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Regeneration of neural tissue is limited following spinal cord injury (SCI).

Successful regeneration of injured nerves requires the intrinsic regenerative

capability of the neurons and a suitable microenvironment. However,

the local microenvironment is damaged, including insufficient intraneural

vascularization, prolonged immune responses, overactive immune responses,

dysregulated bioenergetic metabolism and terminated bioelectrical

conduction. Among them, the immune microenvironment formed by immune

cells and cytokines plays a dual role in inflammation and regeneration. Few

studies have focused on the role of the immune microenvironment in spinal

cord regeneration. Here, we summarize those findings involving various

immune cells (neutrophils, monocytes, microglia and T lymphocytes) after

SCI. The pathological changes that occur in the local microenvironment and

the function of immune cells are described. We also summarize and discuss

the current strategies for treating SCI with tissue-engineered biomaterials

from the perspective of the immune microenvironment.

KEYWORDS

spinal cord injury, immune microenvironment, regeneration, immune cells,
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Introduction

Physical injuries of the spinal cord and neurodegenerative diseases often cause
irreversible damage and loss of function, and as many as 3.6 to 195.4 cases per million
people suffer from spinal cord injury (SCI) each year worldwide (Jazayeri et al., 2015;
Kumar et al., 2018; Flack et al., 2022; Varadarajan et al., 2022). At present, SCI is
a serious clinical problem that lacks effective treatment, especially secondary injury
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caused by the activation and infiltration of immune cells
(Ahmed et al., 2018). The harsh microenvironment after
SCI greatly hinders nerve regeneration and repair. In this
process, the primary influencing microenvironmental cues are
complex, including insufficient intraneural vascularization,
prolonged immune responses, overactive immune responses,
dysregulated bioenergetic metabolism and terminated
bioelectrical conduction (Li et al., 2018a; Qian et al.,
2021). Successful regeneration of injured nerves requires
the intrinsic regenerative capability of the neurons and a
suitable microenvironment (Park et al., 2008; Moore et al.,
2009; Du et al., 2015). Nerve cells, glial cells, endothelial cells,
fibroblasts and immune cells contribute to the formation of
the local microenvironment. In addition to these cells, the
extracellular matrix (ECM) and factors that produce cell-to-cell
signals profoundly influence regeneration (Yang et al., 2021a).
Efforts to promote injured nerve regeneration, particularly by
removing unfavorable inflammatory factors, have been met
with mixed success. The dual roles of immune cells within
the inflammatory microenvironment are one key reason.
Here, we discuss the structural characteristics of the spinal
cord and significant clinical progress. A brief overview of the
model systems that are most commonly used to study SCI
is described. Importantly, we systematically summarize our
current understanding of mammalian SCI responses to injury
and highlight key advances in immune cells (neutrophils,
macrophages, microglia, and T cells) in reconstructing the
immune microenvironment. Moreover, we focus on the effects
of biomaterials on SCI regeneration through regulating immune
cells because these events have become the new direction of
regenerative approaches.

Spinal cord structure

The anatomical structure and cellular composition of the
central nervous system are more complex than those of the
peripheral nerves, which is one of the reasons why SCI is difficult
to overcome. The spinal cord is located in the spinal canal,
and the upper end joins the medulla oblongata at the foramen
magnum (Shechter et al., 2013). The shape of the spinal cord
is slightly flat, and there are two enlargements (cervical and
lumbosacral). The spinal cord gradually tapers to form the conus
medullaris below the lumbosacral enlargement and terminally
forms the filament. The outermost layer of the surface of the
spinal cord is wrapped by the hard spinal cord. The upper end is
attached to the foramen magnum, and the lower end is attached
to the coccyx. The middle layer is a translucent membrane
encased by the spinal cord arachnoid. The innermost layer is the
pia mater and is filled with cerebrospinal fluid. There is a large
gap between the innermost layer and the arachnoid (Canaani
et al., 2011; Chen et al., 2017). In addition, the surface of the
spinal cord is not smooth and is composed of six longitudinal

grooves or fissures. The spinal cord is mainly composed of
neurons and glial cells, and the neuron cell body is mostly
composed of dendrites, which aggregate to form gray matter.
The central canal runs through the spinal cord, connects the
fourth ventricle above, and reaches the conus medullaris below
to form the terminal chamber, containing cerebrospinal fluid.
In adults, the central canal is often regarded as vestigial, with
studies showing that it is occluded and disassembled during the
second decade of life (Garcia-Ovejero et al., 2015; Saker et al.,
2016). The gray matter exhibits an "H" shape surrounding the
intermediate canal, which consists of anterior horns, posterior
horns and a median zone. White matter is loaded around gray
matter and is mainly composed of nerve fibers, glial cells and
blood vessels. Longitudinal fiber tracts in the white matter
form the connection pathways between the brain and spinal
cord. The glial cells are around neurons, and microglia are
ependymal cells that line the central lumen of the spinal cord
(Bradbury and Burnside, 2019; Courtine and Sofroniew, 2019).
The oligodendrocyte initiates multiple processes that contact
and wrap around the axon to form the myelin sheath. The soma
of astrocytes sends out many long and branched protrusions,
which stretch and fill between the soma and the protrusions of
nerve cells to support and separate. The ends of astrocytes are
attached to adjacent capillary walls (Figure 1).

Clinical progress

The central nervous system of adult mammals has limited
plasticity, and axons cannot regenerate spontaneously in the
harsh microenvironment after severe spinal cord injury (Curcio
and Bradke, 2018). At present, most preclinical strategies
are only effective in animal models. There is no effective
treatment to restore severely damaged spinal cord function.
The clinical treatment of SCI is mainly aimed at the acute
phase, including early immobilization of the damaged part of
the spinal cord, palliative surgical decompression, vasopressors
to increase mean arterial pressure (MAP) and selective injection
of corticosteroids, such as methylprednisolone (Ahuja et al.,
2017; Jutzeler et al., 2018; Samano and Nistri, 2019). It is
worth noting that injection of methylprednisolone contributed
little to the recovery of nerve function. These treatments are
often conservative and do not greatly improve regeneration
of the injured nervous system, and high-dose injections of
methylprednisolone also increase the risk of adverse events. In
addition to these treatments, drug therapy strategies targeting
at alleviating secondary SCI have also emerged (Baroncini
et al., 2021). Granulocyte-colony stimulating factor (G-CSF)
is a glycoprotein that stimulates the bone marrow (BM) to
produce granulocytes and stem cells, and it is mainly used
in neutropenia. Moreover, G-CSF also has the neuroprotective
effect of reducing cell inflammation and apoptosis. In phase I/II
clinical trials, G-CSF was administered intravenously for 5 days
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FIGURE 1

The structural characteristics of spinal cord.

in patients with acute SCI, and no serious adverse effects were
observed (Koda et al., 2018). In a multicentre, prospective, non-
randomized, non-blinded, comparative control study (phase IIb
clinical trial), ASIA motor score was significantly improved
in the G-CSF group (Inada et al., 2014). Minocycline, as
an antibiotic, has properties of reducing inflammation and
oxidative stress. Minocycline also exerts neuroprotective effects
by inhibiting apoptosis. In a phase II clinical trial, the serum
concentration of minocycline was stabilized for 7 days, and
there were no obvious adverse reactions after SCI treatment.
Furthermore, minocycline was proved to be feasible and
safe in the above study, and associated with a trend of
improvement in several outcome indicators (Casha et al., 2012).
In addition, a variety of drugs can alleviate secondary SCI
by reducing excitotoxicity and the inflammatory response,
inhibiting apoptosis, promoting angiogenesis and/or supporting
neuronal cells. These drugs include riluzole, basic fibroblast
growth factor, glyburide, imatinib and AC-105 (Casha et al.,
2012; Samano and Nistri, 2019; Takami et al., 2020; Baroncini
et al., 2021; Flack et al., 2022). Most of these drugs have
demonstrated efficacitive to some extent in animal studies and
early clinical trials. Unfortunately, no drugs have been approved
for the treatment of SCI (Koda et al., 2018; Takami et al., 2020).

Stem cell treatment

Stem cell transplantation for SCI has significant advantages
as follows: (1) Compared with the implantation of inert

materials, it avoids the harm caused by the secondary surgical;
(2) transplanted cells rapidly fill the defect of the lesion site;
and (3) various nutritional factors are secreted and promote the
regeneration of axons. Recently, stem cell transplantation has
become the most promising preclinical treatment strategy for
SCI (Bryukhovetskiy et al., 2005). Human embryonic stem cells
(hESCs), induced pluripotent stem cells (iPSCs), ependymal
stem/progenitor cells and mesenchymal stem cells (MSCs)
have been used frequently in SCI research (Bryukhovetski
et al., 2005; Okano, 2009; Blasko et al., 2017; Ning et al.,
2019). hESCs have the ability to differentiate into ectodermal
cells, such as neurons and glial cells. The transplantation
of oligodendrocytes and neuronal progenitors derived from
embryonic stem cells has achieved some success in animal
models. iPSCs can differentiate into neural progenitor cells,
neuronal cells and oligodendrocytes. The transplantation of
iPSCs promotes functional recovery in the early stage of injury,
but it has a risk of tumorigenicity (Wertheim et al., 2022).
At present, stem cells are still controversial due to ethical
issues, immune rejection and other issues. MSCs have significant
advantages because they are isolated from BM, umbilical cord,
fat and other tissues without causing harm to health or ethical
controversy (Ma et al., 2018; Li L. et al., 2020; Zhu et al.,
2021). The survival rate of MSCs can be improved by loading
neurotrophic factors or cytokines with biological material
scaffolds, such as hydrogels or ECM.

There are different applications of biological materials
in support of stem cell transplantation to treat SCI. One
way is to fill spinal cord defects with exogenous stem
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cells, which can differentiate into neurons and glial cells
to promote spinal cord regeneration. Natural or artificial
biological material scaffolds can directly load cells to repair
SCI. Wang N. et al., 2018 used functional hydrogels or
collagen-loaded MSCs to bridge defects of the spinal cord,
which promoted axon growth and regeneration of neurons
as well as significantly improved motor function recovery
(Wang N. et al., 2018; Yin et al., 2018). The other way
is to activate endogenous neural stem cells and induce
their differentiation into functional neurons by scaffold
loading neurotrophic factors, cytokines or small molecules
(Fan et al., 2017; Yang et al., 2021d; Yin et al., 2021).
This approach involves fewer ethical issues and is not
limited to stem cell sources, stem cell numbers and low
survival rates. Yang et al. (2015) used chitosan scaffolds
loaded with neurotrophic factor-3 (NT-3) to provide an
excellent microenvironment that activates endogenous neural
stem cells at the injury site; the slow release of NT-3
promotes spinal cord nerve growth and functional recovery
(Duan et al., 2015; Yang et al., 2015; Rao et al., 2018).
The nervous injury microenvironment is not conducive to
the survival of stem cells. Stem cell-derived exosomes are
another way to achieve neural regeneration and protection.
Exosomes are evenly dispersed in hydrogels, forming delivery
systems that improve spinal cord regeneration in a more
precise manner. Mu et al. (2021) coated human MSC-
derived exosomes with a peptide-modified adhesive hydrogel to
regulate the microenvironment of SCI and reduce inflammation
and oxidative reactions, which is conducive to spinal cord
regeneration and protection.

Tissue engineering strategy

Approaches that focus on cell transplantation have failed
to improve the complex, multilayered and spatiotemporal
dynamics of the SCI microenvironment. The difficulty of
transplantation and endogenous recruitment cells increases
with high levels of reactive oxygen species or nitrogen
(ROSN)accumulation under ischemia, excessive tissue
remodeling under inflammatory response, excitability and
cytotoxicity as well as glial scar formation (Bi et al., 2021).
The combination strategy based on scaffolds can provide an
excellent microenvironment for nerve regeneration, and it
is mainly performed based on the two aspects of promoting
growth or eliminating inhibitive factors (Fu et al., 2022).
Various studies have been performed to promote spinal
cord regeneration through scaffold load cells or nutritional
factors. Natural biological materials (chitosan, collagen,
gelatin, hyaluronic acid and cell matrix., etc.) or synthetic
biodegradable biomaterials (polyglycolic acid, polylactic acid,
polylactic acid-glycolic acid and polyepsilon-caprolactone.,
etc.) mimic the natural structure of the spinal cord for neuron

proliferation, migration and differentiation (Chen et al., 2017;
Varone et al., 2017; Shen et al., 2022a). Moreover, neurotrophic
factor (NT-3), brain-derived neurotrophic factor (BDNF),
basic fibroblast growth factor (bFGF) and vascular endothelial
growth factor (VEGF) can be used alone or in combination
to improve the survival of neurons and promote axonal
regeneration (Li et al., 2009, 2019; He et al., 2011; Han et al.,
2015; Chen et al., 2018; Wang X. L. et al., 2018; Shang et al.,
2019).

During the acute period of SCI, many immune cells
(macrophages, neutrophils, microglia and lymphocytes) are
activated and infiltrate the lesion site. Severe inflammation
and oxidation reactions hinder spinal cord regeneration,
and some even persist for the rest of the patient’s life.
Many researchers use hydrogels, nanoparticles and
immunomodulatory scaffolds to deliver anti-inflammatory
or antioxidant drugs or factors to treat SCI. These
strategies improve the immune microenvironment of the
damaged site and enhance regeneration capacity (White-
Schenk et al., 2015; Dombrowski et al., 2017; Ham and
Leipzig, 2018; Bi et al., 2021; Gao et al., 2021; Shen
et al., 2022b). This review focuses on the pathological
changes in the local microenvironment and the changes
and functions of immune cells after SCI. The current
strategies for treating SCI with tissue-engineered biomaterials
are also discussed from the perspective of the immune
microenvironment.

Model for spinal cord injury
regeneration

The animal model should be similar to human
pathophysiology, morphological structure, electrophysiology
and many other aspects. The ideal experimental animal
model of SCI has the following characteristics: (1) ensure
repeatability and reliability; (2) similar to anatomical structure
and pathophysiology; (3) adjustable SCI degree; and (4) low
cost, simple model and strong operability. The application
of rats or mice remains optimal for preclinical studies of
SCI. A review of 2,209 studies (excluding review articles and
unoriginal articles) indicated that 92% of SCI models use
rodents with 72.4% of the rodent models being rat models,
which is attributed to rat models being easier to operate than
mouse models (Sharif-Alhoseini et al., 2017). Moreover, rats
are more similar to humans in terms of pathophysiology,
morphological structure and electrophysiology. However, 16%
of the models are mouse models, and the mouse genome
is closer to that of humans. At present, SCI models include
contusion, transection injury, compression injury, ischemia
injury and photochemical injury models. Among them, the
contusion model and transection injury model (partial and
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FIGURE 2

The animal model for spinal cord injury regeneration.

complete) account for a large proportion (Figure 2; Abdullahi
et al., 2017).

Contusion model

Allen (1991) first attempted to create a model of SCI that
could be controlled by using an object to fix the height of the
spinal cord. Since then, SCI models have undergone design
improvements in terms of repeatability and quality control,
including height, time and speed (Gruner, 1992). The most
common impact method is weight loss (∼37.5% of all studies)
followed by impact (∼27.4%) and infinite impact (∼20.6%)
(Sharif-Alhoseini et al., 2017). In addition, there is also an air
gun for SCI modeling in rats, which avoids lamina resection.
However, its repeatability and stability need to be verified
(Marcol et al., 2012).

Transverse damage model

Allen (1991) showed that the injury progression of the
contusion and transverse fracture have a similar trend in
the acute phase within three weeks, but the pathophysiology
and tissue morphology of the injury site are completely
different (All and Al-Nashash, 2021). There are two types
of transverse injuries, namely, partial and complete. In
clinical practice, complete spinal cord transection is rare.
Although complete spinal cord transection is not suitable
for neuroprotective research, it is suitable for testing the
performance of multifunctional biomaterial scaffolds, which

explore neural regeneration, plasticity and tissue engineering
strategies (Kim et al., 2018). The complete transverse injury
model is suitable for cell transplantation. Lukovic et al. (2015)
proposed a detailed and standard surgical procedure for a
complete transect model and restored motor function in the
transplant group to support the complete transect model for
cell transplantation (All and Al-Nashash, 2021). After the
lamina is surgically removed, the spinal cord is transected
completely or partially using surgical scissors or blades (Talac
et al., 2004). One side of the spinal cord is resected, while
the spinal cord bundle is completely or partially preserved
on the other side. The complete transect model facilitates the
study of different functions of the damaged or non-damaged
spinal tract. Neuroanatomic and electrophysiological studies
have used a transverse injury model to assess the recovery of
spinal motor function.

Compression damage model

The majority of studies have used a spinal cord compression
injury model with aneurysm clips (Sharif-Alhoseini et al.,
2017). Rivlin and Tator (1978) first removed the rat spinal
laminae and then molded them using a modified version of
the aneurysm clip, and they quantified the relationship between
the duration of compression injury and the severity of SCI
by applying compression forces of 180 g or other to the
spinal cord area for varying lengths of time. The advantages
of the improved model are lower cost and relatively simple
operation, but the actual compression force at the clipping
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site is difficult to accurately grasp (von Euler et al., 1997;
Marques et al., 2014). Tarlov et al. (1953) inserted a balloon
catheter into the spinal cord and then injected air or saline
to compress and cause injury. Lim et al. (2007) measured the
degree of spinal canal occlusion by injecting contrast agent into
the catheter based on Tarlov’s method, and they also assessed the
severity of SCI by HE.

Ischemic injury model

Ischemia injury has been established in primates, large
animals and rodents (Awad et al., 2021). It is necessary to block
the descending aorta in an ischemia model of the spinal cord
(Marsala et al., 1994). Lang-Lazdunski et al. (2000) established
a model of spinal cord ischemia in mice by reperfusing the
aortic arch and the left subclavicular artery after cross-foraging
for different time periods followed by assessment of motor
function scores and HE. A reproducible mouse ischemia model
has been generated by cross-clipping of the aortic arch and the
left subclavian artery. Compared to rats, mouse models have
obvious advantages in genomic research.

Pathological changes in the
immune microenvironment in
spinal cord injury

Primary SCI is a direct injury that shows destruction
of spinal cord structure and contents caused by traction,
shearing and compression from external forces. A series
of complex and interrelated activities occurs at the site of
injury, including the oxidative stress response, inflammatory
response, delayed apoptosis and glial scar formation,
which cause secondary SCI. In these activities, immune
cells, such as monocytes, macrophages, neutrophils and
microglia, play various roles, and they also interact with
oligodendrocytes and astrocytes to guide the transformation
between proinflammatory and anti-inflammatory cells in the
immune microenvironment. Secondary SCI can be divided
into acute, subacute and chronic stages according to the time
course (Figure 3).

Acute phase

The acute phase usually occurs within 48 h of SCI. The
spinal cord structure is severely damaged after being impacted
by external forces. The main pathological manifestations are
destruction of the BSCB, severe bleeding, sever edema, ion
imbalance, increased excitatory toxicity, free radical production
and inflammatory reactions caused by activation and infiltration
of immune cells.

Severe bleeding and ischemic edema
The blood–spinal cord barrier (BSCB) is composed of

astrocytes, microglia surrounding blood vessels and continuous
capillary endothelial cells in the basement membrane. These
cells insulate and protect the spinal cord from metabolites and
harmful substances in the blood and surrounding environment.
Damage to the BSCB by mechanical external forces is one of the
earliest events in the acute stage of SCI. Bleeding usually occurs
in the central part of the spinal cord, occupying a major part of
the gray matter and radiating into the white matter (Bartanusz
et al., 2011). There is evidence that bleeding causes nerve tissue
damage (Noble and Wrathall, 1989). After sustained bleeding,
vascular ischemia, hypovolemia, and hyperfusion occur at the
site of injury. Various phagocytes are activated and migrate
to the site of injury and catalyze the release of metal ions,
leading to the formation of free radicals. The nerve of the
spinal cord is rich in fatty acid chains, which are sensitive to
free radicals, ultimately leading to a large amount of neuronal
cell death and tissue destruction (LeBel and Bondy, 1991).
At the same time, the blood vessel ruptures, causing a large
amount of immune cells (neutrophils, macrophages, microglia
and lymphocytes) to extravasate into the blood. These immune
cells migrate and ingest myelin fragments by sensing the
injury signal. However, these immune cells impair the tight
junctions and interstitial junctions of endothelial cells, leading
to increased vascular permeability and leakage. Plasma-derived
macromolecules penetrate cell membranes and cause edema.

Excitatory toxicity and ion imbalance
Excitatory toxicity and ion imbalance are markers in

the acute stage of secondary SCI. Glutamate receptors are
involved in the excitatory transmission of the central nervous
system and are associated with various chemical changes in
synaptic transmission. In primary SCI, neurons and glial cells
release a large amount of glutamate, which overactivates ionic
glutamate receptors. Calcium and sodium ion influx leads to
cell necrosis, apoptosis or autophagy. In addition, the release
of ATP and nucleotides activates purinergic receptors and leads
to calcium influx.

Inflammatory response
The inflammatory response occurs throughout the process

of SCI. Multiple immune cells are activated to rapidly migrate
and infiltrate into the damaged spinal cord. Astrocytes, dendritic
cells and other cells are also involved in the inflammatory
response (Yang et al., 2018; Xing et al., 2019). In the first stage,
neutrophils, resident microglia and astrocytes migrate to the site
of injury, and they play a dual role in damage and repair during
spinal cord regeneration. In the second stage, blood-derived
macrophages and T/B lymphocytes produce various cytokines
(IL-1α, IL-1β, IL-6 and TNF-α) and aggravate the inflammatory
and oxidative reactions of the immune microenvironment. In
this review, we will discuss the details in the next chapter. It
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FIGURE 3

(A) The structure and content of spinal cord are destroyed during primary SCI, including neuron body and axon damage and destruction of the
BSCB. (B) Following SCI, immune cells infiltrate into the damaged spinal cord and release various pro-inflammatory factors, which leads to
massive neuronal death.

is important to note that inflammation is more apparent in
the acute phase of injury but still continues in subacute and
chronic inflammation.

Subacute stage

The subacute phase typically occurs within 48 h to two weeks
after SCI. Neuron and oligodendrocyte apoptosis as well as axon
demyelination occur in this stage. The appearance of glial scars
around the lesion site and the release of axon growth inhibition
factor are key events affecting spinal cord regeneration.

Apoptosis and axonal demyelination
Demyelination mainly occurs 2-7 days after SCI, and it

initially occurs in the lesion center and then gradually moves
to the fiber bundles of spinal white matter (Blight, 1985). Totoiu
and Keirstead (2005) conducted a study on chronic pathological
processes and found that the number of demyelinated axons
peaks within one day of injury and then declines within 1-
2 weeks with a process lasting up to 450 days. Therefore, it
can be inferred that the pathological process of demyelination
mainly occurs within two weeks, but this process may last for a
long time. The process of demyelination is often accompanied
by the apoptosis and necrosis of oligodendrocytes, which
may be one of the important causes (Wu and Ren, 2008).
A series of studies have demonstrated this view. Sanchez
et al. (1996) showed that locally induced aggregation of neural

fiber networks by oligodendrocytes is critical for axon growth.
Traka et al. (2016) found that oligodendrocyte death results in
extensive myelin and axon loss. Moore et al. (2015) showed
that oligodendrocyte progenitor cells at the site of injury are
affected by proinflammatory T cells, M1-polarized BM cells
and microglia, resulting in reduced differentiation. In addition,
other research on oligodendrocyte apoptosis has been reported,
including excessive glutamate release, insufficient nutritional
factors and activated caspases (Xu et al., 2004). Studies on spinal
cord regeneration mainly involve inhibition of demyelination
or promotion of myelin regeneration. Armstrong et al. (2002)
found that an increase in FGF2 facilitates the proliferation
of oligodendrocyte progenitor cells and reduces the number
of differentiated mature glial cells (Armstrong et al., 2002).
Schwann cells are generally considered to be myelinated cells
of the peripheral nervous system, but some studies have
shown that Schwann cell remyelination also occurs after central
nervous damage. Franklin et al. reported that the Schwann
cells in the central system migrate from peripheral nerves
after the destruction of glial cells (Franklin and Blakemore,
1993). Keirstead et al. (1999) suggested that Schwann cell
remyelination is due to the abnormal differentiation of
endogenous precursor cells.

Glial scar formation and axon growth inhibition
factor

As immune cells infiltrate, glial cells become activated,
proliferate and eventually form glial scars, which blocks the

Frontiers in Cellular Neuroscience 07 frontiersin.org

https://doi.org/10.3389/fncel.2022.969002
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/


fncel-16-969002 July 29, 2022 Time: 16:10 # 8

Feng et al. 10.3389/fncel.2022.969002

inflammatory response caused by immune cell infiltration.
However, scarring largely prevents neuron regeneration and
differentiation. The mechanical barrier of axonal regeneration
includes a variety of cells (astrocytes, oligodendrocyte
progenitor cells, immune cells fibroblasts) and cell matrix
compositions (Bradbury and Burnside, 2019; Lukacova
et al., 2021). Activated astrocytes also have two different
phenotypes, namely, A1 and A2, similar to macrophages.
A1 astrocytes have neurotoxic effects and induce rapid
neuronal and oligodendrocyte death, while A2 astrocytes
have neuroprotective effects and promote neuronal survival
(Wang et al., 2021).

In addition, the injured site microenvironment is a key
factor. Growth-related inhibitory factors in the extracellular
matrix, including chondroitin sulfate proteoglycan (CSPG),
neurite outgrowth inhibitor (NOGO-A), myelin-associated
glycoprotein (MAG) and oligodendrocyte myelin glycoprotein
(OMgp), inhibit regeneration progression. CSPG is the major
component of the glial scar after SCI. CSPG inhibits axon
regeneration and plays a leading role in demyelination and
axonal degeneration. Removal of glycosaminoglycan chains
of CSPG attenuates the inhibitory activity in spinal cord
regeneration. The traditional view is that astrocyte scar
is not conducive to axon regeneration and its formation
is one of the important reasons for the failure of axons
regeneration. Anderson et al. (2016) proposed the opposite
opinion. They demonstrated that astrocyte glial scarring
contributes to rather than prevents axon regeneration in
the central nervous system through loss of function. In
addition, astrocyte scar formation may play a beneficial
role in limiting inflammatory cell infiltration, filling the
injured site, rebuilding the BCSC, and protecting neurons and
oligodendrocytes (Bush et al., 1999; Sofroniew, 2005, 2015;
Kawano et al., 2012; Bradbury and Burnside, 2019). The role
of glial scar formation in recovery from spinal cord injury
remains controversial.

Chronic phase

In the chronic stage, the glial scar thickens, and regeneration
becomes more difficult. In the acute stage, astrocyte scarring
alleviates the inflammatory response at the site of SCI, however,
it obstructs the regeneration and differentiation of neuron
cells to a large extent (Anderson et al., 2016). Li et al.
(2018b) reported that glial scars in subacute and chronic stages
have different compositions, characteristics and effects. The
treatment strategies for glial scars in different stages should also
be different. Li et al. (2018b) also suggested that the glial scar
has an inhibitory effect on axon regeneration and that removal
of the glial scar in the chronic stage significantly increases axon
regeneration. Some researchers have attempted to transplant
stem cells at the chronic stage. Wertheim et al. removed the scar

of the chronic stage and transplanted hydrogel-encapsulated
iPSCs to the injured site, resulting in good functional recovery,
and they also transplanted neural stem cells/progenitor cells
from human olfactory epithelial mucosa, resulting in improved
hind limb motor function of rats (Voronova et al., 2020).

At present, few studies have focused on the immune
microenvironment of chronic stages after SCI. Beck et al.
detected changes in major immune cell types at the early stage
(10 days) and later stage (180 days) after SCI with immune
cells still detected at 180 days after injury, and they reported
that the inflammatory response has a reparative effect (Beck
et al., 2010). These findings suggest SCI is a lengthy process,
and the associated reactions may persist throughout the patient’s
life. Dulin et al. reported increased levels of oxidative and
inflammatory metabolites in the injured site of rats 9 months
after SCI, and they demonstrated that licofelone reduces the
expression level in the injured site (Dulin et al., 2013). Hains
et al. intrathecally injected the microglial inhibitor, minocycline,
in a rat contusion model and showed that activated microglia
promote chronic central nerve pain.

Immune cells in the
microenvironment of spinal cord
injury

Various inflammatory immune cells, such as neutrophils,
monocytes and microglia, are activated by cytokines or
chemokines, and they rapidly infiltrate through damaged
blood vessels and participate in the activities of the immune
microenvironment after SCI (Anwar et al., 2016; Yang
et al., 2021c). Astrocytes, microglia and oligodendrocyte
progenitors subsequently proliferate. Monocytes differentiate
into macrophages and engulf damaged tissue or cell debris, and
fibroblasts are stimulated and activated to induce fibrosis (Kong
and Gao, 2017). To prevent further expansion of the damaged
tissue, the fibrotic scar is gradually surrounded by an astrocyte
scar, reaching a stable state after injury, which greatly obstructs
the regeneration and differentiation of nerve cells (Figure 4).

Neutrophils

Neutrophils are derived from BM hematopoietic stem cells
and are abundant in the peripheral blood. Neutrophils are short-
lived (∼24 h) innate immune cells, and they are removed by
macrophages. Neutrophils are the first activated inflammatory
cells that migrate to the injured spinal cord. Neutrophils cause
oxidative and inflammatory responses, but the exact mechanism
is still unclear. In addition, the degranulation and phagocytosis
of neutrophils against myelin sheath fragments after SCI have
become a new research direction.
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FIGURE 4

Changes of immune cells in the microenvironment of spinal cord injury.

Neutrophil activation and migration
The loss of injured nerve function is associated with

neutrophil recruitment and accumulation at the local lesion
site. Neutrophil receptors recognize two types of signaling,
namely, pathogen-associated molecular patterns (PAMPs) and
danger-associated molecular patterns (DAMPs), in response to
pathogen invasion or tissue damage. After SCI, injured cells
are damaged and release various DAMPs, including DNA,
RNA, histones, high mobility group protein 1 (HMGB1) and
adenosine triphosphate (ATP). The receptors that sense these
signals activate serine-activated protein kinase and NF-κB
downstream pathways to express more proinflammatory factors,
thereby recruiting more neutrophils (Albrecht et al., 2007).
Previous research has found that the expression of CCL2,
CXCL1 and CXCL2 in astrocytes from 3 h to 12 h leads to
neutrophil infiltration, which is related to the MyD88 and
IL-1 receptor signaling pathways (Pineau et al., 2010). Other
inflammatory, factors and chemokines included IL-1α, IL-1β,
TNF, GCSF, CCL3, CXCL1, CXCL2, and CXCL5, are involved
in this process (Zivkovic et al., 2021). Spleen tyrosine kinase
(Syk) facilitates specific neutrophil functional responses to SCI,
including activation, cytokine expression and cell death. Long-
term neurological deficits are exacerbated by Syk signaling in
neutrophils independent of acute blood–spinal cord barrier
disruption and long-term white matter sparing (McCreedy
et al., 2021). Generally, neutrophils begin to infiltrate the
injured site within a few hours and peak within three days.
Neutrophils produce more inflammatory factors, proteolytic
enzymes, ROS and nitrogen substances, which deteriorate the

microenvironment of the injured site, resulting in a large
amount of cell apoptosis and necrosis (Okada, 2016).

Infiltrating neutrophils induce tissue damage
The adverse effects of neutrophil infiltration in the acute

stage of SCI are inflammation, oxidative stress response,
proinflammatory factors, hydrolase and other damage to
the BSCB, which result in inadequate vascular formation.
Neutrophils release harmful substances that are unfavorable to
the injury microenvironment. These unfavorable factors include
neutrophil matrix traps (NETs), neutrophil elastase (NE),
myeloperoxidase (MPO) and metal matrix peptide enzymes
(MMPs) (Fiani et al., 2021).

Neutrophil matrix traps are composed of chromatin
fibers and granular proteins, including histones, granulocyte
enzymes and peptides. Previous research has shown that
NETs induce inflammatory responses and damage the BSCB,
resulting in axonal degeneration, which is not conducive
to neuronal regeneration. The arginine deaminase-4 peptide
blocks the formation of NETs by DNAse-1, which reduces
cell death and scar formation, thereby promoting functional
recovery (Feng et al., 2021). In addition, NETs accelerate
endothelial cell injury and destroy the BSCB by increasing the
expression of TRPV4. Tonai et al. (2001) used the specific
neutrophil protease inhibitor, ONO-5046, to significantly
reduce nerve injury in a rat model of compression. MMP
is an important extracellular matrix hydrolase that degrades
basement membrane components. MMPs damage the BSCB and
aggravate the microenvironment. MMPs participating in SCI
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mainly include MMP-1, MMP-2, MMP-9 and MMP-12. MMP-9
and MMP-2 are closely related to the loss of nerve function and
formation of glial scars (Zhang et al., 2011). The expression of
MMP-9 peaks at 12-24 h, which exacerbates secondary SCI (de
Castro et al., 2000). In addition, MMP-9 restricts angiogenesis in
the early stage of tissue damage (Figure 5; Noble et al., 2002).

After spinal cord injury, a large number of neutrophils
with blood and other immune cells infiltrate the damaged
site and release a large number of pro-inflammatory and
chemotactic factors; Neutrophils release cytokines and various
harmful enzymes (MMP, NE, mpo.,etc.); Various inflammatory
mediators activate monocytes, microglia, astrocytes, etc. to
produce reactive oxygen and nitrogen species, resulting in
the deterioration of the microenvironment; Macrophages
phagocytized apoptotic neutrophils and transformed
into M2 macrophages.

Potential regenerative effects of neutrophils
Although most research has focused on the deleterious

effects of neutrophils on SCI, neutrophils are heterogeneous,
and the recruitment of subsets may not necessarily indicate
an exacerbation of injury. Sas et al. (2020) discovered that a
new subpopulation of neutrophils (CD14+ Ly6Glow) promotes
neuronal survival and axon regeneration in the central nervous
system. Another study has shown that neutrophils activate more
immune cells to migrate to the injury site and clear debris
by secreting proinflammatory factors. Excessive infiltrating
neutrophils are removed by macrophages, which induces their
transformation into the M2 anti-inflammatory phenotype and
promotes injury repair (Soehnlein and Lindbom, 2010). It
has also been demonstrated that neutrophils play a role in
inflammation and tissue repair to some extent by releasing
secretory leukocyte proteases (Ghasemlou et al., 2010).

Engineered neutrophils promote spinal cord
regeneration

Neutrophils activate and migrate to the injured site
and release various proinflammatory and oxidative factors.
Some researchers have applied these characteristics to
loads with drugs or cytokines to improve the immune
regeneration microenvironment. Tetramethylpyrazine (TMP)
has anti-inflammatory, antioxidative, and neuroprotective
effects, but it is not easily soluble in water. Li et al.
(2021) developed nanoparticles that can be internalized
by neutrophils. These nanoparticles rapidly infiltrate
into the injury site of the spinal cord in the acute
phase, and the drug-loaded nanoparticles significantly
improve the immune regeneration microenvironment
(Li et al., 2021). Yihui et al. developed a neutrophil
membrane-encapsulated polydopamine nanoparticle,
which effectively adsorbs various inflammatory factors and
inhibits the production of ROS and nitrogen substances.
The improved local immune microenvironment promotes

neuronal growth, differentiation and motor recovery in rats
(Bi et al., 2021).

Macrophages

At the central site of SCI, macrophages are heterogeneous
and mostly derived from BM. Macrophages are responsible
for removing debris from damaged cells and tissues, while
specialized activated microglia (central nerve resident cells)
form boundaries at the damaged site (David and Kroner,
2011). Two sources of macrophages are indistinguishable
in tissue sections and are termed microglia/macrophages
after staining of the CD11b and IBA-1 markers. Considering
some similar features, monocyte-derived macrophages and
neuroresident microglia have been discussed together in
many studies. However, these cells vary widely in terms
of origin, biomarkers and function. After tissue damage,
microglia recognize the injury signal from the surrounding
environment and thus activate and infiltrate to the injury
site following monocyte-derived macrophages (MDMs)
(Ding et al., 2021; Sun et al., 2021). In addition, microglia
contain fragments of phagocytic tissue 3 days after SCI,
which is before MDM migration (David et al., 2018).
Microglia and macrophages may have different roles in
the injury microenvironment. In the next section, we discuss
microglia and macrophages from two different sources.
We first introduce monocyte-derived macrophages that
migrate to the lesion site after activation from BM or the
spleen (Figure 6).

Recruitment and polarization of
monocyte-derived macrophages

Under the condition of injury, specific cytokines stimulate
macrophages to differentiate into different phenotypes,
namely, pro-inflammatory M1 and anti-inflammatory
M2 macrophages (Kroner and Rosas Almanza, 2019). M1
macrophages are neurotoxic and inflammatory, and they are
induced by LPS, IFN-γ and Th1 cytokines. M1 macrophages
also produce many inflammatory cytokines and chemokines,
such as IL-1β, IL-6, IL-12, IL-23, TNF-α, IFN-γ, CCL5,
and iNOS, as well as proteolytic enzymes to clean up
myelin sheath fragments and apoptotic cells as well as to
promote tissue remodeling. Previous research has shown that
chondroitin sulfate proteoglycan is 17 times higher in M1
macrophages than in M2 macrophages. Chondroitin sulfate
proteoglycan is an inhibitor of axon growth, suggesting that
M1 macrophages are harmful to axons (Tan et al., 2005;
Martinez et al., 2006). In addition, M1-derived IL-6 disrupts
the tight junctions of endothelial cells, increases vascular
permeability and promotes continuous leakage of the BSCB. The
consumption of macrophages significantly improves vascular-
to-barrier leakage and promotes the functional recovery
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FIGURE 5

A large number of neutrophils infiltrate into the damaged site and release pro-inflammatory factors and chemokines; Neutrophils release
various harmful enzymes (MMP, NE, MPO,etc); Activated monocytes, microglia, astrocytes,etc produce RONS, resulting in the deterioration of
the microenvironment; Macrophages phagocytize apoptotic neutrophils and transform into M2 macrophages.

of SCI (Luo et al., 2022). Ge et al. (2021) also confirmed
that miR-155 from M1-polarized macrophage exosomes
impairs the mitochondrial function of vascular endothelial
cells and destroys the BSCB in the SCI microenvironment.
However, these results do not indicate that M1 macrophages
have no role in the repair and regeneration of SCI. M1
macrophages phagocytose and clear damaged tissues and
apoptotic cells, and they promote axon growth to a certain
extent (Kong and Gao, 2017; Kroner and Rosas Almanza,
2019).

Monocytes polarize to M2 macrophages under the
stimulation of the Th2 cytokines, IL-4 and IL-13. There are
three subpopulations of M2 macrophages, namely, M2a,
M2b and M2c. M2a macrophages are mainly involved
in reducing inflammation and enhancing phagocytosis
and differentiation of neural stem cells. M2b macrophages
produce CCL1, IL-10, ROS and nitrogen substances during
the activation of M1 macrophages cells. M2c macrophages
clear myelin sheath debris and promote healing (Kong
and Gao, 2017). Most studies have suggested that M2-
type macrophages promote the regeneration of the
injury microenvironment. After adoptive transfer of M2
macrophages into a rat SCI model, Ma et al. (2015) reported
that the secreted IL-10 and TGF-β induce polarization
of microglia/macrophages and significantly improve the
recovery of neurological function. Peng et al. (2021) applied
M2-derived exosomes to reduce the proportion of M1

macrophages and increase the proportion of M2 cells,
and they found that M2 polarization mainly occurred
through the miRNA–mRNA network and that the miR-
23a-3p/PTEN/PI3K/AKT axis plays an important role in
this process. Yao et al. (2014) demonstrated that PD-1 may
play an important role in macrophage polarization, and they
reported that increased expression of transcriptional activator-
1 in M1 macrophages of PD-1 knockout mice promotes
M2 transformation.

Phagocytosis of monocyte-derived
macrophages

Macrophages induce a dual role of inflammation and
phagocytosis. On the one hand, the removal of myelin sheath
fragments and apoptotic cells is conducive to improving the
microenvironment of the injury site; on the other hand,
inflammation, chemokines, ROS and excessive phagocytosis
lead to the formation of harmful foam macrophages. After
phagocytosis of myelin after nerve injury, macrophages are filled
with lipid droplets and transform into foam-like cells, which lose
the ability to clean up residual debris. Kong et al. (2020) reported
that scavenger receptor (SR) promotes excessive phagocytosis
fragments in macrophages, resulting in foam-like macrophage-
induced inflammation (Yao et al., 2014; Kong et al., 2020).
Kroner et al., 2014 showed that macrophages accumulate a large
amount of iron after phagocytosis and induce the expression of
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FIGURE 6

(A) Microglia-derived macrophages form boundaries at the site of injury and monocyte-derived macrophages infiltrate into the site of injury. (B)
Monocytes polarize into two different phenotypes M1 and M2 under the stimulation of different factors, which transform into each other.
Excessive phagocytosis of myelin sheath fragments and apoptotic cells induce macrophages transform into foam macrophages.

TNF, which contributes to the maintenance of the M2-induced
regeneration microenvironment.

Biomaterials regulate macrophages and
improve the immune microenvironment

Shen et al. (2022b) optimized photocrosslinked gelatin
hydrogels with polyamine-amine dendritic macromolecules
(PAMAM-G3) and IL-10, and they demonstrated that
the hydrogels inhibit the inflammatory response of
monocytes/macrophages, regulate M2 polarization and
promote the differentiation and regeneration of neuronal cells.
Jeong et al. (2017) injected PLGA-modified nanoparticles
with the macrophage receptor and collagenous structure;
these nanoparticles not only significantly reduce macrophage
polarization and glial scar formation but also reduce the
accumulation of chondroitin sulfate proteoglycan, and the
regeneration of axons promotes motor function recovery. Bartus
et al. (2014) applied a lentivirus vector to deliver the chondroitin
sulfate gene to regulate the phenotype of macrophages and
protect injured nerves, and they reported that the polarized
M2 macrophages reduce the number of glial cells (astrocytes

and microglia) and promote the immune regeneration
microenvironment through the expression of TNF-β and IL-10.
Kigerl et al. (2009) reported that M2 macrophage-conditioned
medium promotes long and extensive neurites of dorsal
root ganglion neurons, and they also demonstrated that M1
macrophage-conditioned medium induces short and stunted
neurites with multiple branches. Li X. et al., 2020 developed
nanofiber hydrogels using maleimide-modified PCL fibers
connected to hyaluronic acid, and they reported that these
hydrogels induce M2 polarization and significantly reduce
inflammation and vascularization as well as promote neuronal
cell regeneration and differentiation after SCI.

Microglia

Microglia are derived from the embryonic yolk sac, and
they are differentiated from border macrophages distributed
around the vascular space outside the spinal cord parenchyma.
As innate resident immune cells, microglia rapidly change their
morphology after being stimulated by environmental signals,
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such as hypoxia or injury. Microglia express high levels of CD86
and MHCII, and they secrete a variety of proinflammatory
or chemokines to promote immune cell infiltration. One day
after spinal cord contusion, approximately 33% of microglia
migrate to the injury site, and this number reaches half of
all immune cells within 4 days. Furthermore, the microglia
began to release CD68, and the number peaks at 7 days. The
phagocytic capacity of microglia decreases after 14 days (Xu
et al., 2021). Guo et al. (2013) reported that G-CSF improves
the inflammatory response in the microglial environment and
increases the expression of trophic factors. Another study has
reported that SCI can heal without forming glial scars in
newborn mice, in which microglia play an important role (Li Y.
et al., 2020).

T lymphocytes

The effect of T cells after nerve injury is often contradictory,
which may be due to T cells differentiating into various
subpopulations. According to phenotype, T cells are divided
into CD4+ T cells and CD8+ T cells (Yang et al., 2021b).
Furthermore, the subpopulations of CD4+ T cells include helper
T cells (Th1, Th2 and Th17) and regulatory T cells (Tregs)
(Yang et al., 2019; Hu et al., 2021). Both CD4+ T and CD8+

T cells migrate to the injured site of the central nervous
system to induce inflammation and neurodegeneration. Th1
cells activate macrophages by secreting IL-2 and IFN-γ, and
Th2 cells mainly produce IL-4, IL-5, and IL-13. In addition,
Tregs secrete high levels of IL-10 and TGF-β to modulate
adaptive immune responses. At present, there are few studies
on the role of T cells in nerve regeneration and protection.
One study has shown that Th1 and Th2 both play protective
roles in the central nervous system. Hu et al. (2016) adoptively
transferred myelin basic protein to activate Th1 cells and induce
higher levels of proinflammatory cells and cytokines in a rat
model. In contrast, myelin basic protein-activated Th2 cells
are more beneficial to the recovery of motor function in rats
through anti-inflammatory cytokines. Studies have also shown
that Th2 cells secrete more neurotrophic factors than Th1
and Th17 cells in CNS injury (Hendrix and Nitsch, 2007).
Other research has found that Th1 cells are more conducive to
regeneration. Ishii et al. (2012) showed that proinflammatory
Th1 cells secrete IFN-γ and IL-10 to promote functional
recovery after SCI. The more pronounced neuroprotective effect
of Th1 cells has been verified in a mouse model of SCI (Ishii
et al., 2012). T cells mostly indirectly regulate the regeneration
and repair of injured nerves, and few reports have directly
demonstrated their effects. One study has shown that Tregs
promote the differentiation of oligodendrocyte progenitor cells
into mature oligodendrocytes after central nervous system
injury, indicating that T cells directly regulate injury nerve
regeneration (Dombrowski et al., 2017).

Conclusion and perspectives

Immune cells play an important role in the recognition
of SCI, remodeling of the microenvironment and tissue
regeneration. Few studies have discussed the immune
microenvironment after SCI. In this review, different
pathological characteristics and changes in immune cells
after SCI were described in detail. Neutrophils, macrophages,
microglia and T lymphocytes play a dual role in injury and
repair. On the one hand, these cells eliminate adverse factors
and promote regeneration. Monocytes and microglia migrate to
the damaged site to phagocytose and remove the damaged tissue
debris, which is beneficial to the microenvironment. Th2 cells
secrete IL-4 and IL-13, mediating M2 macrophage-promoted
axon regeneration. The neutrophil subsets and Tregs have
the ability to repair injured tissue. On the other hand, the
remodeling of the microenvironment caused by immune cells
may be highly inflammatory. Immune cell infiltration tends
to release a large number of factors that induce inflammation
and oxidative responses. Excessive phagocytosis results in the
formation of foamy macrophages. Th1 cells release IFN-γ and
IL-6 to activate macrophages, which have a proinflammatory
role, thereby disrupting the balance of the immune system.

Functional nanoparticles, hydrogels and acellular matrix
scaffolds have been widely used in tissue engineering
regeneration and repair. Optimizing the physical and chemical
properties of biomaterials has been explored. Biomaterial
scaffold-loaded immune cells or factors slow inflammatory
reactions and rebalance the regenerative microenvironment.
There are three ways to regulate the immune response with
biomaterials. First, the regulated immune biomaterial itself
inhibits the inflammatory response of the microenvironment.
Second, biomaterials loaded with inhibitors or anti-
inflammatory factors promote nerve regeneration. Third,
biomaterials encapsulate stem cells or immune cells that can
interact with the immune microenvironment. These strategies
effectively improve the microenvironment after SCI and
promote the occurrence of new neurons. With the help of
various biomaterials, the immunological principles described
above show great potential. However, it should be noted that
biomaterials loading a single cell or factor cannot solve all
the problems in such a complex and spatiotemporal dynamic
microenvironment at present. The combination of multiple
factors and a precise engineering strategy may provide a
promising future.

Author contributions

YF: conceptualization and writing – original draft. YP:
writing – original draft. JJ: writing – review editing, project
administration, and funding acquisition. YY: supervision.
PY: conceptualization, writing – original draft, review

Frontiers in Cellular Neuroscience 13 frontiersin.org

https://doi.org/10.3389/fncel.2022.969002
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/


fncel-16-969002 July 29, 2022 Time: 16:10 # 14

Feng et al. 10.3389/fncel.2022.969002

and editing, supervision, project administration, and funding
acquisition. All authors contributed to the article and approved
the submitted version.

Acknowledgments

We thank to acknowledge the financial support received
from the National Natural Science Foundation of China (No.
31900987), Heilongjiang Natural Science Foundation (No.
YQ2019H022), Jiangsu Province “Double Innovation Plan” (No.
JSSCBS20211603), Research Project of Health Commission of
Nantong (No. MB2021011), Science and Technology Project of
Nantong city (No. JC2019146), and Nantong University Clinical
Medicine Project (No. 2019JZ004).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

References

Abdullahi, D., Annuar, A. A., Mohamad, M., Aziz, I., and Sanusi, J. (2017).
Experimental spinal cord trauma: a review of mechanically induced spinal cord
injury in rat models. Rev. Neurosci. 28, 15–20.

Ahmed, A., Patil, A. A., and Agrawal, D. K. (2018). Immunobiology of spinal
cord injuries and potential therapeutic approaches. Mol. Cell Biochem. 441, 181–
189. doi: 10.1007/s11010-017-3184-9

Ahuja, C. S., Nori, S., Tetreault, L., Wilson, J., Kwon, B., Harrop, J., et al. (2017).
Traumatic spinal cord injury-repair and regeneration. Neurosurgery 80, S9–S22.

Albrecht, U., Yang, X., Asselta, R., Keitel, V., Tenchini, M. L., Ludwig, S.,
et al. (2007). Activation of NF-kappaB by IL-1beta blocks IL-6-induced sustained
STAT3 activation and STAT3-dependent gene expression of the human gamma-
fibrinogen gene. Cell Signal. 19, 1866–1878. doi: 10.1016/j.cellsig.2007.04.007

All, A. H., and Al-Nashash, H. (2021). Comparative analysis of functional
assessment for contusion and transection models of spinal cord injury. Spinal Cord
59, 1206–1209.

Allen, A. (1991). Surgery of experimental lesion of spinal cord equivalent to
crush injury of fracture dislocation of spinal columm. JAMA 57, 878–880. doi:
10.1001/jama.1911.04260090100008

Anderson, M. A., Burda, J. E., Ren, Y., Ao, Y., O’Shea, T. M., Kawaguchi, R., et al.
(2016). Astrocyte scar formation aids central nervous system axon regeneration.
Nature 532, 195–200. doi: 10.1038/nature17623

Anwar, M. A., Al Shehabi, T. S., and Eid, A. H. (2016). Inflammogenesis of
secondary spinal cord injury. Front. Cell. Neurosci. 10:98. doi: 10.3389/fncel.2016.
00098

Armstrong, R. C., Le, T. Q., Frost, E. E., Borke, R. C., and Vana, A. C. (2002).
Absence of fibroblast growth factor 2 promotes oligodendroglial repopulation of
demyelinated white matter. J. Neurosci. 22, 8574–8585. doi: 10.1523/JNEUROSCI.
22-19-08574.2002

Awad, H., Efanov, A., Rajan, J., Denney, A., Gigax, B., Kobalka, P., et al. (2021).
Histological findings after aortic cross-clamping in preclinical animal models.
J. Neuropathol. Exp. Neurol. 80, 895–911. doi: 10.1093/jnen/nlab084

Baroncini, A., Maffulli, N., Eschweiler, J., Tingart, M., and Migliorini, F. (2021).
Pharmacological management of secondary spinal cord injury. Expert. Opin.
Pharmacother. 22, 1793–1800.

Bartanusz, V., Jezova, D., Alajajian, B., and Digicaylioglu, M. (2011). The
blood-spinal cord barrier: morphology and clinical implications. Ann. Neurol. 70,
194–206.

Bartus, K., James, N. D., Didangelos, A., Bosch, K. D., Verhaagen, J., Yanez-
Munoz, R. J., et al. (2014). Large-scale chondroitin sulfate proteoglycan digestion
with chondroitinase gene therapy leads to reduced pathology and modulates
macrophage phenotype following spinal cord contusion injury. J. Neurosci. 34,
4822–4836. doi: 10.1523/JNEUROSCI.4369-13.2014

Beck, K. D., Nguyen, H. X., Galvan, M. D., Salazar, D. L., Woodruff, T. M.,
and Anderson, A. J. (2010). Quantitative analysis of cellular inflammation after

traumatic spinal cord injury: evidence for a multiphasic inflammatory response in
the acute to chronic environment. Brain 133(Pt 2), 433–447. doi: 10.1093/brain/
awp322

Bi, Y. H., Duan, W. X., Chen, J., You, T., Li, S. Y., Jiang, W., et al. (2021).
Neutrophil decoys with anti-inflammatory and anti-oxidative properties reduce
secondary spinal cord injury and improve neurological functional recovery. Adv.
Funct. Mater. 31:2102912. doi: 10.1002/adfm.202102912

Blasko, J., Szekiova, E., Slovinska, L., Kafka, J., and Cizkova, D. (2017). Axonal
outgrowth stimulation after alginate/mesenchymal stem cell therapy in injured rat
spinal cord. Acta Neurobiol. Exp. 77, 337–350.

Blight, A. R. (1985). Delayed demyelination and macrophage invasion: a
candidate for secondary cell damage in spinal cord injury. Cent. Nerv. Syst.
Trauma 2, 299–315. doi: 10.1089/cns.1985.2.299

Bradbury, E. J., and Burnside, E. R. (2019). Moving beyond the glial scar for
spinal cord repair. Nat. Commun. 10:3879.

Bryukhovetski, A. S., Yaryghin, V. N., Mentkevich, G. L., Dolgopolov, I.,
Mheidze, D. M., Zaytsev, A. Y., et al. (2005). Mobilized autologous stem cells in
the SCI treatment. J. Neurol. Sci. 238, S64–S64.

Bryukhovetskiy, A. S., Yaryghin, V. N., Karakhan, V. B., Lavrentyev, A. V.,
Mentkevich, G. L., Dolgopolov, I., et al. (2005). Tissue engineering and autologous
stem cells in severe SCI treatment in humans. Eur. J. Neurol. 12, 26–26.

Bush, T. G., Puvanachandra, N., Horner, C. H., Polito, A., Ostenfeld, T.,
Svendsen, C. N., et al. (1999). Leukocyte infiltration, neuronal degeneration,
and neurite outgrowth after ablation of scar-forming, reactive astrocytes in
adult transgenic mice. Neuron 23, 297–308. doi: 10.1016/s0896-6273(00)80
781-3

Canaani, J., Kollet, O., and Lapidot, T. (2011). Neural regulation of bone,
marrow, and the microenvironment. Front. Biosci. 3:1021–1031. doi: 10.2741/206

Casha, S., Zygun, D., McGowan, M. D., Bains, I., Yong, V. W., and Hurlbert, R. J.
(2012). Results of a phase II placebo-controlled randomized trial of minocycline in
acute spinal cord injury. Brain 135(Pt 4), 1224–1236.

Chen, B., Xiao, Z. F., Zhao, Y. N., and Dai, J. W. (2017). Functional biomaterial-
based regenerative microenvironment for spinal cord injury repair. Natl. Sci. Rev.
4, 530–532.

Chen, X., Zhao, Y., Li, X., Xiao, Z., Yao, Y., Chu, Y., et al. (2018). Functional
multichannel poly(propylene fumarate)-collagen scaffold with collagen-binding
neurotrophic factor 3 promotes neural regeneration after transected spinal cord
injury. Adv. Healthc. Mater. 7:e1800315. doi: 10.1002/adhm.201800315

Courtine, G., and Sofroniew, M. V. (2019). Spinal cord repair: advances in
biology and technology. Nat. Med. 25, 898–908. doi: 10.1038/s41591-019-0475-6

Curcio, M., and Bradke, F. (2018). Axon regeneration in the central nervous
system: facing the challenges from the inside. Annu. Rev. Cell Dev. Biol. 34,
495–521. doi: 10.1146/annurev-cellbio-100617-062508

Frontiers in Cellular Neuroscience 14 frontiersin.org

https://doi.org/10.3389/fncel.2022.969002
https://doi.org/10.1007/s11010-017-3184-9
https://doi.org/10.1016/j.cellsig.2007.04.007
https://doi.org/10.1001/jama.1911.04260090100008
https://doi.org/10.1001/jama.1911.04260090100008
https://doi.org/10.1038/nature17623
https://doi.org/10.3389/fncel.2016.00098
https://doi.org/10.3389/fncel.2016.00098
https://doi.org/10.1523/JNEUROSCI.22-19-08574.2002
https://doi.org/10.1523/JNEUROSCI.22-19-08574.2002
https://doi.org/10.1093/jnen/nlab084
https://doi.org/10.1523/JNEUROSCI.4369-13.2014
https://doi.org/10.1093/brain/awp322
https://doi.org/10.1093/brain/awp322
https://doi.org/10.1002/adfm.202102912
https://doi.org/10.1089/cns.1985.2.299
https://doi.org/10.1016/s0896-6273(00)80781-3
https://doi.org/10.1016/s0896-6273(00)80781-3
https://doi.org/10.2741/206
https://doi.org/10.1002/adhm.201800315
https://doi.org/10.1038/s41591-019-0475-6
https://doi.org/10.1146/annurev-cellbio-100617-062508
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/


fncel-16-969002 July 29, 2022 Time: 16:10 # 15

Feng et al. 10.3389/fncel.2022.969002

David, S., and Kroner, A. (2011). Repertoire of microglial and macrophage
responses after spinal cord injury. Nat. Rev. Neurosci. 12, 388–399. doi: 10.1038/
nrn3053

David, S., Kroner, A., Greenhalgh, A. D., Zarruk, J. G., and Lopez-Vales, R.
(2018). Myeloid cell responses after spinal cord injury. J. Neuroimmunol. 321,
97–108.

de Castro, R. C. Jr, Burns, C. L., McAdoo, D. J., and Romanic, A. M. (2000).
Metalloproteinase increases in the injured rat spinal cord. Neuroreport 11, 3551–
3554.

Ding, Y., Zhang, D., Wang, S., Zhang, X., and Yang, J. (2021). Hematogenous
macrophages: a new therapeutic target for spinal cord injury. Front. Cell Dev. Biol.
9:767888. doi: 10.3389/fcell.2021.767888

Dombrowski, Y., O’Hagan, T., Dittmer, M., Penalva, R., Mayoral, S. R.,
Bankhead, P., et al. (2017). Regulatory T cells promote myelin regeneration in the
central nervous system. Nat. Neurosci. 20, 674–680.

Du, K., Zheng, S., Zhang, Q., Li, S., Gao, X., Wang, J., et al. (2015). Pten deletion
promotes regrowth of corticospinal tract axons 1 year after spinal cord injury.
J. Neurosci. 35, 9754–9763. doi: 10.1523/JNEUROSCI.3637-14.2015

Duan, H., Ge, W., Zhang, A., Xi, Y., Chen, Z., Luo, D., et al. (2015).
Transcriptome analyses reveal molecular mechanisms underlying functional
recovery after spinal cord injury. Proc. Natl. Acad. Sci. U.S.A. 112, 13360–13365.

Dulin, J. N., Karoly, Wang, Y., Strobel, H. W., and Grill, R. J. (2013). Licofelone
modulates neuroinflammation and attenuates mechanical hypersensitivity in the
chronic phase of spinal cord injury. J. Neurosci. 33, 652–664. doi: 10.1523/
JNEUROSCI.6128-11.2013

Fan, C., Li, X., Xiao, Z., Zhao, Y., Liang, H., Wang, B., et al. (2017). A modified
collagen scaffold facilitates endogenous neurogenesis for acute spinal cord injury
repair. Acta Biomater. 51, 304–316. doi: 10.1016/j.actbio.2017.01.009

Feng, Z., Min, L., Liang, L., Chen, B., Chen, H., Zhou, Y., et al. (2021).
Neutrophil extracellular traps exacerbate secondary injury via promoting
neuroinflammation and blood-spinal cord barrier disruption in spinal cord injury.
Front. Immunol. 12:698249. doi: 10.3389/fimmu.2021.698249

Fiani, B., Kondilis, A., Soula, M., Tao, A., and Alvi, M. A. (2021). Novel methods
of necroptosis inhibition for spinal cord injury using translational research to limit
secondary injury and enhance endogenous repair and regeneration. Neurospine
18, 261–270. doi: 10.14245/ns.2040722.361

Flack, J. A., Sharma, K. D., and Xie, J. Y. (2022). Delving into the recent
advancements of spinal cord injury treatment: a review of recent progress. Neural.
Regen. Res. 17, 283–291. doi: 10.4103/1673-5374.317961

Franklin, R. J., and Blakemore, W. F. (1993). Requirements for schwann cell
migration within CNS environments: a viewpoint. Int. J. Dev. Neurosci. 11,
641–649. doi: 10.1016/0736-5748(93)90052-f

Fu, Z., Li, W., Wei, J., Yao, K., Wang, Y., Yang, P., et al. (2022). Construction and
biocompatibility evaluation of fibroin/sericin-based scaffolds. ACS Biomater. Sci.
Eng. 8, 1494–1505. doi: 10.1021/acsbiomaterials.1c01426

Gao, J., Khang, M., Liao, Z., Detloff, M., and Lee, J. S. (2021). Therapeutic
targets and nanomaterial-based therapies for mitigation of secondary injury
after spinal cord injury. Nanomedicine 16, 2013–2028. doi: 10.2217/nnm-2021-
0113

Garcia-Ovejero, D., Arevalo-Martin, A., Paniagua-Torija, B., Florensa-Vila, J.,
Ferrer, I., Grassner, L., et al. (2015). The ependymal region of the adult human
spinal cord differs from other species and shows ependymoma-like features. Brain
138(Pt 6), 1583–1597. doi: 10.1093/brain/awv089

Ge, X., Tang, P., Rong, Y., Jiang, D., Lu, X., Ji, C., et al. (2021). Exosomal miR-155
from M1-polarized macrophages promotes EndoMT and impairs mitochondrial
function via activating NF-kappaB signaling pathway in vascular endothelial cells
after traumatic spinal cord injury. Redox Biol. 41:101932.

Ghasemlou, N., Bouhy, D., Yang, J. X., Lopez-Vales, R., Haber, M.,
Thuraisingam, T., et al. (2010). Beneficial effects of secretory leukocyte protease
inhibitor after spinal cord injury. Brain 133, 126–138. doi: 10.1093/brain/awp304

Gruner, J. A. (1992). A monitored contusion model of spinal cord injury in the
rat. J. Neurotrauma 9, 123–126.

Guo, Y., Zhang, H., Yang, J., Liu, S., Bing, L., Gao, J., et al. (2013). Granulocyte
colony-stimulating factor improves alternative activation of microglia under
microenvironment of spinal cord injury. Neuroscience 238, 1–10. doi: 10.1016/j.
neuroscience.2013.01.047

Ham, T. R., and Leipzig, N. D. (2018). Biomaterial strategies for limiting
the impact of secondary events following spinal cord injury. Biomed. Mater.
13:024105. doi: 10.1088/1748-605X/aa9bbb

Han, S. F., Wang, B., Jin, W., Xiao, Z. F., Li, X., Ding, W. Y., et al. (2015). The
linear-ordered collagen scaffold-BDNF complex significantly promotes functional

recovery after completely transected spinal cord injury in canine. Biomaterials 41,
89–96. doi: 10.1016/j.biomaterials.2014.11.031

He, Q. F., Zhao, Y. N., Chen, B., Xiao, Z. F., Zhang, J., Chen, L., et al. (2011).
Improved cellularization and angiogenesis using collagen scaffolds chemically
conjugated with vascular endothelial growth factor. Acta Biomater. 7, 1084–1093.
doi: 10.1016/j.actbio.2010.10.022

Hendrix, S., and Nitsch, R. (2007). The role of T helper cells in neuroprotection
and regeneration. J. Neuroimmunol. 184, 100–112.

Hu, J. G., Shi, L. L., Chen, Y. J., Xie, X. M., Zhang, N., Zhu, A. Y., et al. (2016).
Differential effects of myelin basic protein-activated Th1 and Th2 cells on the local
immune microenvironment of injured spinal cord. Exp. Neurol. 277, 190–201.
doi: 10.1016/j.expneurol.2016.01.002

Hu, W., Wang, Z. M., Feng, Y., Schizas, M., Hoyos, B. E., van der Veeken, J.,
et al. (2021). Regulatory T cells function in established systemic inflammation and
reverse fatal autoimmunity. Nat. Immunol. 22, 1163–1174. doi: 10.1038/s41590-
021-01001-4

Inada, T., Takahashi, H., Yamazaki, M., Okawa, A., Sakuma, T., Kato, K., et al.
(2014). Multicenter prospective nonrandomized controlled clinical trial to prove
neurotherapeutic effects of granulocyte colony-stimulating factor for acute spinal
cord injury: analyses of follow-up cases after at least 1 year. Spine 39, 213–219.
doi: 10.1097/BRS.0000000000000121

Ishii, H., Jin, X., Ueno, M., Tanabe, S., Kubo, T., Serada, S., et al. (2012).
Adoptive transfer of Th1-conditioned lymphocytes promotes axonal remodeling
and functional recovery after spinal cord injury. Cell Death Dis. 3:e363.

Jazayeri, S. B., Beygi, S., Shokraneh, F., Hagen, E. M., and Rahimi-Movaghar, V.
(2015). Incidence of traumatic spinal cord injury worldwide: a systematic review.
Eur. Spine J. 24, 905–918.

Jeong, S. J., Cooper, J. G., Ifergan, I., McGuire, T. L., Xu, D., Hunter, Z., et al.
(2017). Intravenous immune-modifying nanoparticles as a therapy for spinal cord
injury in mice. Neurobiol. Dis. 108, 73–82. doi: 10.1016/j.nbd.2017.08.006

Jutzeler, C., Tong, B. B., Cragg, J. J., Geisler, F., and Kramer, J. K. (2018). Acute
pharmacological management after spinal cord injury: a secondary analysis of
clinical trial data. J. Neurotraum 35, A175–A176.

Kawano, H., Kimura-Kuroda, J., Komuta, Y., Yoshioka, N., Li, H. P., Kawamura,
K., et al. (2012). Role of the lesion scar in the response to damage and repair of the
central nervous system. Cell Tissue Res. 349, 169–180.

Keirstead, H. S., Ben-Hur, T., Rogister, B., O’Leary, M. T., Dubois-Dalcq,
M., and Blakemore, W. F. (1999). Polysialylated neural cell adhesion molecule-
positive CNS precursors generate both oligodendrocytes and Schwann cells to
remyelinate the CNS after transplantation. J. Neurosci. 19, 7529–7536. doi: 10.
1523/JNEUROSCI.19-17-07529.1999

Kigerl, K. A., Gensel, J. C., Ankeny, D. P., Alexander, J. K., Donnelly, D. J., and
Popovich, P. G. (2009). Identification of two distinct macrophage subsets with
divergent effects causing either neurotoxicity or regeneration in the injured mouse
spinal cord. J. Neurosci. 29, 13435–13444.

Kim, C. Y., Sikkema, W. K. A., Kim, J., Kim, J. A., Walter, J., Dieter, R.,
et al. (2018). Effect of graphene nanoribbons (TexasPEG) on locomotor function
recovery in a rat model of lumbar spinal cord transection. Neural. Regen. Res. 13,
1440–1446. doi: 10.4103/1673-5374.235301

Koda, M., Hanaoka, H., Sato, T., Fujii, Y., Hanawa, M., Takahashi, S., et al.
(2018). Study protocol for the G-SPIRIT trial: a randomised, placebo-controlled,
double-blinded phase III trial of granulocyte colony-stimulating factor-mediated
neuroprotection for acute spinal cord injury. BMJ Open 8:e019083. doi: 10.1136/
bmjopen-2017-019083

Kong, F. Q., Zhao, S. J., Sun, P., Liu, H., Jie, J., Xu, T., et al. (2020). Macrophage
MSR1 promotes the formation of foamy macrophage and neuronal apoptosis after
spinal cord injury. J. Neuroinflammation 17:62. doi: 10.1186/s12974-020-01735-2

Kong, X. Y., and Gao, J. (2017). Macrophage polarization: a key event in the
secondary phase of acute spinal cord injury. J. Cell Mol. Med. 21, 941–954. doi:
10.1111/jcmm.13034

Kroner, A., and Rosas Almanza, J. (2019). Role of microglia in spinal cord injury.
Neurosci. Lett. 709:134370.

Kroner, A., Greenhalgh, A. D., Zarruk, J. G., Passos Dos Santos R., Gaestel
M., and David S. (2014). TNF and increased intracellular iron alter macrophage
polarization to a detrimental M1 phenotype in the injured spinal cord. Neuron 83,
1098–1116. doi: 10.1016/j.neuron.2014.07.027

Kumar, R., Lim, J., Mekary, R. A., Rattani, A., Dewan, M. C., Sharif, S. Y.,
et al. (2018). Traumatic spinal injury: global epidemiology and worldwide volume.
World Neurosurg. 113, e345–e363.

Lang-Lazdunski, L., Matsushita, K., Hirt, L., Waeber, C., Vonsattel, J. P.,
Moskowitz, M. A., et al. (2000). Spinal cord ischemia. Development of a model
in the mouse. Stroke 31, 208–213. doi: 10.1161/01.str.31.1.208

Frontiers in Cellular Neuroscience 15 frontiersin.org

https://doi.org/10.3389/fncel.2022.969002
https://doi.org/10.1038/nrn3053
https://doi.org/10.1038/nrn3053
https://doi.org/10.3389/fcell.2021.767888
https://doi.org/10.1523/JNEUROSCI.3637-14.2015
https://doi.org/10.1523/JNEUROSCI.6128-11.2013
https://doi.org/10.1523/JNEUROSCI.6128-11.2013
https://doi.org/10.1016/j.actbio.2017.01.009
https://doi.org/10.3389/fimmu.2021.698249
https://doi.org/10.14245/ns.2040722.361
https://doi.org/10.4103/1673-5374.317961
https://doi.org/10.1016/0736-5748(93)90052-f
https://doi.org/10.1021/acsbiomaterials.1c01426
https://doi.org/10.2217/nnm-2021-0113
https://doi.org/10.2217/nnm-2021-0113
https://doi.org/10.1093/brain/awv089
https://doi.org/10.1093/brain/awp304
https://doi.org/10.1016/j.neuroscience.2013.01.047
https://doi.org/10.1016/j.neuroscience.2013.01.047
https://doi.org/10.1088/1748-605X/aa9bbb
https://doi.org/10.1016/j.biomaterials.2014.11.031
https://doi.org/10.1016/j.actbio.2010.10.022
https://doi.org/10.1016/j.expneurol.2016.01.002
https://doi.org/10.1038/s41590-021-01001-4
https://doi.org/10.1038/s41590-021-01001-4
https://doi.org/10.1097/BRS.0000000000000121
https://doi.org/10.1016/j.nbd.2017.08.006
https://doi.org/10.1523/JNEUROSCI.19-17-07529.1999
https://doi.org/10.1523/JNEUROSCI.19-17-07529.1999
https://doi.org/10.4103/1673-5374.235301
https://doi.org/10.1136/bmjopen-2017-019083
https://doi.org/10.1136/bmjopen-2017-019083
https://doi.org/10.1186/s12974-020-01735-2
https://doi.org/10.1111/jcmm.13034
https://doi.org/10.1111/jcmm.13034
https://doi.org/10.1016/j.neuron.2014.07.027
https://doi.org/10.1161/01.str.31.1.208
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/


fncel-16-969002 July 29, 2022 Time: 16:10 # 16

Feng et al. 10.3389/fncel.2022.969002

LeBel, C. P., and Bondy, S. C. (1991). Oxygen radicals: common mediators of
neurotoxicity. Neurotoxicol. Teratol. 13, 341–346.

Li, J., Wei, J., Wan, Y. J., Du, X. J., Bai, X. S., Li, C. H., et al. (2021). TAT-modified
tetramethylpyrazine-loaded nanoparticles for targeted treatment of spinal cord
injury. J. Control Release 335, 103–116. doi: 10.1016/j.jconrel.2021.05.016

Li, L., Zhang, Y., Mu, J., Chen, J., Zhang, C., Cao, H., et al. (2020).
Transplantation of human mesenchymal stem-cell-derived exosomes immobilized
in an adhesive hydrogel for effective treatment of spinal cord injury. Nano Lett. 20,
4298–4305. doi: 10.1021/acs.nanolett.0c00929

Li, M. L., Zhao, W., Gao, Y. D., Hao, P., Shang, J. K., Duan, H. M., et al.
(2019). Differentiation of bone marrow mesenchymal stem cells into neural
lineage cells induced by bFGF-chitosan controlled release system. Biomed. Res. Int.
2019:5086297. doi: 10.1155/2019/5086297

Li, X., Li, J., Xiao, Z., and Dai, J. (2018a). The role of glial scar on axonal
regeneration after spinal cord injury. Zhongguo Xiu Fu Chong Jian Wai Ke Za Zhi
32, 973–978.

Li, X., Yang, B., Xiao, Z., Zhao, Y., Han, S., Yin, Y., et al. (2018b). Comparison
of subacute and chronic scar tissues after complete spinal cord transection. Exp.
Neurol. 306, 132–137. doi: 10.1016/j.expneurol.2018.05.008

Li, X., Yang, Z., Zhang, A., Wang, T., and Chen, W. (2009). Repair of thoracic
spinal cord injury by chitosan tube implantation in adult rats. Biomaterials 30,
1121–1132. doi: 10.1016/j.biomaterials.2008.10.063

Li, X., Zhang, C., Haggerty, A. E., Yan, J., Lan, M., Seu, M., et al. (2020). The
effect of a nanofiber-hydrogel composite on neural tissue repair and regeneration
in the contused spinal cord. Biomaterials 245:119978.

Li, Y., He, X., Kawaguchi, R., Zhang, Y., Wang, Q., Monavarfeshani, A., et al.
(2020). Microglia-organized scar-free spinal cord repair in neonatal mice. Nature
587, 613–618. doi: 10.1038/s41586-020-2795-6

Lim, J. H., Jung, C. S., Byeon, Y. E., Kim, W. H., Yoon, J. H., Kang, K. S., et al.
(2007). Establishment of a canine spinal cord injury model induced by epidural
balloon compression. J. Vet. Sci. 8, 89–94. doi: 10.4142/jvs.2007.8.1.89

Lukovic, D., Moreno-Manzano, V., Lopez-Mocholi, E., Rodriguez-Jimenez, F. J.,
Jendelova, P., Sykova, E., et al. (2015). Complete rat spinal cord transection as a
faithful model of spinal cord injury for translational cell transplantation. Sci. Rep.
5:9640. doi: 10.1038/srep09640

Lukacova, N., Kisucka, A., Kiss Bimbova, K., Bacova, M., Ileninova, M., Kuruc,
T., et al. (2021). Glial-Neuronal interactions in pathogenesis and treatment of
spinal cord injury. Int. J. Mol. Sci. 22:13577. doi: 10.3390/ijms222413577

Luo, Y., Yao, F., Hu, X., Li, Y., Chen, Y., Li, Z., et al. (2022). M1 macrophages
impair tight junctions between endothelial cells after spinal cord injury. Brain Res.
Bull. 180, 59–72. doi: 10.1016/j.brainresbull.2021.12.019

Ma, S. F., Chen, Y. J., Zhang, J. X., Shen, L., Wang, R., Zhou, J. S., et al. (2015).
Adoptive transfer of M2 macrophages promotes locomotor recovery in adult rats
after spinal cord injury. Brain Behav. Immun. 45, 157–170. doi: 10.1016/j.bbi.2014.
11.007

Ma, Y. H., Zeng, X., Qiu, X. C., Wei, Q. S., Che, M. T., Ding, Y., et al. (2018).
Perineurium-like sheath derived from long-term surviving mesenchymal stem
cells confers nerve protection to the injured spinal cord. Biomaterials 160, 37–55.
doi: 10.1016/j.biomaterials.2018.01.015

Marcol, W., Slusarczyk, W., Gzik, M., Larysz-Brysz, M., Bobrowski, M.,
Grynkiewicz-Bylina, B., et al. (2012). Air gun impactor-a novel model of graded
white matter spinal cord injury in rodents. J. Reconstr. Microsurg. 28, 561–568.
doi: 10.1055/s-0032-1315779

Marques, S. A., de Almeida, F. M., Mostacada, K., and Martinez, A. M. (2014).
A highly reproducible mouse model of compression spinal cord injury. Methods
Mol. Biol. 1162, 149–156.

Marsala, M., Sorkin, L. S., and Yaksh, T. L. (1994). Transient spinal ischemia in
rat: characterization of spinal cord blood flow, extracellular amino acid release, and
concurrent histopathological damage. J. Cereb. Blood Flow Metab. 14, 604–614.
doi: 10.1038/jcbfm.1994.75

Martinez, F. O., Gordon, S., Locati, M., and Mantovani, A. (2006).
Transcriptional profiling of the human monocyte-to-macrophage differentiation
and polarization: new molecules and patterns of gene expression. J. Immunol. 177,
7303–7311. doi: 10.4049/jimmunol.177.10.7303

McCreedy, D. A., Abram, C. L., Hu, Y., Min, S. W., Platt, M. E., Kirchhoff, M. A.,
et al. (2021). Spleen tyrosine kinase facilitates neutrophil activation and worsens
long-term neurologic deficits after spinal cord injury. J. Neuroinflammation
18:302. doi: 10.1186/s12974-021-02353-2

Moore, C. S., Cui, Q. L., Warsi, N. M., Durafourt, B. A., Zorko, N., Owen,
D. R., et al. (2015). Direct and indirect effects of immune and central nervous
system-resident cells on human oligodendrocyte progenitor cell differentiation.
J. Immunol. 194, 761–772. doi: 10.4049/jimmunol.1401156

Moore, D. L., Blackmore, M. G., Hu, Y., Kaestner, K. H., Bixby, J. L., Lemmon,
V. P., et al. (2009). KLF family members regulate intrinsic axon regeneration
ability. Science 326, 298–301.

Mu, J. F., Wu, J. H., Cao, J., Ma, T., Li, L. M., Feng, S. Q., et al. (2021). Rapid
and effective treatment of traumatic spinal cord injury using stem cell derived
exosomes. Asian J. Pharm. Sci. 16, 806–815.

Ning, G. Z., Song, W. Y., Xu, H., Zhu, R. S., Wu, Q. L., Wu, Y., et al. (2019). Bone
marrow mesenchymal stem cells stimulated with low-intensity pulsed ultrasound:
better choice of transplantation treatment for spinal cord injury Treatment for
SCI by LIPUS-BMSCs transplantation. CNS Neurosci. Ther. 25, 496–508. doi:
10.1111/cns.13071

Noble, L. J., and Wrathall, J. R. (1989). Distribution and time course of protein
extravasation in the rat spinal cord after contusive injury. Brain Res. 482, 57–66.
doi: 10.1016/0006-8993(89)90542-8

Noble, L. J., Donovan, F., Igarashi, T., Goussev, S., and Werb, Z. (2002).
Matrix metalloproteinases limit functional recovery after spinal cord injury by
modulation of early vascular events. J. Neurosci. 22, 7526–7535.

Okada, S. (2016). The pathophysiological role of acute inflammation after spinal
cord injury. Inflamm. Regen. 36:20.

Okano, H. (2009). [Regeneration of the central nervous system using iPS
cell-technologies]. Rinsho Shinkeigaku 49, 825–826.

Park, K. K., Liu, K., Hu, Y., Smith, P. D., Wang, C., Cai, B., et al. (2008).
Promoting axon regeneration in the adult CNS by modulation of the PTEN/mTOR
pathway. Science 322, 963–966.

Peng, P., Yu, H., Xing, C., Tao, B., Li, C., Huang, J., et al. (2021). Exosomes-
mediated phenotypic switch of macrophages in the immune microenvironment
after spinal cord injury. Biomed. Pharmacother. 144:112311. doi: 10.1016/j.biopha.
2021.112311

Pineau, I., Sun, L., Bastien, D., and Lacroix, S. (2010). Astrocytes initiate
inflammation in the injured mouse spinal cord by promoting the entry of
neutrophils and inflammatory monocytes in an IL-1 receptor/MyD88-dependent
fashion. Brain Behav. Immun. 24, 540–553. doi: 10.1016/j.bbi.2009.11.007

Qian, Y., Lin, H., Yan, Z., Shi, J., and Fan, C. (2021). Functional nanomaterials
in peripheral nerve regeneration: scaffold design, chemical principles and
microenvironmental remodeling. Mater. Today 51, 165–187.

Rao, J. S., Zhao, C., Zhang, A., Duan, H., Hao, P., Wei, R. H., et al. (2018). NT3-
chitosan enables de novo regeneration and functional recovery in monkeys after
spinal cord injury. Proc. Natl. Acad. Sci. U.S.A. 115, E5595–E5604. doi: 10.1073/
pnas.1804735115

Rivlin, A. S., and Tator, C. H. (1978). Effects of duration of acute spinal cord
compression in a new acute cord injury model in the rat. Surg. Neurol. 10, 38–43.

Saker, E., Henry, B. M., Tomaszewski, K. A., Loukas, M., Iwanaga, J., Oskouian,
R. J., et al. (2016). The human central canal of the spinal cord: a comprehensive
review of its anatomy. Embryology, molecular development, variants, and
pathology. Cureus 8:e927. doi: 10.7759/cureus.927

Samano, C., and Nistri, A. (2019). Mechanism of neuroprotection against
experimental spinal cord injury by riluzole or methylprednisolone. Neurochem.
Res. 44, 200–213.

Sanchez, I., Hassinger, L., Paskevich, P. A., Shine, H. D., and Nixon, R. A.
(1996). Oligodendroglia regulate the regional expansion of axon caliber and local
accumulation of neurofilaments during development independently of myelin
formation. J. Neurosci. 16, 5095–5105. doi: 10.1523/JNEUROSCI.16-16-05095.
1996

Sas, A. R., Carbajal, K. S., Jerome, A. D., Menon, R., Yoon, C., Kalinski, A. L.,
et al. (2020). A new neutrophil subset promotes CNS neuron survival and axon
regeneration. Nat. Immunol. 21, 1496–1505.

Shang, J., Qiao, H., Hao, P., Gao, Y., Zhao, W., Duan, H., et al. (2019). BFGF-
sodium hyaluronate collagen scaffolds enable the formation of nascent neural
networks after adult spinal cord injury. J. Biomed. Nanotechnol. 15, 703–716.
doi: 10.1166/jbn.2019.2732

Sharif-Alhoseini, M., Khormali, M., Rezaei, M., Safdarian, M., Hajighadery, A.,
Khalatbari, M. M., et al. (2017). Animal models of spinal cord injury: a systematic
review. Spinal Cord 55, 714–721.

Shechter, R., Miller, O., Yovel, G., Rosenzweig, N., London, A., Ruckh, J.,
et al. (2013). Recruitment of beneficial M2 macrophages to injured spinal cord is
orchestrated by remote brain choroid plexus. Immunity 38, 555–569. doi: 10.1016/
j.immuni.2013.02.012

Shen, H., Fan, C. X., You, Z. F., Xiao, Z. F., Zhao, Y. N., and Dai, J. W.
(2022a). Advances in biomaterial-based spinal cord injury repair. Adv. Funct.
Mater. 32:2110628.

Shen, H., Xu, B., Yang, C., Xue, W., You, Z., Wu, X., et al. (2022b). A DAMP-
scavenging, IL-10-releasing hydrogel promotes neural regeneration and motor

Frontiers in Cellular Neuroscience 16 frontiersin.org

https://doi.org/10.3389/fncel.2022.969002
https://doi.org/10.1016/j.jconrel.2021.05.016
https://doi.org/10.1021/acs.nanolett.0c00929
https://doi.org/10.1155/2019/5086297
https://doi.org/10.1016/j.expneurol.2018.05.008
https://doi.org/10.1016/j.biomaterials.2008.10.063
https://doi.org/10.1038/s41586-020-2795-6
https://doi.org/10.4142/jvs.2007.8.1.89
https://doi.org/10.1038/srep09640
https://doi.org/10.3390/ijms222413577
https://doi.org/10.1016/j.brainresbull.2021.12.019
https://doi.org/10.1016/j.bbi.2014.11.007
https://doi.org/10.1016/j.bbi.2014.11.007
https://doi.org/10.1016/j.biomaterials.2018.01.015
https://doi.org/10.1055/s-0032-1315779
https://doi.org/10.1038/jcbfm.1994.75
https://doi.org/10.4049/jimmunol.177.10.7303
https://doi.org/10.1186/s12974-021-02353-2
https://doi.org/10.4049/jimmunol.1401156
https://doi.org/10.1111/cns.13071
https://doi.org/10.1111/cns.13071
https://doi.org/10.1016/0006-8993(89)90542-8
https://doi.org/10.1016/j.biopha.2021.112311
https://doi.org/10.1016/j.biopha.2021.112311
https://doi.org/10.1016/j.bbi.2009.11.007
https://doi.org/10.1073/pnas.1804735115
https://doi.org/10.1073/pnas.1804735115
https://doi.org/10.7759/cureus.927
https://doi.org/10.1523/JNEUROSCI.16-16-05095.1996
https://doi.org/10.1523/JNEUROSCI.16-16-05095.1996
https://doi.org/10.1166/jbn.2019.2732
https://doi.org/10.1016/j.immuni.2013.02.012
https://doi.org/10.1016/j.immuni.2013.02.012
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/


fncel-16-969002 July 29, 2022 Time: 16:10 # 17

Feng et al. 10.3389/fncel.2022.969002

function recovery after spinal cord injury. Biomaterials 280:121279. doi: 10.1016/
j.biomaterials.2021.121279

Soehnlein, O., and Lindbom, L. (2010). Phagocyte partnership during the onset
and resolution of inflammation. Nat. Rev. Immunol. 10, 427–439. doi: 10.1038/
nri2779

Sofroniew, M. V. (2005). Reactive astrocytes in neural repair and protection.
Neuroscientist 11, 400–407.

Sofroniew, M. V. (2015). Astrocyte barriers to neurotoxic inflammation. Nat.
Rev. Neurosci. 16, 249–263.

Sun, J., Song, Y., Chen, Z., Qiu, J., Zhu, S., Wu, L., et al. (2021). Heterogeneity
and molecular markers for CNS glial cells revealed by single-cell transcriptomics.
Cell. Mol. Neurobiol. doi: 10.1007/s10571-021-01159-3 [Epub ahead of print].

Takami, T., Shimokawa, N., Parthiban, J., Zileli, M., and Ali, S. (2020).
Pharmacologic and regenerative cell therapy for spinal cord injury: WFNS spine
committee recommendations. Neurospine 17, 785–796. doi: 10.14245/ns.2040408.
204

Talac, R., Friedman, J. A., Moore, M. J., Lu, L., Jabbari, E., Windebank, A. J., et al.
(2004). Animal models of spinal cord injury for evaluation of tissue engineering
treatment strategies. Biomaterials 25, 1505–1510. doi: 10.1016/s0142-9612(03)
00497-6

Tan, A. M., Zhang, W., and Levine, J. M. (2005). NG2: a component of the glial
scar that inhibits axon growth. J. Anat. 207, 717–725.

Tarlov, I. M., Klinger, H., and Vitale, S. (1953). Spinal cord compression studies.
I. Experimental techniques to produce acute and gradual compression. AMA Arch.
Neurol. Psychiatry 70, 813–819.

Tonai, T., Shiba, K., Taketani, Y., Ohmoto, Y., Murata, K., Muraguchi, M., et al.
(2001). A neutrophil elastase inhibitor (ONO-5046) reduces neurologic damage
after spinal cord injury in rats. J. Neurochem. 78, 1064–1072. doi: 10.1046/j.1471-
4159.2001.00488.x

Totoiu, M. O., and Keirstead, H. S. (2005). Spinal cord injury is accompanied by
chronic progressive demyelination. J. Comp. Neurol. 486, 373–383.

Traka, M., Podojil, J. R., McCarthy, D. P., Miller, S. D., and Popko, B. (2016).
Oligodendrocyte death results in immune-mediated CNS demyelination. Nat.
Neurosci. 19:65.

Varadarajan, S. G., Hunyara, J. L., Hamilton, N. R., Kolodkin, A. L., and
Huberman, A. D. (2022). Central nervous system regeneration. Cell 185, 77–94.

Varone, A., Knight, D., Lesage, S., Vollrath, F., Rajnicek, A. M., and Huang,
W. (2017). The potential of Antheraea pernyi silk for spinal cord repair. Sci. Rep.
7:13790. doi: 10.1038/s41598-017-14280-5

von Euler, M., Seiger, A., and Sundstrom, E. (1997). Clip compression injury in
the spinal cord: a correlative study of neurological and morphological alterations.
Exp. Neurol. 145(2 Pt 1), 502–510.

Voronova, A. D., Stepanova, O. V., Valikhov, M. P., Chadin, A. V., Semkina,
A. S., and Chekhonin, V. P. (2020). Neural stem/progenitor cells of human
olfactory mucosa for the treatment of chronic spinal cord injuries. Bull. Exp. Biol.
Med. 168, 538–541. doi: 10.1007/s10517-020-04749-1

Wang, N., Xiao, Z., Zhao, Y., Wang, B., Li, X., Li, J., et al. (2018). Collagen
scaffold combined with human umbilical cord-derived mesenchymal stem cells
promote functional recovery after scar resection in rats with chronic spinal cord
injury. J. Tissue Eng. Regen. Med. 12, e1154–e1163. doi: 10.1002/term.2450

Wang, X. L., Gao, J. Q., Ouyang, X. M., Wang, J. B., Sun, X. Y., and Lv, Y. Y.
(2018). Mesenchymal stem cells loaded with paclitaxel-poly(lactic-co-glycolic
acid) nanoparticles for glioma-targeting therapy. Int. J. Nanomed. 13, 5231–5248.
doi: 10.2147/IJN.S167142

Wang, X., Zhang, Z., Zhu, Z., Liang, Z., Zuo, X., Ju, C., et al. (2021).
Photobiomodulation promotes repair following spinal cord injury by regulating
the transformation of A1/A2 reactive astrocytes. Front. Neurosci. 15:768262. doi:
10.3389/fnins.2021.768262

Wertheim, L., Edri, R., Goldshmit, Y., Kagan, T., Noor, N., Ruban, A., et al.
(2022). Regenerating the injured spinal cord at the chronic phase by engineered
iPSCs-derived 3D neuronal networks. Adv. Sci. 9:e2105694. doi: 10.1002/advs.
202105694

White-Schenk, D., Shi, R., and Leary, J. F. (2015). Nanomedicine strategies for
treatment of secondary spinal cord injury. Int. J. Nanomed. 10, 923–938.

Wu, B., and Ren, X. J. (2008). Control of demyelination for recovery of spinal
cord injury. Chin. J. Traumatol. 11, 306–310.

Xing, L., Yang, T., Cui, S., and Chen, G. (2019). Connexin hemichannels in
astrocytes: role in CNS disorders. Front. Mol. Neurosci. 12:23. doi: 10.3389/fnmol.
2019.00023

Xu, G. Y., Hughes, M. G., Ye, Z., Hulsebosch, C. E., and McAdoo, D. J.
(2004). Concentrations of glutamate released following spinal cord injury kill
oligodendrocytes in the spinal cord. Exp. Neurol. 187, 329–336. doi: 10.1016/j.
expneurol.2004.01.029

Xu, L., Wang, J., Ding, Y., Wang, L., and Zhu, Y. J. (2021). Current knowledge of
microglia in traumatic spinal cord injury. Front. Neurol. 12:796704. doi: 10.3389/
fneur.2021.796704

Yang, P., Cao, X., Cai, H., Chen, X., Zhu, Y., Yang, Y., et al. (2021a).
Upregulation of microRNA-155 enhanced migration and function of
dendritic cells in three-dimensional breast cancer microenvironment.
Immunol. Invest. 50, 1058–1071. doi: 10.1080/08820139.2020.18
01721

Yang, Y., Fan, Y., Zhang, H., Zhang, Q., Zhao, Y., Xiao, Z., et al. (2021d). Small
molecules combined with collagen hydrogel direct neurogenesis and migration of
neural stem cells after spinal cord injury. Biomaterials 269:120479. doi: 10.1016/j.
biomaterials.2020.120479

Yang, P., Peng, Y., Feng, Y., Xu, Z., Feng, P., Cao, J., et al. (2021c). Immune
cell-derived extracellular vesicles - new strategies in cancer immunotherapy. Front.
Immunol. 12:771551. doi: 10.3389/fimmu.2021.771551

Yang, P., Cao, X., Cai, H., Feng, P., Chen, X., Zhu, Y., et al. (2021b). The
exosomes derived from CAR-T cell efficiently target mesothelin and reduce triple-
negative breast cancer growth. Cell. Immunol. 360:104262. doi: 10.1016/j.cellimm.
2020.104262

Yang, P., Song, H., Feng, Z., Wang, C., Huang, P., Zhang, C., et al. (2019).
Synthetic, supramolecular, and self-adjuvanting CD8+T-cell epitope vaccine
increases the therapeutic antitumor immunity. Adv. Ther. 2:1900010.

Yang, P., Song, H., Qin, Y., Huang, P., Zhang, C., Kong, D., et al. (2018).
Engineering dendritic-cell-based vaccines and PD-1 blockade in self-assembled
peptide nanofibrous hydrogel to amplify antitumor T-cell immunity. Nano Lett.
18, 4377–4385. doi: 10.1021/acs.nanolett.8b01406

Yang, Z., Zhang, A., Duan, H., Zhang, S., Hao, P., Ye, K., et al. (2015). NT3-
chitosan elicits robust endogenous neurogenesis to enable functional recovery
after spinal cord injury. Proc. Natl. Acad. Sci. U.S.A. 112, 13354–13359. doi: 10.
1073/pnas.1510194112

Yao, A., Liu, F., Chen, K., Tang, L., Liu, L., Zhang, K., et al. (2014). Programmed
death 1 deficiency induces the polarization of macrophages/microglia to the M1
phenotype after spinal cord injury in mice. Neurotherapeutics 11, 636–650. doi:
10.1007/s13311-013-0254-x

Yin, W., Li, X., Zhao, Y., Tan, J., Wu, S., Cao, Y., et al. (2018). Taxol-modified
collagen scaffold implantation promotes functional recovery after long-distance
spinal cord complete transection in canines. Biomater. Sci. 6, 1099–1108.

Yin, W., Xue, W., Zhu, H., Shen, H., Xiao, Z., Wu, S., et al. (2021).
Scar tissue removal-activated endogenous neural stem cells aid Taxol-modified
collagen scaffolds in repairing chronic long-distance transected spinal cord injury.
Biomater. Sci. 9, 4778–4792. doi: 10.1039/d1bm00449b

Zhang, H., Chang, M., Hansen, C. N., Basso, D. M., and Noble-Haeusslein,
L. J. (2011). Role of matrix metalloproteinases and therapeutic benefits of their
inhibition in spinal cord injury. Neurotherapeutics 8, 206–220. doi: 10.1007/
s13311-011-0038-0

Zhu, S., Ying, Y., He, Y., Zhong, X., Ye, J., Huang, Z., et al. (2021). Hypoxia
response element-directed expression of bFGF in dental pulp stem cells improve
the hypoxic environment by targeting pericytes in SCI rats. Bioact. Mater. 6,
2452–2466. doi: 10.1016/j.bioactmat.2021.01.024

Zivkovic, S., Ayazi, M., Hammel, G., and Ren, Y. (2021). For better or for
worse: a look into neutrophils in traumatic spinal cord injury. Front. Cell Neurosci.
15:648076. doi: 10.3389/fncel.2021.648076

Frontiers in Cellular Neuroscience 17 frontiersin.org

https://doi.org/10.3389/fncel.2022.969002
https://doi.org/10.1016/j.biomaterials.2021.121279
https://doi.org/10.1016/j.biomaterials.2021.121279
https://doi.org/10.1038/nri2779
https://doi.org/10.1038/nri2779
https://doi.org/10.1007/s10571-021-01159-3
https://doi.org/10.14245/ns.2040408.204
https://doi.org/10.14245/ns.2040408.204
https://doi.org/10.1016/s0142-9612(03)00497-6
https://doi.org/10.1016/s0142-9612(03)00497-6
https://doi.org/10.1046/j.1471-4159.2001.00488.x
https://doi.org/10.1046/j.1471-4159.2001.00488.x
https://doi.org/10.1038/s41598-017-14280-5
https://doi.org/10.1007/s10517-020-04749-1
https://doi.org/10.1002/term.2450
https://doi.org/10.2147/IJN.S167142
https://doi.org/10.3389/fnins.2021.768262
https://doi.org/10.3389/fnins.2021.768262
https://doi.org/10.1002/advs.202105694
https://doi.org/10.1002/advs.202105694
https://doi.org/10.3389/fnmol.2019.00023
https://doi.org/10.3389/fnmol.2019.00023
https://doi.org/10.1016/j.expneurol.2004.01.029
https://doi.org/10.1016/j.expneurol.2004.01.029
https://doi.org/10.3389/fneur.2021.796704
https://doi.org/10.3389/fneur.2021.796704
https://doi.org/10.1080/08820139.2020.1801721
https://doi.org/10.1080/08820139.2020.1801721
https://doi.org/10.1016/j.biomaterials.2020.120479
https://doi.org/10.1016/j.biomaterials.2020.120479
https://doi.org/10.3389/fimmu.2021.771551
https://doi.org/10.1016/j.cellimm.2020.104262
https://doi.org/10.1016/j.cellimm.2020.104262
https://doi.org/10.1021/acs.nanolett.8b01406
https://doi.org/10.1073/pnas.1510194112
https://doi.org/10.1073/pnas.1510194112
https://doi.org/10.1007/s13311-013-0254-x
https://doi.org/10.1007/s13311-013-0254-x
https://doi.org/10.1039/d1bm00449b
https://doi.org/10.1007/s13311-011-0038-0
https://doi.org/10.1007/s13311-011-0038-0
https://doi.org/10.1016/j.bioactmat.2021.01.024
https://doi.org/10.3389/fncel.2021.648076
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/

	The immune microenvironment and tissue engineering strategies for spinal cord regeneration
	Introduction
	Spinal cord structure
	Clinical progress
	Stem cell treatment
	Tissue engineering strategy

	Model for spinal cord injury regeneration
	Contusion model
	Transverse damage model
	Compression damage model
	Ischemic injury model

	Pathological changes in the immune microenvironment in spinal cord injury
	Acute phase
	Severe bleeding and ischemic edema
	Excitatory toxicity and ion imbalance
	Inflammatory response

	Subacute stage
	Apoptosis and axonal demyelination
	Glial scar formation and axon growth inhibition factor

	Chronic phase

	Immune cells in the microenvironment of spinal cord injury
	Neutrophils
	Neutrophil activation and migration
	Infiltrating neutrophils induce tissue damage
	Potential regenerative effects of neutrophils
	Engineered neutrophils promote spinal cord regeneration

	Macrophages
	Recruitment and polarization of monocyte-derived macrophages
	Phagocytosis of monocyte-derived macrophages
	Biomaterials regulate macrophages and improve the immune microenvironment

	Microglia
	T lymphocytes

	Conclusion and perspectives
	Author contributions
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


