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1 | INTRODUCTION

Central nervous system (CNS) post-traumatic injury usually results in
irreversible impairment. It causes necrosis and apoptosis of neurons
and glia due to the initial injury, followed by an expansion of sec-
ondary degeneration caused by the apoptosis of initially undamaged
neurons.® There are two forms by which traumatic CNS injury may
occur; specifically, traumatic brain injury (TBI) or spinal cord injury
(SCI). TBI can lead to a significant increase in patient mortality and
poor long-term prognosis, leaving many survivors with long-term
disabilities.>® SCI triggers a robust neuroinflammatory response
and disrupts essential neuroimmune communication causing seri-

ous deficits in sensorimotor functions.”° The incidence rate of SCI

T cells participate in the repair process and immune response in the CNS post-
traumatic injury and play both a beneficial and harmful role. Together with nerve cells
and other immune cells, they form a microenvironment in the CNS post-traumatic
injury. The repair of traumatic CNS injury is a long-term process. T cells contribute to
the repair of the injury site to influence the recovery. Recently, with the advance of
new techniques, such as mass spectrometry-based flow cytometry, modern live-cell
imaging, etc, research focusing on T cells is becoming one of the valuable directions
for the future therapy of traumatic CNS injury. In this review, we summarized the
infiltration, contribution and regulation of T cells in post-traumatic injury, discussed

the clinical significance and predicted the future research direction.

varies from regions to countries and increases when human activi-
ties are increasingly greater.11 In recent years, some research on the
clinical treatment of CNS post-traumatic injury has benefited pa-

12,13

tients, such as the improvement of surgical methods, cell trans-

1415 herve segment transplantation® and so on. The idea

plantation,
of the CNS having immune privilege is controversial,"”*® but recent
research has found that, within the meninges, there is a functional
lymphatic system.'? In CNS post-traumatic injury, when an immune
response occurs, T-cell-mediated effects are also involved. T cells
appear in different kinds and flavors.?® In this review, we divided
them into CD4" and CD8" T cells according to their phenotype. CD4"
T cells are introduced into four subsets, including Th1, Th2, Treg and

Th17 cells. Both CD4* and CD8" T cells are able to migrate into the
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CNS, causing inflammation and neurodegeneration and playing dual

roles of damage and repair.>?%22 The role of T cells in the CNS post-
traumatic injury is of great interest to us.

Recently, flow cytometry analysis showed that both CD4* and
CD8" T cells could exist in the CNS. They were found in the naive
brain compartment, including meninges, choroid plexus and paren-
chyma.?® More than 75% of CD4" T cells were in the brain tissue
rather than the meninges.?* However, the distribution of different
types of T cells in different parts of the CNS after TBI or SCl is still
unknown. The immune functions of T cells are both pathogenic and
beneficial for the repair of the injured CNS.%> With advances in mul-
ticolour flow cytometric analysis,®> modern live-cell imaging?® and
other techniques, studies on animal models and humans have made
new discoveries about T cells.?’ Different subtypes of T cells have
different functions, which may play a harmful or beneficial role in
the repair of injury. To better understand them, we reviewed recent
scientific research. The contribution of T cells on the process of re-
pair and regeneration in the CNS post-traumatic injury is the focus
of this review. T cells might be targets to influence the recovery pro-
cess.?820 Clinical studies of T cells in the CNS post-traumatic injury

deserve further research in the future.

2 | INFILTRATION OF T CELLS IN THE CNS
POST-TRAUMATIC INJURY

How do T cells enter the central nervous system? It is reported that
there is a functional lymphatic system in CNS.Y Recent studies
have shown the existence of specialized meningeal lymphatic ves-
sels. They allow the cells and soluble components of cerebrospinal
fluid (CSF) access into the deep cervical lymph nodes instead of the

3132 \which is likely to be a pathway for the anti-

nerve injury's sites,
gen to enter the lymph nodes and activate T cells. However, whether
lymph nodes other than the deep cervical lymph nodes participate
in the formation of the lymphatic network of the CNS has not been
reported. In addition, vertebral column lymphatic network has also
been reported. It is connected to the lymph node and thoracic duct
to drain the epidural space and dura mater. Peripheral sensory and
sympathetic ganglia are also associated with it.>® The activation of
T cells may also be related to neuroregulation and the brain-gut axis,
which needs to be confirmed by further studies. The communication
network of the brain-gut axis includes the parasympathetic and sym-
pathetic branches of the autonomic nervous system, together with
the enteric nervous system.* In post-traumatic stress, the damage to
the brain-gut axis results in a disturbance of the intestinal flora as well
as a pro-inflammatory immune response.g’S'38 The transferred micro-
bial antigens might encounter dendritic cells, presenting antigens to
these lymphocytes and activating extra-intestinal lymph nodes.%’
Then, as the blood- brain barrier at the lesion site is destroyed, lym-
phocytes enter the parenchyma of the CNS (Figure 1A).40%!

In term of the dynamic process of T-cell infiltration, some studies
have explored the timing of T-cell infiltration to the injury site in the

CNS post-traumatic injury (Figure 1B). After TBl in rats, T-cell number

was significantly increased at 1 week. Then it was decreased. The
proportion of CD4" T cells decreased from the 1st week to the 4th
week, and the proportion of CD8* T cells was significantly reduced
in the 1st week and then increased till the 4th week in a repetitive
mild TBI rat model.*? After TBI in mice, T cells were found on days
3-5 post-trauma, whereas a reduced number of infiltrating T cells
were detected on day 7 post-trauma.*3*> After SCI, T-cell number
was highest on Days 3-7 post-trauma in rats but doubling on weeks
2-6 in mice.*® Another study also showed that T cells produce an
accumulation peak 1 week after SCI in rats.*’ In the discussion that
follows, we will elaborate on the contribution and regulation of dif-
ferent types of T cells in the CNS post-traumatic injury based on
findings in recent years (Figure 2, Table 1 and Table 2). We also iden-
tify future research directions at the same time.

3 | CD8" T CELLS IN THE CNS POST-
TRAUMATIC INJURY

3.1 | Characteristics of CD8" T cells

Naive CD8" T cells can proliferate and differentiate into a number
of effector and memory cell types under stimulation. Effector CD8*
T-cell-associated transcription factors include PRDM1, TBX21 and
EOMES, while memory CD8" T-cell-associated transcription factors
include LEF1, KLF2, FOXO1 and TCF7.*8 Effector cells kill pathologi-
cal cells and memory cells provide long-term protective immunity.*”"
51 cD8" T lymphocytes recognize antigens presented by MHC class
I molecules through their T-cell receptor (TCR).>? Activated CD8* T
cells secrete pro-inflammatory cytokines, which include interleukin-
2 (IL-2), tumour necrosis factor-a (TNF-a) and interferon-y (IFN-y).53
After TBI in mice, flow cytometric analysis shows a long-term in-
crease in effector/memory CD8" T cells, which can express gran-
zyme B and accumulate in the brain after TBI, inducing chronic
neurological impairment and myelin pathology.® After SCI in rats,
CD8" T cells were detected on the 1st day post-injury, and then in-
creased significantly and were markedly elevated on the 3rd, 7th and
14th day. Then the number of infiltrated CD8" T cells was signifi-
cantly reduced on the 21st and 28th day, and few could be found.**

3.2 | Contribution of CD8" T cells

The contribution of CD8" T cells in the CNS post-traumatic injury has
been reported in several studies. After TBI, infiltrating CD8" T cells
in lesions were in close proximity to IL-15-expressing astrocytes,
which subsequently release granzyme B; thus, activating caspase-3
and cleaving poly-ADP-ribose polymerase and, ultimately, inducing
neuronal apoptosis.®> CD8" T cells also produce TNF-a and IFN-y to
stimulate astrocytes to secrete inflammatory cytokines.>® After SCI,
CD8" T cells can produce perforin. Perforin destroys tight-junction
proteins in the blood-spinal cord barrier, allows infiltration of inflam-

matory cytokines and aggravates the injury.?
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FIGURE 1 The dynamicinfiltration of T cells in the CNS post-traumatic injury. A, Schematic diagram of the blood-brain barrier. After
trauma, T cells cross the blood-brain barrier and enter the CNS. B, The dynamic infiltration of T cells
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FIGURE 2 Different subtypes of T cells secrete different kinds
of cytokines. CD8" T cells mediate neuronal apoptosis. Th1 cells
and Th17 cells play pro-inflammatory roles, while Th2 cells and
Treg cells play anti-inflammatory roles. M1: classically activated
macrophages; M2: alternatively activated macrophages

Most of the contribution of CD8" T cells in the CNS post-
traumatic injury are negative. First, the accumulation of CD8" T

cells triggers chronic neurological and motor impairment and myelin

pathology after TBI.> Second, activated CD8* T cells cause long-
term neurological impairment after TBI. Pharmacological exhaustion
of CD8" T cells can improve neurological outcomes and produce a
neuroprotective Th2/Th17 immunological transition.?® Third, CD8*
T cells can aggravate the injury by producing perforin.2

3.3 | Regulation of CD8" T cells

How are the CD8" T cells regulated at the wound site? On the one
hand, the local cells, such as astrocytes, express IL-15 and promote
CD8" T cells to release granzyme B.5> On the other hand, possibly
because of their negative effects, the body has some way of inhibit-
ing them to reduce their adverse effects on damaged tissue. Acute
TBI and SCI activate the sympathetic nervous system, resulting in
a large-scale reorganization of the spinal sympathetic reflex circuit
and immune dysfunction, then further upregulation of the expres-
sion of programmed cell death-1, a classic sign of CD8'T cell failure,
thereby impairing their function and leading to immunosuppres-
sion.”%” Additionally, changes in levels of hormones, such as cortisol,
enhanced norepinephrine sensitivity after acute SCI, leading to the
decreased activation of CD8" T cells.”

So far, there are still many problems unsolved. For example,
whether all the CD8" T cells involved in CNS trauma are specific?
Which factors activate or recruit them after trauma? And how they
differ from other T cells in terms of gene expression? The explora-
tion of these questions will enable us to gain further insights into the
regulation of T cells. Considering the advantages together with the
disadvantages of CD8" T cells in the CNS post-traumatic injury, we
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Effects

CD8" T cells Mediate neuronal apoptosis

Trigger chronic neurological and motor
impairment and myelin pathology

Cause long-term neurological impairment

CD4" T cells Thl Produce more IFN-y
Cause white matter injury

Treg Inhibit overactive immune responses

Balance the peripheral immune environment and

improve functional outcomes

believe the future research direction is to regulate CD8" T cells at
different time periods post-trauma through specific cytokines or tar-

gets, to obtain the maximum benefits with the lowest toxic effects.

4 | CD4" T CELLS IN THE CNS POST-
TRAUMATIC INJURY

4.1 | Subsets of CD4" T cells

When activated, CD4" T cells will differentiate into distinct T-helper
(Th) cells. These subsets include Th1, Th2, Th17 and regulatory T
(Treg) cells.?8>? Although each subset functions differently, they are
allinvolved in the CNS post-traumatic injury. Here, each cell's unique

function and regulation are summarized.

4.2 | Thland Th2 subsets
4.2.1 | Characteristics of Th1l and Th2 cells

The characteristics of Th1 and Th2 cells have been extensively stud-
ied. Th1 and Th2 cells produce different cytokine groups and asso-
ciate closely with different immune responses as two CD4" T-cell
subsets.®° For the polarization of Thi cells, they need IL-12, T-bet and
the transcription factors STAT1 and STAT4.%! Cytokines related to
Th1 cells are IL-2, IFN-y and TNF-0.%%2 They help produce classically
activated macrophages (M1 phenotype) that have bactericidal activ-
ity and express a high level of inflammatory cytokines.®® For the po-
larization of Th2 cells, they need IL-4, GATA-3 and the transcription
factor STAT6.°* Th2 cells are able to express neurotrophic factors,
such as brain-derived neurotrophic factor, as well as neuroprotec-
tive cytokines, such as IL-4, IL-5, IL-10 and IL-13.4°Th2 cytokines help
produce alternatively activated macrophages (M2 phenotype), which

exhibit enhanced phagocytic and anti-inflammatory properties.®®

4.2.2 | Contribution of Thl and Th2 cells

Th cells respond to signals from the traumatic environment in the

CNS, and they are necessary for neurological recovery following

TABLE 1 The effects of T cells on TBI
Reference

55

5

28
66
68

81

CNS traumatic injury.21 Th cells can function on neurons, influenc-
ing focal axonal injury and demyelination.?! Considering the con-
tributions of Th cells, Thl cells have been investigated extensively.
By facilitating recruitment of resolving monocyte-derived mac-
rophages, Th1 cells are beneficial to the recovery following SCI.%%
After axonal injury in the CNS, Thl cells mediate neuroprotective
autoimmunity.®®

However, it is undeniable that the emergence and persistence of
Th1 cells is accompanied by some problems. The expression of Thi-
associated cytokines, especially soluble cytokine IFN-y, increases
in TBI and SCI.% The role of IFN-y here remains controversial be-
cause genetic models have shown either beneficial or detrimental
results.®’ Although there are neurotrophic factors, the continuous
expression of Thl cytokines as well as the increased activation of
M1 microglia or macrophages might lead to neuron damage and
demyelination.®® For example, the activation of microglia and the
infiltration of Th1 cells also cause white matter injury, character-
ized by diminished myelin basic protein and neurofilament NF200,
reduced thickness of the corpus callosum and the external capsule
and a decline in mature oligodendrocytes and oligodendrocyte pre-
cursor cells.®® Moreover, mice lacking Th1 cells have shown reduced
macrophage infiltration to the traumatic site, which further supports
that peripheral Th1 cells activate the epithelial blood-CSF barrier to
produce molecules essential for the trafficking of leukocytes at the
initial traumatic stage.®*

The role of Th2 cells is relatively positive. TBI demonstrated
obvious changes from a Thl to Th2 reaction.®’ The transition
from a Thl to Th2 response is dominated by anti-inflammatory
factors, which creates a local microenvironment, induces polar-
ization of microglia and macrophages and facilitate the protection
of neurons.”® The increase in the number of Th2 cells is condu-
cive to SCl repair, which may change the local microenvironment
from mainly Th1l and M1 cells to one dominated by M2, Th2 and
Treg cells.”! There is evidence that Th2 cells help support neu-
roplasticity.*® IL-4 and IL-10, as Th2-cell-related cytokines, can
promote the survival and regeneration of nerve cells. They also
improve the functional outcome of the CNS post-traumatic in-
jury.72 Th2 cells, in particular, are necessary for the induction of
axonal sprouting by NT-3, which is consistent with the view that
they play neuroprotective and regenerative roles in the nervous

system.40
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TABLE 2 The effects of T cells on SCI

Effects

CD8* T cells
spinal cord barrier

CD4+ T cells Thl

Peripheral Th1 cells activate the epithelial blood-cerebrospinal fluid barrier to produce

Produce perforin to aggravate secondary spinal cord injury through destroying the blood-

Lead to neuron damage and demyelination
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Reference

2

63

64

molecules essential for the trafficking of leukocytes

Th2 Support neuroplasticity

Th2-cell-related cytokine IL-10 promotes neuronal survival
Treg Their depletion can interfere with tissue remodelling in the subacute or chronic stages
Th17 Aggravate neuroinflammation following SCI

Inhibit locomotor function recovery

4.2.3 | Regulation of Th1 and Th2 cell

The regulation of these two cell subsets can be divided into three
parts: activation, infiltration and secretion of cytokines. First, polari-
zation can be regulated by macrophages and myeloid TLR4. The shift
to an immune response dominated by Th2 cells is caused by increas-
ing the number of M2 macrophages.”® The polarization of Th cells
after TBI mediated by activation of myeloid TLR4 established a link
between a long-term adaptive immune response and acute trauma
in a mouse cortical impact model.® Second, infiltration is associated
with microglial secretion of chemokines such as CXCL10. Microglia
secrete the pro-inflammatory chemokine CXCL10 in response to the
activation of STAT1 signalling. CXCL10 serves as the ligand and che-
moattractant for CXCR3"* Th1 cells, stimulating T-cell infiltration.®®
Third, the secretion of cytokines is influenced by interleukins. For
example, IL33 stimulates the production of Th2 cytokines. Then, the
cytokines stimulate innate type 2 immune cells and may be benefi-
cial to the recovery process in CNS injury.”>”# In addition, because
of Th17-cell recruitment, IL-7, which is mainly secreted by Th17 cells,
was rapidly and massively increased in SCI.3° Anti-IL-7Ra monoclo-
nal antibodies block the IL-7 signalling pathway and are beneficial to
the production of M2 macrophages. 73

Th1l and Th2 cells both play different roles in the CNS post-
traumatic injury, interact with each other and undergo dynamic
changes at different stages of recovery. Together with other immune
cells, especially macrophages, they regulate the microenvironment
of injury tissue. In addition, questions such as their temporal and
spatial changes at the traumatic CNS injury site, how they are acti-
vated or undergo apoptosis and their function pathway with neurons
and astrocytes need to be further studied.

4.3 | Treg cells in the CNS post-traumatic injury
4.3.1 | Characteristics of Treg cells
CD4" T cells are also able to differentiate into Treg cells, which can

suppress the function of other T-cell subsets. The development and

function of Treg cells are dependent on the transcription factor

40

72

30

92

Forkhead box P3 (Foxp3), and Treg cells usually produce high levels
of CD25.7%77 Therefore, they are thought to be a subset of CD4* T

5.8 Under certain circumstances,

cells that express Foxp3 and CD2
Treg cells are able to differentiate into natural Treg (nTreg) cells and
inducible Treg (iTreg) cells; nTreg cells are main cells to infiltrate
into the CNS parenchyma post-trauma.?* Treg cells not only secrete
anti-inflammatory cytokines such as IL-10 and TGF-p but also inhibit
the activity of various immune cells.”’ They also express the im-
mune checkpoint receptor latent activation gene-3(LAG-3) to inhibit
CX3CR1" macrophages producing IL-23 and IL-1p.2° After TBI, the
level of circulating Treg cells was increased compared to that in con-
trol group on the 1st day, decreased on the 4th day, increased on the
7th day, reached the peak on the 14th day and then decreased to the

normal level on the 21st day in a clinical study.”®

4.3.2 | Contribution of Treg cells

Treg cells work through acting on other T-cell types. They suppress
and, thus, manage effector T cells to inhibit overactive immune re-
sponses.?! Parenchymal Treg cells may react to the same chemokine
cues as Th1 cells through upregulation of CXCRS3, thereby contribut-
ing to the resolution of local Thl response.®*#2 Besides, Treg cells
are immune suppressors. If T cells fail to differentiate into Treg cells,
the secretion of cytokines will be uncontrolled after TBI.%3

Treg cells are thought to be potential targets for balancing the
immune environment and improving functional outcomes in diffuse
TBI. 8 It might be beneficial to control their reduction in the early
stages after SCI. However, in the subacute or chronic stages, their de-
pletion can cause problems by interfering with tissue remodeling.64

4.3.3 | Regulation of Treg cells

Treg cells, as a research hotspot for CNS repair after injury, main-
tain the stability of the body's internal environment after injury.
Monocytes and various cytokines have been reported to modulate
Treg cells. Infiltrating monocytes and macrophages were found to

recruit Treg cells to the injured parenchyma.®* However, one study
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showed that purified monocytes from injured brains reduced the

production of Treg cells in a mixed lymphocyte reaction in vitro.®
Neutralizing C-C motif chemokine ligand 28(CCL28) or CCR10 de-
creases the recruitment of Treg cells and delays the healing of lo-
comotor function in mice after SCI.84 Meanwhile, Sirtuin 4 inhibits
AMP-activated protein kinase signalling in Treg cells in vitro. It might
be a mechanism that inhibits the anti-neuroinflammatory activity of
Treg cells in traumatic SCl in mice.?! Moreover, IL-33 was reported
to increase the expression of the spleen Treg-cell marker Foxp3
24 hours after SCl in mice, indicating an expansion of Treg-cell pools.
However, subsequent flow cytometry did not show a higher number
of Treg cells.”® Additionally, the depletion of Treg cells can increase
T-cell infiltration and astrocyte proliferation in acute experimental
TBI.®

Although some studies have revealed the benefits of Treg cells
in CNS post-traumatic injury repair, it is still difficult to artificially

regulate them properly.

4.4 | Thi7 cells in CNS post-traumatic injury

441 | Characteristics of Th17 cells

In addition to the subsets mentioned above, Th17 cells have received
much attention recently. They are characterized by production of
inflammatory factor 1L-17.8¢ Th17 cells are defined with Thi-like
features due to their surface expression of the chemokine receptor
CXCR3.¥ Their differentiation requires IL-6 and TGF—ﬁ.88 They can
secrete IL-17, IL-22 and 1L-23.”7 Moreover, they participate in adap-
tive immunity and mediate the clearance of pathogens.89 The spatial
and temporal characteristics of Th17-cell infiltration post-trauma in
the CNS are unclear, which need to be explored in future studies.

4.4.2 | Contribution of Th17 cells

The role of Th17 cells remains controversial. At present, it is valu-
able to study the targeting of Th17 cells to various cells in the CNS
post-traumatic injury. There are some problems to be solved, such as
whether chronically elevated production of Th17 cells functionally
mediates delayed white matter loss after TBI. Thus, Th17 polariza-
tion may serve as a biomarker to prospectively identify patients at

risk of chronic white matter injury after TBI. 90

4.4.3 | Regulation of Th17 cells

Th17 cells are restricted by Treg cells and the Th17/Treg balance is
tightly controlled in vivo to restrict the detrimental effects of Th17
cells.”* Recent evidence shows the importance of the regulation
of Th17 cells in the CNS post-traumatic injury. Through regulating
Th17-cell recruitment and the level of IL-17A, CCL20 aggravates
neuroinflammation following SCI; thus, CCL20-targeted therapy

may become a hopeful clinical application in SCI.3° Additionally,
after SCI, the knockout of Mir-155 inhibits Th17-cell differentiation
and promotes locomotor function recovery.”? Using single-cell RNA-
seq, Jellert T. Gaublomme et al proposed that the pathogenicity of
Th17 cells might be manipulated by Gpré5, Plzp, Toso and Cd5l in
an autoimmune encephalomyelitis model.®? This method can also be
used to explore gene-level regulation of Th17 cells in traumatic CNS
injury.

5 | CLINICAL SIGNIFICANCE OF T CELLS
IN THE CNS POST-TRAUMATIC INJURY

5.1 | Correlation between T cells and clinical
outcome

Recent evidence showed that T cells are closely associated with
healing in patients with traumatic CNS injury. Reports indicate that
T-cell frequency in the blood of patients with brain trauma is lower
than that of control group early after the insult. Sixty-five percent
of patients with severe TBI showed T lymphopenia on admission,
and the reduction in T-cell number was associated with a worse
neurological outcome.”® Importantly, T-cell levels gradually normal-
ized during hospitalization.94 This finding suggests that there was a
positive correlation between the circulating Treg-cell level and the
clinical outcome of TBI. Therefore, T-cell levels may predict the pro-
gression for TBI patients and may be a target in the treatment of
TBI.78 These results reflect the close association between T cells and
the clinical prognosis of traumatic CNS injury. At present, it is worth
exploring whether the change in T-cell level over time is related to
the CNS trauma degree or the prognosis of patients.

5.2 | Intervention strategies targeting T cells

It is an important strategy to intervene or manipulate the process
in the secondary injury. T-cell regulation is one of the important
targets, as many experiments in animal models have pointed to the
potential clinical value of intervening with different types of T cells
in the CNS after trauma. Based on previous reports, different sub-
types of T cells are judged to be beneficial or detrimental to injury
recovery. A crucial question is how to regulate T cells to draw on the
advantages and avoid the disadvantages. The possible intervention
strategies are drug therapy, cell transplantation and regulation of the
gastrointestinal flora.

Pharmacological inhibition in CD8" T cells can promote recovery
in TBI mice, and offer a promising approach for patients with trauma
to reduce long-term disability.28 A competitive antagonist for MHC
Class ll-associated invariant peptide decreases peripheral splenic
lymphocytes and reduces neuroinflammation and neurodegenera-
tion after TBI in mice. 2% Although there is a lack of conclusive evi-
dence to prove that the treatment has a significant effect, patients

after SCI have already been given a large dose of glucocorticoids
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to reduce the immune response of the CNS.?> Pre-treatment with
pituitary adenylate cyclase-activating polypeptide probably can pro-
tect against TBI by affecting peripheral T-cell immune function.”® A
study using mice model indicated that 3-day consecutive Fingolimod
application was a new immunomodulatory therapy. On the 3rd day
after TBI, it could reduce the infiltration of T lymphocytes as well as
NK cells, increase the percentage of Treg cells and the concentra-
tion of IL-10. The use of Fingolimod regulates a variety of immune
inflammatory reactions and improve neurological deficit, making it a

possible way of treating secondary TBI.7®

Anaesthesia drugs, such as
propofol and dexmedetomidine, can induce an imbalance in Th1/Th2
cells during surgery of SCI patients and need to be used cautiously.97

Recently, there are some interesting reports showing the impor-
tance of the transplantation of T cells in immunomodulatory treat-
ment in post-traumatic CNS injury. First, a study showed that the
transference of Thil-conditioned cells but not Th2-conditioned cells
is beneficial to the functional recovery after SCl in IFN-y- and IL-10-
dependent manner in mice. IL-10 from Th1 cells is beneficial to func-
tional recovery after SCI.2>%8 Although IL-10 is mainly expressed by
Th2 cells and inhibits the differentiation of Th1l cells, evidence sug-
gests that some Th1 cells, such as IFN-y-producing Thet" Th1, can
also produce IL-10 under certain conditions.””*°* Th1-conditioned
lymphocytes’ adoptive transfer can promote axon remodelling after
SCI. In the injured spinal cord, there is little infiltration of adoptively
transferred Thl cells, indicating that Thl-conditioned cells did not
attack the CNS directly and, on the contrary, IL-10 expressed by
these cells promoted functional recovery.”® Second, the circulating
Treg-cell level may be a treatment target of traumatic CNS injury.”®
Research has already found that Treg cells derived from human
cord blood could regulate both the central and peripheral immune
responses after TBI in rodent models.!°? The interfering with the
CCL28-CCR10 axis may have a tremendous potential clinical signif-
icance in improving the recovery of SCI. CCL28 is upregulated after
SCI and its upregulation relies on NF-kB pathway. The spinal cord
recruits CCR10-expressing Treg cells through CCL28-CCR10 axis,
suppressing immune response and promoting recovery. 108

As for research on the regulation of the gastrointestinal flora for
T cells, it was interesting to find that the number of Treg cells can
be increased by VSL#3, a commercial medical-grade probiotic that
contains a large amount of lactic acid bacteria, after SCI.2%* Daily
prophylactic application of probiotics can reduce the Thl / Th2 im-
balance caused by severe TBI and reduce the hospital infection rate,
which is mainly due to late infection.'0® Although clinical trials for
this aspect are lacking, as the technology advances, these are still
important research directions and likely to enter the clinic in the

future.

6 | CONCLUSION AND FUTURE
DIRECTIONS

Currently, the infiltration, function and regulation of T cells in the

CNS post-traumatic injury have been partially revealed. With the

Proliferation
help of multicolour flow cytometric analysis and modern live-cell im-
aging, the discovery of the lymphatic system of the CNS is very im-
portant to the study of T cells in the CNS post-traumatic injury. It is
suspected that there might be a group of CNS tissue-specific T cells
that enter the CNS through the lymphatic system at a certain time
after trauma. Additionally, different types of T cells work together
with glial cells and neurons to regulate the microenvironment of the
damaged area and play a key role for a long period of time.

Currently, single-cell sequencing studies have been conducted
on T cells in CNS diseases, for example, Alzheimer's disease, and
some results have already been obtained. Researchers found clon-
ally amplified CD8" T cells in the CSF of an Alzheimer's patient.106 In
the future, their unique transcriptome could be discovered by single-
cell sequencing. Furthermore, to determine their fate more clearly
and explore their spatiotemporal specificity, use of spatial transcrip-
tomics is recommended.

In addition to the interventions mentioned above, we suspect

that nutritional support,107

rehabilitation exercise, psychological
intervention and other methods probably can regulate the T cells
and the immune system, which may improve patients’ prognosis
after CNS trauma injury. Considering the interaction between T cells
and stem cells, in one aspect, we can use stem cells to regulate T
cells. By regulating Th17/Treg-relevant gene expression, inhibiting
Th17-related gene expression and promoting Treg-related gene ex-
pression, peripheral blood mesenchymal stem cell transplantation-
related therapy will ultimately promote the functional recovery from
SCl in rats.1%8

Therefore, how to maintain the proper balance of T cells is a
substantial challenge for both the body itself and clinical treatment.
After traumatic CNS injury, a delicate balance is supposed to be
found by the intervention of the proportion and number of T cells
in different subgroups, which can even mediate endogenous repair.
This requires an in-depth understanding of T cells. For example, how
these T cells are activated after trauma? And how are the collabora-
tion and competition among these T-cell subsets and between them
and other cells in the CNS? Repairing traumatic CNS injury can be a
long-term process. Therefore, T cells are not only related to the re-
pair of the nerve injury site but also to the homeostasis of the body's
whole immune system. Although T-cell research has a bright future
in the treatment of post-traumatic injury in the CNS, there are still

many questions to be answered if patients will be truly benefited.

ACKNOWLEDGEMENTS
This study was supported by the National Natural Science
Foundation of China (No. 81972138 and No. 81572229).

CONFLICT OF INTEREST
No competing financial interests exist.

AUTHOR CONTRIBUTIONS

LWX and XY contributed equally to this work. LWX, XY, QYW and
BHX wrote the draft manuscript. LWX and LLW designed the fig-
ures and tables. The manuscript was polished by LWX, XY, JJZ, YYC



e

XU ET AL

Proliferation
and LLW. All co-authors (LWX, XY, QYW, BHX, JJZ, YYC and LLW)
contributed substantially to revision and improvement of the manu-

script. The authors read and approved the final manuscript.

DATA AVAILABILITY STATEMENT
The data used in this study are available from the corresponding au-

thor upon request.

ORCID

Lin-lin Wang

https://orcid.org/0000-0002-7720-3012

REFERENCES

1.

10.

11.

12.

13.

14.

15.

Gadani SP, Walsh JT, Smirnov |, Zheng J, Kipnis J. The glia-derived
alarmin IL-33 orchestrates the immune response and promotes re-
covery following CNS injury. Neuron. 2015;85(4):703-709.

Liu ZX, Zhang H, Xia H, et al. CD8 T cell-derived perforin aggra-
vates secondary spinal cord injury through destroying the blood-
spinal cord barrier. Biochem Bioph Res Co. 2019;512(2):367-372.
Braun M, Vaibhav K, Saad N, et al. Activation of myeloid TLR4
mediates T lymphocyte polarization after traumatic brain injury. J
Immunol. 2017;198(9):3615-3626.

Yu P, Li SJ, Zhang ZF, et al. Progesterone-mediated angiogenic ac-
tivity of endothelial progenitor cell and angiogenesis in traumatic
brain injury rats were antagonized by progesterone receptor an-
tagonist. Cell Proliferat. 2017;50(5):e12362.

Daglas M, Draxler DF, Ho H, et al. Activated CD8+ T cells cause
long-term neurological impairment after traumatic brain in-
jury in mice. Cell Rep. 2019;29(5):1178-1191.e6. https://doi.
org/10.1016/j.celrep.2019.09.046

Cui W, Wu X, Shi Y, et al. 20-HETE synthesis inhibition attenu-
ates traumatic brain injury-induced mitochondrial dysfunction and
neuronal apoptosis via the SIRT1/PGC-1alpha pathway: A transla-
tional study. Cell Prolif. 2021;54(2):e12964.

Wang WZ, Li J, Zhang ZD, et al. Genome-wide analysis of acute
traumatic spinal cord injury-related RNA expression profiles
and uncovering of a regulatory axis in spinal fibrotic scars. Cell
Proliferat. 2021;54(1):e12951.

Alizadeh A, Santhosh KT, Kataria H, Gounni AS, Karimi-
Abdolrezaee S. Neuregulin-1 elicits a regulatory immune re-
sponse following traumatic spinal cord injury. J Neuroinflammation.
2018;15(1):53.

Norden DM, Bethea JR, Jiang J. Impaired CD8 T cell antiviral im-
munity following acute spinal cord injury. J Neuroinflammation.
2018;15(1):149.

Gerald MJ, Bracchi-Ricard V, Ricard J, et al. Continuous infusion
of an agonist of the tumor necrosis factor receptor 2 in the spi-
nal cord improves recovery after traumatic contusive injury. CNS
Neurosci Ther. 2019;25(8):884-893.

YiKang HD, Zhou H, Wei Z, et al. Epidemiology of worldwide spinal
cord injury: a literature review. J Neurorestoratology. 2018;6(1):1-9.
Jiaxin Xie YU, Feng NC, Cao Ning, et al. Early intradural microsur-
gery improves neurological recovery of acute spinal cord injury: a
study of 87 cases. J Neurorestoratology. 2018;6(1):152-157.

Huang H, Chen L, Mao G, et al. The 2019 vyearbook of
Neurorestoratology. J Neurorestoratology. 2020;8(1):1-11.

Chen H, Xie C, Li Cet al. Application of olfactory ensheathing cells
in clinical treatment of spinal cord injury: meta-analysis and pros-
pect. J Neurorestoratology. 2019;7(2):70-81.

Changke Ma PZ, Shen Y. Progress in research into spinal cord in-
jury repair: tissue engineering scaffolds and cell transdifferentia-
tion. J Neurorestoratology. 2019;7(4):196-206.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Wenbin Ding SZ, Dajiang WU, Zhang Y, Ye H. Hand function re-
construction in patients with chronic incomplete lower cervical
spinal cord injury by nerve segment insert grafting: a preliminary
clinical report. J Neurorestoratology. 2019;7(3):129-135.
Engelhardt B, Vajkoczy P, Weller RO. The movers and shapers in
immune privilege of the CNS. Nat Immunol. 2017;18(2):123-131.
Andres KH, Vonduring M, Muszynski K, Schmidt RF. Nerve-fibers
and their terminals of the dura-mater-encephali of the rat. Anat
Embryol. 1987;175(3):289-301.

Louveau A, Smirnov |, Keyes TJ, et al. Structural and functional
features of central nervous system lymphatic vessels. Nature.
2015;523(7560):337-341.

Mousset CM, Hobo W, Woestenenk R, Preijers F, Dolstra H, van
der Waart AB. Comprehensive phenotyping of T Cells using flow
cytometry. Cytom Part A. 2019;95a(6):647-654.

Lin W, Chen W, Liu W, Xu Z, Zhang L. Sirtuin4 suppresses
the anti-neuroinflammatory activity of infiltrating regulatory
T cells in the traumatically injured spinal cord. Immunology.
2019;158(4):362-374.

Ling C, Sandor M, Suresh M, Fabry Z. Traumatic injury and the
presence of antigen differentially contribute to T-cell recruitment
in the CNS. J Neurosci. 2006;26(3):731-741.

Korin B, Ben-Shaanan TL, Schiller M, et al. High-dimensional,
single-cell characterization of the brain's immune compartment.
Nat Neurosci. 2017;20(9):1300-1309.

Pasciuto E, Burton OT, Roca CP, et al. Microglia require CD4
T cells to complete the fetal-to-adult transition. Cell. 2020;182(3):
625-640 e24.

Ishii H, Tanabe S, Ueno M, et al. ifn-gamma-dependent secretion of
IL-10 from Th1 cells and microglia/macrophages contributes to func-
tional recovery after spinal cord injury. Cell Death Dis. 2013;4:e710.
Coisne C, Lyck R, Engelhardt B. Live cell imaging techniques to
study T cell trafficking across the blood-brain barrier in vitro and
in vivo. Fluids Barriers CNS. 2013;10(1):7.

Smolders J, Remmerswaal EB, Schuurman KG, et al. Characteristics
of differentiated CD8(+) and CD4 (+) T cells present in the human
brain. Acta Neuropathol. 2013;126(4):525-535.

Daglas M, Draxler DF, Ho H, et al. Activated CD8(+) T Cells cause
long-term neurological impairment after traumatic brain injury in
mice. Cell Rep. 2019;29(5):1178-1191.

Tobin RP, Mukherjee S, Kain JM, et al. Traumatic brain injury
causes selective, CD74-dependent peripheral lymphocyte activa-
tion that exacerbates neurodegeneration. Acta Neuropathol Com.
2014;2:143.

Hu J, Yang Z, Li X, Lu H. C-C motif chemokine ligand 20 regulates
neuroinflammation following spinal cord injury via Th17 cell re-
cruitment. J Neuroinflammation. 2016;13(1):162.

Walsh JT, Zheng J, Smirnov |, Lorenz U, Tung K, Kipnis J. Regulatory
T cells in central nervous system injury: a double-edged sword. J
Immunol. 2014;193(10):5013-5022.

Louveau A, Smirnov |, Keyes TJ, et al. Structural and functional
features of central nervous system lymphatic vessels. Nature.
2015;523(7560):337-341.

Jacob L, Boisserand LSB, Geraldo LHM, et al. Anatomy and func-
tion of the vertebral column lymphatic network in mice. Nat
Commun. 2019;10(1):4594.

Foster JA, Rinaman L, Cryan JF. Stress & the gut-brain axis:
Regulation by the microbiome. Neurobiol Stress. 2017;7:124-136.
Sun J, Wang F, Ling Z, et al. Clostridium butyricum attenuates ce-
rebral ischemia/reperfusion injury in diabetic mice via modulation
of gut microbiota. Brain Res. 2016;1642:180-188.

Leclercq S, Mian FM, Stanisz AM, et al. Low-dose penicillin in early
life induces long-term changes in murine gut microbiota, brain cy-
tokines and behavior. Nat Commun. 2017;8:15062.


https://orcid.org/0000-0002-7720-3012
https://orcid.org/0000-0002-7720-3012
https://doi.org/10.1016/j.celrep.2019.09.046
https://doi.org/10.1016/j.celrep.2019.09.046

XU ET AL

FCiali™s

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Lanxia Meng XY, Cao X, Zhang Z. The gut-brain axis in the
pathogenesis of Parkinson’s disease. Brain Science Advances.
2019;5(2):73-81.

Soldi S, Tagliacarne SC, Valsecchi C, et al. Effect of a multistrain
probiotic (Lactoflorene((R)) Plus) on inflammatory parameters and
microbiota composition in subjects with stress-related symptoms.
Neurobiol Stress. 2019;10:100138.

Logsdon AF, Erickson MA, Rhea EM, Salameh TS, Banks WA. Gut
reactions: how the blood-brain barrier connects the microbiome
and the brain. Exp Biol Med (Maywood). 2018;243(2):159-165.
Chen Q, Shine HD. Neuroimmune processes associated with
Wallerian degeneration support neurotrophin-3-induced ax-
onal sprouting in the injured spinal cord. J Neurosci Res.
2013;91(10):1280-1291.

Wau B, Matic D, Djogo N, Szpotowicz E, Schachner M, Jakovcevskil.
Improved regeneration after spinal cord injury in mice lacking func-
tional T- and B-lymphocytes. Exp Neurol. 2012;237(2):274-285.
Bai R, Gao H, Han Z, et al. Long-term kinetics of immunologic com-
ponents and neurological deficits in rats following repetitive mild
traumatic brain injury. Med Sci Monit. 2017;23:1707-1718.

Jin X, Ishii H, Bai Z, Itokazu T, Yamashita T. Temporal changes
in cell marker expression and cellular infiltration in a controlled
cortical impact model in adult male C57BL/6 mice. PLoS ONE.
2012;7(7):e41892.

Timaru-Kast R, Luh C, Gotthardt P, et al. Influence of age on brain
edema formation, secondary brain damage and inflammatory re-
sponse after brain trauma in mice. PLoS ONE. 2012;7(8):e43829.
Clausen F, Hanell A, Bjork M, et al. Neutralization of interleukin-
1beta modifies the inflammatory response and improves histologi-
cal and cognitive outcome following traumatic brain injury in mice.
Eur J Neurosci. 2009;30(3):385-396.

Sroga JM, Jones TB, Kigerl KA, McGaughy VM, Popovich PG. Rats
and mice exhibit distinct inflammatory reactions after spinal cord
injury. J Comp Neurol. 2003;462(2):223-240.

Popovich PG, Wei P, Stokes BT. Cellular inflammatory response
after spinal cord injury in Sprague-Dawley and Lewis rats. J Comp
Neurol. 1997;377(3):443-464.

Henning AN, Roychoudhuri R, Restifo NP. Epigenetic control of
CD8(+) T cell differentiation. Nat RevImmunol. 2018;18(5):340-356.
Ahn E, Araki K, Hashimoto M, et al. Role of PD-1 during ef-
fector CD8 T cell differentiation. Proc Natl Acad Sci USA.
2018;115(18):4749-4754.

Akondy RS, Fitch M, Edupuganti S, et al. Origin and differen-
tiation of human memory CD8 T cells after vaccination. Nature.
2017;552(7685):362-367.

Youngblood B, Hale JS, Kissick HT, et al. Effector CD8 T
cells dedifferentiate into long-lived memory cells. Nature.
2017;552(7685):404-409.

Townsend AR, Rothbard J, Gotch FM, Bahadur G, Wraith D,
McMichael AJ. The epitopes of influenza nucleoprotein recog-
nized by cytotoxic T lymphocytes can be defined with short syn-
thetic peptides. 1986. J Immunol. 2006;176(9):5141-5150.

Mars LT, Saikali P, Liblau RS, Arbour N. Contribution of CD8 T lym-
phocytes to the immuno-pathogenesis of multiple sclerosis and its
animal models. Biochim Biophys Acta. 2011;1812(2):151-161.

Wu Y, Lin YH, Shi LL, et al. Temporal kinetics of CD8(+) CD28(+)
and CD8(+) CD28(-) T lymphocytes in the injured rat spinal cord. J
Neurosci Res. 2017;95(8):1666-1676.

Wu L, Ji NN, Wang H, et al. Domino effect of IL-15 and CD8 T
cell-mediated neuronal apoptosis in experimental traumatic brain
injury. J Neurotrauma. 2018;38(10):1450-1463.

Henriquez JE, Bach AP, Matos-Fernandez KM, Crawford RB,
Kaminski NE. Delta(9)-tetrahydrocannabinol (THC) impairs
CD8(+) T cell-mediated activation of astrocytes. J Neuroimmune
Pharmacol. 2020;15(4):863-874.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Proliferation

Yang Y, Ye Y, Chen C, et al. Acute traumatic brain injury induces
CD4+ and CD8+ T cell functional impairment by upregulating the
expression of PD-1 via the activated sympathetic nervous system.
NeurolmmunoModulation. 2019;26(1):43-57.

Roy S, Awasthi A. Emerging roles of noncoding RNAs in T cell
differentiation and functions in autoimmune diseases. Int Rev
Immunol. 2019;38(5):232-245.

Zhu J. T Helper cell differentiation, heterogeneity, and plasticity.
Cold Spring Harb Perspect Biol. 2018;10(10):a030338.

BasuS, AballaTC, Ferrell SM, Lynne CM, Brackett NL. Inflammatory
cytokine concentrations are elevated in seminal plasma of men
with spinal cord injuries. J Androl. 2004;25(2):250-254.

Dittel BN. CD4 T cells: Balancing the coming and going of
autoimmune-mediated inflammation in the CNS. Brain Behav
Immun. 2008;22(4):421-430.

Wei H, Tan K, Sun R, Yin L, Zhang J, Pu Y. Aberrant production of
Th1/Th2/Th17-related cytokines in serum of C57BL/6 mice after
short-term formaldehyde exposure. Int J Environ Res Public Health.
2014;11(10):10036-10050.

Hirai T, Uchida K, Nakajima H, et al. The Prevalence and pheno-
type of activated microglia/macrophages within the spinal cord of
the hyperostotic mouse (twy/twy) changes in response to chronic
progressive spinal cord compression: implications for human cer-
vical compressive myelopathy. PLoS ONE. 2013;8(5):e64528.
Raposo C, Graubardt N, Cohen M, et al. CNS repair requires both
effector and regulatory T Cells with distinct temporal and spatial
profiles. J Neurosci. 2014;34(31):10141-10155.

Kipnis J, Mizrahi T, Yoles E, Ben-Nun A, Schwartz M. Myelin spe-
cific Thl cells are necessary for post-traumatic protective autoim-
munity. J Neuroimmunol. 2002;130(1-2):78-85.

XuY, LiY, Zhang Z, et al. [Expressions and implications of Th1/Th2
cytokines in injured rat brain and spinal cord]. Xi Bao Yu Fen Zi Mian
Yi Xue Za Zhi. 29(9) (2013) 919-922, 926.

Roselli F, Chandrasekar A, Morganti-Kossmann MC. Interferons in
traumatic brain and spinal cord injury: current evidence for trans-
lational application. Front Neurol. 2018;9:458.

Sen T, Saha P, Gupta R, et al. Aberrant ER stress induced neuronal-
IFN beta elicits white matter injury due to microglial activation and
T-cell infiltration after TBI. J Neurosci. 2020;40(2):424-446.

Tan M, Zhu JC, Du J, Zhang LM, Yin HH. Effects of probiotics on
serum levels of Th1/Th2 cytokine and clinical outcomes in severe
traumatic brain-injured patients: a prospective randomized pilot
study. Crit Care. 2011;15(6):R290.

Ma SF, Chen YJ, Zhang JX, et al. Adoptive transfer of M2 macro-
phages promotes locomotor recovery in adult rats after spinal cord
injury. Brain Behav Immun. 2015;45:157-170.

Hu JG, Shi LL, Chen YJ, et al. Differential effects of myelin basic
protein-activated Th1 and Th2 cells on the local immune microen-
vironment of injured spinal cord. Exp Neurol. 2016;277:190-201.
Dooley D, Lemmens E, Ponsaerts P, Hendrix S. Interleukin-25
is detrimental for recovery after spinal cord injury in mice. J
Neuroinflamm. 2016;13(1):101.

Pomeshchik Y, Kidin |, Korhonen P, et al. Interleukin-33 treatment
reduces secondary injury and improves functional recovery after
contusion spinal cord injury. Brain Behav Immun. 2015;44:68-81.
Korhonen P, Pollari E, Kanninen KM, et al. Long-term interleu-
kin-33 treatment delays disease onset and alleviates astrocytic
activation in a transgenic mouse model of amyotrophic lateral
sclerosis. IBRO Rep. 2019;6:74-86.

Bao C, Wang B, Yang F, Chen L. Blockade of interleukin-7 receptor
shapes macrophage alternative activation and promotes functional
recovery after spinal cord injury. Neuroscience. 2018;371:518-527.
Hori S, Nomura T, Sakaguchi S. Control of regulatory T cell
development by the transcription factor Foxp3. Science.
2003;299(5609):1057-1061.




77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

et

XU ET AL

Proliferation
Fontenot JD, Gavin MA, Rudensky AY. Foxp3 programs the de-
velopment and function of CD4+CD25+ regulatory T cells. Nat
Immunol. 2003;4(4):330-336.
Li M, Lin YP, Chen JL, Li H, Jiang RC, Zhang JN. Role of regulatory
T cellin clinical outcome of traumatic brain injury. Chin Med J (Engl).
2015;128(8):1072-1078.
Lee GR. The Balance of Th17 versus treg cells in autoimmunity. Int
J Mol Sci. 2018;19(3):730.
Bauche D, Joyce-Shaikh B, Jain R, et al. LAG3+ regulatory T
cells restrain interleukin-23-producing CX3CR1+ gut-resident
macrophages during group 3 innate lymphoid cell-driven colitis.
Immunity. 2018;49(2):342-352.e5.
Kramer TJ, Hack N, Bruhl TJ, et al. Depletion of regulatory T
cells increases T cell brain infiltration, reactive astrogliosis, and
interferon-gamma gene expression in acute experimental trau-
matic brain injury. J Neuroinflammation. 2019;16(1):163.
Muller M, Carter SL, Hofer MJ, et al. CXCR3 signaling reduces
the severity of experimental autoimmune encephalomyeli-
tis by controlling the parenchymal distribution of effector and
regulatory T cells in the central nervous system. J Immunol.
2007;179(5):2774-2786.
Rowe RK, Ellis Gl, Harrison JL, et al. Diffuse traumatic brain in-
jury induces prolonged immune dysregulation and potentiates
hyperalgesia following a peripheral immune challenge. Mol Pain.
2016;12:174480691664705.
Wang P, Qi X, Xu G, et al. CCL28 promotes locomotor recovery
after spinal cord injury via recruiting regulatory T cells. Aging
(Albany NY). 2019;11(18):7402-7415.
Kramer TJ, Hack N, Bruhl TJ, et al. Depletion of regulatory T
cells increases T cell brain infiltration, reactive astrogliosis, and
interferon-gamma gene expression in acute experimental trau-
matic brain injury. J Neuroinflamm. 2019;16(1):163.
Harrington LE, Hatton RD, Mangan PR, et al. Interleukin
17-producing CD4+ effector T cells develop via a lineage dis-
tinct from the T helper type 1 and 2 lineages. Nat Immunol.
2005;6(11):1123-1132.
van Langelaar J, van der Vuurst RM, de Vries M, et al. T helper 17.1
cells associate with multiple sclerosis disease activity: perspec-
tives for early intervention. Brain. 2018;141(5):1334-1349.
lvanov Il, McKenzie BS, Zhou L, et al. The orphan nuclear receptor
ROR gamma t directs the differentiation program of proinflamma-
tory IL-17(+) T helper cells. Cell. 2006;126(6):1121-1133.
Gaublomme JT, Yosef N, Lee Y, et al. Single-cell genom-
ics unveils critical regulators of Th17 cell pathogenicity. Cell.
2015;163(6):1400-1412.
Braun M, Vaibhav K, Hoda MN, Baban B, Dhandapani K. Activation
of myeloid TIr4 mediates T lymphocyte polarization after trau-
matic brain injury. J Neurotraum. 2017;34(13):A127.
Xu T, Stewart KM, Wang X, et al. Metabolic control of TH17 and
induced Treg cell balance by an epigenetic mechanism. Nature.
2017;548(7666):228-233.
Yi J, Wang D, Niu X, Hu J, Zhou Y, Li Z. MicroRNA-155 deficiency
suppresses Th17 cell differentiation and improveslocomotor recov-
ery after spinal cord injury. Scand J Immunol. 2015;81(5):284-290.
Mazzeo AT, Kunene NK, Gilman CB, Hamm RJ, Hafez N, Bullock
MR. Severe human traumatic brain injury, but not cyclosporin a
treatment, depresses activated T lymphocytes early after injury.
J Neurotrauma. 2006;23(6):962-975.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Smrcka M, Mrlian A, Klabusay M. Immune system sta-
tus in the patients after severe brain injury. Bratisl Lek Listy.
2005;106(3):144-146.

Hua R, Mao SS, Zhang YM, Chen FX, Zhou ZH, Liu JQ. Effects
of pituitary adenylate cyclase activating polypeptide on CD4(+)/
CD8(+) T cell levels after traumatic brain injury in a rat model.
World J Emerg Med. 2012;3(4):294-298.

Gao C, Qian Y, Huang JH, et al. A Three-day consecutive fingo-
limod administration improves neurological functions and mod-
ulates multiple immune responses of CCl mice. Mol Neurobiol.
2017;54(10):8348-8360.

He FY, Feng WZ, Zhong J, Xu W, Shao HY, Zhang YR. Effects of
propofol and dexmedetomidine anesthesia on Th1/Th2 of rat spi-
nal cord injury. Eur Rev Med Pharmacol Sci. 2017;21(6):1355-1361.
Ishii H, Jin X, Ueno M, et al. Adoptive transfer of Thl-conditioned
lymphocytes promotes axonal remodeling and functional recovery
after spinal cord injury. Cell Death Dis. 2012;3(8):e363.

Fang D, Zhu J. Molecular switches for regulating the differenti-
ation of inflammatory and IL-10-producing anti-inflammatory T-
helper cells. Cell Mol Life Sci. 2020;77(2):289-303.

Kumar R, Ng S, Engwerda C. The Role of IL-10 in Malaria: A Double
Edged Sword. Front Immunol. 2019;10:229.

Saraiva M, O'Garra A. The regulation of IL-10 production by im-
mune cells. Nat Rev Immunol. 2010;10(3):170-181.

Caplan HW, Prabhakara KS, Kumar A, et al. Human cord blood-
derived regulatory T-cell therapy modulates the central and pe-
ripheral immune response after traumatic brain injury. Stem Cells
Transl Med. 2020;9:12706.

Wang PF, Qi XB, Xu GH, et al. CCL28 promotes locomotor re-
covery after spinal cord injury via recruiting regulatory T cells.
Aging-Us. 2019;11(18):7402-7415.

Kigerl KA, Hall JC, Wang L, Mo X, Yu Z, Popovich PG. Gut dys-
biosis impairs recovery after spinal cord injury. J Exp Med.
2016;213(12):2603-2620.

Tan M, Zhu JC, Du J, Zhang LM, Yin HH. Effects of probiotics on
serum levels of Th1/Th2 cytokine and clinical outcomes in severe
traumatic brain-injured patients: a prospective randomized pilot
study. Crit Care. 2011;15(6):R290.

Gate D, Saligrama N, Leventhal O, et al. Clonally expanded CD8 T
cells patrol the cerebrospinal fluid in Alzheimer's disease. Nature.
2020;577(7790):399-404.

Jia K, Tong X, Liang F. Effects of sequential nutritional support on
nutritional status and expression of regulatory T lymphocyte in pa-
tients with early severe traumatic brain injury. Neuropsychiatr Dis
Treat. 2018;14:1561-1567.

Fu Q, LiuY, Liu X, et al. Engrafted peripheral blood-derived mesen-
chymal stem cells promote locomotive recovery in adult rats after
spinal cord injury. Am J Transl Res. 2017;9(9):3950-3966.

How to cite this article: Xu L, Ye X, Wang Q, et al. T-cell
infiltration, contribution and regulation in the central nervous
system post-traumatic injury. Cell Prolif. 2021;54:e13092.
https://doi.org/10.1111/cpr.13092



https://doi.org/10.1111/cpr.13092

