent improvement after 
10 weeks. Object manipulation was recovered with a > 25% 
success rate in 4 out of 5 grafted monkeys, generating high 
experimental expectations for its application in humans with 
high BF and/or severe motor hand involvement (Rosenzweig 
et al., 2018).
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Three-dimensional gelatin sponge scaffold as a vehicle for 
human umbilical cord mesenchymal stem cells
The use of 3D printing technology has currently been used 
as a bioengineering strategy that can bring great benefits 
to cell therapeutics. Zeng et al. (2023) conducted a study 
using fascicularis monkeys aged between 5 and 8 years, who 
underwent a model of spinal cord injury at the T10 level, 
and then grafted a D-shaped three-dimensional gelatin 
sponge scaffold (3D-GS) scaffold membrane to adapt to 
the gaps created by spinal cord hemisection. This scaffold 
was structured with an outer layer of poly (lactic-co-glycolic 
acid) poly resorbable scaffold (PLGA) which was generated 
by wrapping a thin film of internal PLGA forming a D shape, 
which was then loaded with human mesenchymal stem cells 
extracted from the human umbilical cord and combined with 
nerve growth factors.

The result exhibited that, over the 8-week observation 
period, the monkeys in both groups gradually regained 
motor function in the hind leg, although strength, body 
weight support, gait, coordination, and finger movement 
remained deficient relative to the monkeys (Zeng et al., 2023). 
In addition, implantation of the 3D-GS scaffold protected 
the contralateral residual tissue of the spinal cord against 
myofibroblast-mediated tissue contraction. In addition, a 
greater amount of residual tissue, such as medullary white 
matter nerve tracts, was preserved just after implantation 
of the 3D-GS scaffold. This scaffold led to a reduction in the 
accumulation of compressive fibroblasts and improved the 
site microenvironment or survival of Schwann cells, stromal 
cells, and even neural stem cells and neurons, ultimately 
contributing to the structural repair of the injured spinal cord, 
which was demonstrated with the functional recovery of the 
monkeys in the functional assessment of their independent 
gait (Zeng et al., 2023).
 
NeuroRegen-type scaffolds loaded with autologous bone 
marrow mononuclear cells  
With the trend of structuring membranes with natural 
and synthetic biopolymers, innovation is evidenced in the 
literature with the creation of membranes from living tissues 
derived from animals, which could have compactness with 
human tissues and bring great benefits in cell therapeutics.

Chen et al. (2020) in view of the positive response to the 
application of scaffolds with synthetic and natural biopolymers 
in non-human primates, developed a clinical study in humans 
with a 3-year follow-up, where they used a male and female 
population between 18 and 65 years of age with compressive 
BF between T1 and T12 levels, with a maximum of 4 weeks 
after the harmful event. Bone marrow mononuclear cells 
were obtained from patients 2 hours prior to surgery. 
Mononuclear cells were extracted from the hip bone marrow, 
more specifically from the iliac crest, using a nucleated cell 
processing kit, centrifuged under sterile conditions at 2000 
r/min for 10 minutes, and then the supernatant plasma was 
extracted. 

The scaffold was constructed from fresh bovine muscles with 
white aponeurosis, from the local slaughterhouse, which were 
repeatedly cleaned with cold distilled water for sterilization, 

and then loaded with bone marrow mononuclear cells and 
neuronal growth factors, and then implanted in the area of 
the previous injury (Chen et al., 2020). In the review of the 
results, different degrees of improvement were observed in 
terms of sensory level (two cases), sensation of defecation 
(four cases), physiological erection (five cases), increased 
sweating (three cases), recovery of superficial sensation 
(one case), and recovery of deep sensation (one case). In 
particular, one patient showed an evident recovery of deep 
sensory localization and numbness to pain sensation with hot 
water stimulation, but without a clear location. In addition, 
compared to preoperative scores, the patient’s functional 
independence measure score and activities of daily living score 
at 6 and 36 months post-surgery increased significantly (all P 
< 0.05), while the visual analog scale score was significantly 
reduced (P < 0.05), indicating that the patient’s ability to live 
independently and pain improved significantly after surgery 
(Chen et al., 2020). 

Zhao et al. (2017) applied this combined scaffold with human 
umbilical cord MSCS in humans with SCI with chronic cervical 
or thoracic injury, and showed improved trunk stability and 
balance in the sitting position in four patients; in addition, 
recovery of autonomic neurological function, such as 
increased skin sweating below the level of injury, was detected 
in some patients after treatment. 

Biodegradable hydrogel scaffold encapsulating human 
neuroepithelial stem cells and MSCs 
In the field of cellular therapeutic strategies, Li et al. (2023) 
made a great scientific contribution using a total of 9 
female rhesus monkeys between 13 and 20 years of age, 
weighing 4 ± 2 kg, who suffered a BF at the T10 level. For the 
construction of membranes, methacrylate gelatin (GelMA) 
and methacrylate hyaluronic acid (HAMA) were prepared, 
which meet biodegradable requirements and are widely 
used as tissue engineering scaffolds. Thus, the photosensitive 
methacrylate (MA) is structured on gelatin and hyaluronic acid 
(HA) to make MA and HAMA Gel, and then the GH hydrogel 
is produced by mixing GelMA (G) and HAMA (H), followed by 
light cross-linking to improve the mechanical properties, and 
then fabricating the microspheres that encapsulate the cells 
with the GH hydrogel. They were then loaded with human 
neuroepithelial stem cells (NESC) and MSCs.

The hydrogel was applied immediately after spinal cord injury 
and a decrease in the number of GFAP-positive cells was 
observed. In addition, subsequent staining exhibited that the 
stem cell grafts had lower activation of microglial cells around 
the injury focus. This suggests that NESCs or MSCs provide a 
favorable microenvironment, inhibiting glial scar formation 
and thus the microglial response.

In all three stem cell groups, genes in the upregulated groups 
were associated with axon regeneration, CNS development, 
neurogenesis, myelination, axon envelope, and neurofilament 
cytoskeleton organization, while downregulated genes were 
associated with immune response, microglial cell activation, 
and apoptosis (Li et al., 2023). Taken together, these results 
suggest that the beneficial effects of NESC and MSCs involve 
the promotion of neurogenesis and myelination, and the 
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reduction of inflammatory responses, while genes in the 
negatively regulated groups were associated with CNS 
development and neurogenesis (Li et al., 2023). Regarding the 
functional assessment, it should be noted that the paralysis of 
the left hind limbs did not improve in the 3 control monkeys, 
even up to 180 days after the injury. Monkeys treated with 
NESC showed gradual improvements in motor functions over 
time, regaining the ability to contract the lower extremities, 
including the toes, knee, and hip of the left hind leg at 90 
days, showed significant improvement in their steps, were 
able to touch the ground, they walked weightily on injured 
hind legs and were able to move freely and climb into the 
cage at 180 days, with similar capabilities to healthy monkeys 
(Li et al., 2023).
 
Linear order collagen scaffold and linear order collagen 
scaffold combined with collagen-binding neurotrophin-3  
This is another great evidence of the trend to structure 
membranes from living animal tissues that can be adapted 
for the construction of human-compatible scaffolds, for 
which they should initially be tested in primates. Han et al. 
(2019) structured a closed-order collagen scaffold linear 
order collagen scaffold (LOCS) membrane that was prepared 
from bovine aponeurosis. LOCS possessed longitudinally 
arranged collagen fibers, with recombinant collagen similar 
to collagen-binding neurotrophin-3 (CBD-NT3) consisting of 
a native collagen (CBD) and an NT3 binding domain. A total 
of 15 rhesus primates between 3 and 4 years of age were 
used, to which a lesion was performed at the T9 level, and 
the collagen membrane was grafted at the site of the lesion, 
achieving evidence of a large number of neurons within the 
area of the lesion in the LOCS + CBD-NT3 group and functional 
mature neurons such as GABA+ and TH+ were also found in the 
combined group (Han et al., 2019).

Some axons of neurons at the epicenter of the lesion were 
shown to be demyelinated and formed synaptic connections 
in the LOCS + CBD-NT3 group. Therefore, it was speculated 
that the newly generated neurons could form neural networks 
to reconnect the residual limbs of the injury, leading to partial 
functional recovery in monkeys treated with LOCS + CBD-NT3. 
In the LOCS + CBD-NT3 group, hind leg muscle strength was 
gradually restored and some monkeys were able to transiently 
lift their buttocks off the ground, which is considered the 
most significant event in the entire recovery of neuronal 
function (Han et al., 2019). In addition, a monkey could 
occasionally stand without supporting sustainable weight 
in the combinatorial group. These results are significant 
in the context of the similar biomechanics that can keep 
the bipedalism of macaques with humans; therefore, the 
evolution of their recovery can be extrapolated to what it 
would be in a human with the same conditions. This allows 
us to broadly conclude that this model of the complete lesion 
in NHP and the application of these types of membranes will 
contribute to effectively evaluating potential interventions and 
accelerating human clinical transformation in the future.   

Autologous neural tissue transplantation on scaffold
Along these lines, two pieces of scientific evidence were 
found: the first of them provided by Ko et al. (2019), who 

applied a different therapeutic technique for the treatment 
of SCI in NHP. A peripheral nerve graft and an acidic fibroblast 
growth factor were used in six adult rhesus macaques that 
received spinal cord hemisection at the T8 level.

In the monkeys in the experimental group with the graft, the 
sural nerve on the right side was removed. The nerve graft 
was cut into three segments, of these, two were implanted 
between the two stumps in the white-to-gray direction to 
attempt to reconstruct the descending spinal tract, and the 
third segment was implanted in the gray-to-white direction for 
the ascending spinal tract. The statistical results of the motor 
assessment indicated a significant difference in hip movement, 
specifically the right hip, between the two groups, at 8 and 
24 weeks postoperatively. At 36 weeks, electromyographic 
evaluation exhibited how waveform was recovered in two of 
the three monkeys in the repair group and one of the three 
monkeys in the control group. On the other hand, it was also 
evident that the inflammation was mainly in the center of the 
lesion and decreased gradually and distally.

By way of comparison, the inflammation in the control group 
was obviously more severe and spread to the undamaged 
tissue. Hematoxylin-eosin staining revealed hypercellularity 
after injury and the distribution of hypercellularity was 
consistent with MRI findings at each corresponding position, 
indicating a decreased inflammatory response after the repair 
strategy.

The second study found was published by Sun et al. 
(2021) using four male Rhesus monkeys (Macaca mulatta) 
weighing 5–7 kg, which underwent a spinal cord injury with 
a hemisection at the T8 level, which then underwent a 
transplant of sural nerve segments at the injured site and a 
long-term infusion of acidic fibroblast growth factor. To obtain 
the tissue to be grafted, a sural nerve sample was used, which 
was extracted, collected, and cut into several segments with 
approximate lengths of 6 mm; these segments were placed in 
Hank’s balanced saline solution prior to grafting. Subsequently, 
the peripheral nerve graft was stabilized using a fibrin-based 
mixture to fill at the injury site. In the analysis of results, it was 
shown that all the monkeys that underwent the transplant 
showed substantially fewer neurological deficiencies than the 
monkeys in the control group, concerning spasticity, assessed 
with the Ashworth scale. In addition, it was evidenced that 
they showed some ability to take measures at the same time, 
but the improvement in their ability to take action seemed to 
stop and even began to decrease from the 11-week follow-
up. It was concluded that the nerve tissue autograft strategy 
works in experimental studies and therefore promises 
evolution in human studies (Sun et al., 2021).

Conclusion
We reviewed the progress of therapeutic strategies for the 
regeneration of traumatic SCI applied in species closer to 
humans, such as NHP, and some pilot studies developed in 
institutionalized patients.

In this review, 39 articles were initially addressed, of which 21 
were included due to their relevance according to inclusion 
criteria, which allows us to conclude one of the first findings, 
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the lack of current evidence from studies carried out in NHP 
species and humans at an experimental level in both cervical 
and thoracic spinal cord injury. According to the evidence 
cited above, and the findings of the review, it is noteworthy 
that, although much preclinical research has been carried 
out in recent decades, it is mainly based on the development 
of therapeutic strategies such as cell transplantation, 
functional biomaterials and their combined therapy, and even 
pharmacotherapy, to intervene in these pathophysiological 
processes at exact stages, are really few studies that have 
managed to advance to the clinical trial phase in humans. 
About this situation, there are still many problems that 
precede the use of these strategies in clinical practice and 
limit the benefits of human patients from materializing.

About the advantage suggested by carrying out experimental 
research with non-human primates as animal models of 
spinal cord injury, several points were found, since, from a 
neuroanatomical, biomechanical, and somatic perspective 
in general, the macaque has a greater similarity to humans, 
so that each of the pathophysiological responses could be 
compared in a more comparable way than with rodents. It is 
important to recognize the influence of the cortical response 
on motor recovery processes in humans, since neuroplasticity 
is not only evident at the spinal cord level, on the contrary, the 
cortex, which is directly involved, has a significant influence 
on motor readaptation, which translates into neuroadaptation 
if it is translated into neurophysiological terms. Thus, having 
a more functionally organized cortex like the macaque has, 
similar to the human being, with a greater presence of 
pyramidal neurons and motor, pre-motor and somatosensory 
areas, would allow us to understand the effects of different 
therapeutic strategies when extrapolated to clinical application 
in human beings.

That said, regarding the prospects for the future development 
of biological therapeutic strategies, it is expected that these 
can focus much more on the application in NHP, since they 
provide unique advantages over rodents or other animal 
species, to test and understand the safety and efficacy 
of reparative interventions and thus, promote functional 
recovery. In addition, this type of research allows us to 
simultaneously and comprehensively examine the effects of 
an intervention on regeneration on multiple variables that 
cannot be fully explored with rodents, such as the control of 
fine motor skills in the arms, hands, as well as posture and 
locomotion (bipeds and quadrupeds) and autonomic function 
(such as the bladder and bowels). 

Thus, the need to structure a research path applicable 
to humans will lead to the development of new, much 
more effective interventions in SCI models, in which NHP 
experiments should probably be included as a first filter, as 
such studies can point to specific potential benefits, and 
identify mechanisms of recovery of function and increase 
safety. The level of efficacy and success of a treatment, before 
considering running human clinical trials, as this would be the 
way science would consider homologous and reliable results.
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