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Introduction

Traumatic brain injury  (TBI) is a global burden,[1] which 
caused about one‑third of injury deaths.[2] It is reported that 
head injury occurs above 1/1000 in China which was caused 
by increasing traffic accidents.[3] Ziegler et al.[4] stressed that 
about 1.7 million people suffer from TBI annually in the 
United States in which about 275,000 are hospitalized and 
52,000 die. The central nervous system (CNS), especially 
the encephalon, is isolated from the immune system by the 
blood–brain barrier (BBB),[5] which provides functional and 
structural support for the brain. BBB disruption is a common 
pathogenic feature in many types of brain damage, for 
example, trauma and surgical brain injury (SBI). Brain edema 
is a characteristic pathophysiological condition caused by 

BBB disruption which leads to an excessive increase of brain 
water content and inflammatory damage. The reasons of 
these damages are immune cell infiltration and hemorrhage 
caused by the destruction of the microvascular structure.[6]

Investigations involving the CNS and the immune system 
led to the belief that brain is an immunologically privileged 
organ.[5,7] Brain injury can attract immune cells, cytokines, 
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chemokines, and other inflammatory mediators to the injury 
sites. Inflammatory‑related mediators can induce neural 
excitotoxicity, oxidative stress, mitochondrial dysfunction, 
and increased possibility of secondary inflammation.[8,9] 
After TBI destroys the BBB, antigens of the brain tissue are 
released into systemic circulation. Therefore, the severity of 
BBB destruction can be accurately indicated by detecting 
the concentrations of S‑100 antibody.[10,11] In the process of 
CNS injury and repair, the immune response was involved 
without exception. The current research focuses on reducing 
or enhancing immune responses against brain diseases based 
on clinical needs. And, the treatment of TBI is focused on 
reducing the immune response. There are many ways to 
attenuate the effects of traumatic brain injuries, for example, 
nonspecific diuretics, anti‑inflammatory agents, mild 
hypothermia therapy, and immunosuppressive agents.[12‑14] 
Although these treatments have advantages for neural 
protection, they are likely to cause infection and tumors.[12] 
Therefore, we need to explore new ways to treat brain injury.

Immunological Characteristics

Thymus has been regarded as an intrinsic component 
of the endocrine system for a long time; however, the 
cell‑to‑cell signaling endocrine model cannot be fully 
elucidated in this organ.[15] Thymus is still believed to 
be regulated by a mechanism of humoral; however, the 
function of T‑lymphopoiesis was discovered by more and 
more researches and the endocrine function of the thymus 
progressively reduced from the literature. A great number 
of studies indicate that thymus is a crucial area for linking 
the neuroendocrine and immune systems, especially during 
fetal development.[16] Thymus is the primary lymphoid 
organ and produce immunocompetent and self‑tolerant 
T‑lymphocytes in the development of immune system. The 
thymic parenchyma is the site of export of a diverse protein 
precursors belonging to different neuroendocrine families. 
Those thymic protein precursors can provide accessory 
signals during the development of T‑lymphocyte; moreover, 
thymic protein precursors are served as the self‑antigens 
of neuroendocrine which are presented to differentiating 
T‑lymphocyte.[17] Therefore, the interaction between 
neuroendocrine and immune system is not only the basis for 
regulating the homeostasis of human body, but also the key 
condition to ensure the normal development of other species.

To maintain the homeostasis of immune system, the immune 
system must possess the ability to recognize and tolerate 
the neuroendocrine self‑proteins before being able to react 
against infectious non‑self‑antigens. Immune tolerance is 
only educated in thymus. Thymus dysfunction in producing 
neuroendocrine‑related antigens in the development of 
tolerance will lead to autoimmune response directed to 
neuroendocrine glands. Regulatory T cells (Tregs) can 
decrease the immune response of peripheral tissues to T 
cells. The dysfunction of thymus could break off the immune 
homeostasis by proliferating numerous self-reactive T cells and 
decreasing the number of self-antigen-specific natural Tregs. 

It is reported that a numerous neuroendocrine self‑antigens 
are expressed by the thymic epithelium which is controlled by 
the autoimmune regulator (AIRE) gene/protein.[18] According 
to a review, numerous gens are expressed in the thymus, 
including circulatory, central nervous, digestive, and eyes.[19] 
Myelin basic protein  (MBP) is the second most abundant 
protein after proteolipid protein  (PLP) in CNS. Although 
many studies reported that MBP was in RNA level,[20,21] 
according to Boggs, the protein of MBP is not expressed 
in the thymus.[22] The MBP exists in “immunological 
privileged site” normally.[23] However, when BBB is broken, 
the autoantigens would leak into peripheral circulation and 
activate T lymphocytes.[24,25] Besides, the resident immune 
cells, for example, microglia, could induce autoimmune 
reaction by presenting autoantigen to T lymphocytes.[26] 
Therefore, the antibrain antibodies (ABAbs) in serum may be 
increased after TBI.[27] Inducing immune tolerance to MBP 
can reduce the occurrence of secondary inflammation and 
provide neuroprotection after brain injury.[28,29]

Recent studies have shown that the brain has an adaptive 
immune surveillance characteristic, and there is a classical 
lymphatic drainage system with specific loci, most of which 
enter the nasal lymphatic system through the sieve plate, and 
the normal function of the brain microglia is set to be immune 
tolerant.[30‑34] The self‑tolerance protection mechanism of 
brain tissue can prevent more abnormal brain function due 
to inflammatory damage, thereby maintaining the stability 
of brain function.[35] The CNS is extremely sensitive to 
inflammation and has poor regenerative capacity; thus, 
limiting the immune privilege of damage is particularly 
important.[36] The thymus is just like a “school” that educates 
naïve T cells to tolerate self‑antigens and produces different 
self‑tolerant T cell receptors. In other words, T cell repertoire 
recognizes adventive antigens and is tolerant to self‑antigen 
which is generated early in life in the primary organ for T cell 
development.[37,38] Thymus is just like a bridge that connects 
the immune system and the neuroendocrine system. Only 
1–2% of T cell progenitors will develop into self‑tolerant and 
will mature after the cells left thymus. In spite of most of the 
T cell progenitors are cleaned, the mature T cells can defy the 
non‑self‑antigens that appeared in the periphery. Therefore, 
this immune tolerance mediated by thymus is extremely 
powerful.[39‑41] In healthy thymus, self‑antigens expressed 
on the surface of thymic epithelial cells (TECs) determine 
whether immature thymocytes survive or die. The thymus is 
composed of two morphologically and functionally different 
compartments: the cortex and the medulla; they nurture two 
distinct kind of TECs, namely, the cortical TECs and the 
medullary TECs.[42‑44] Thymic nurse cells (TNCs) are large 
ECs and contain a large number of internalized thymocytes 
that are engulfed within caveoles delineated by TNC plasma 
membrane.[45,46] It is reported that TNCs express Class I and 
II major histocompatibility complex  (MHC) that means 
TNCs play an important role in T cell development and 
MHC restriction.[47] TNCs also express the neuroendocrine 
self‑antigens and the AIRE, for example, oxytocin and 
insulin‑like growth factor‑2.[48] Therefore, TNCs not only 
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have an important role in thymocyte development but also 
demonstrate their importance to T cell tolerance. Although 
mature T cells come from the thymus where positive 
selection and negative selection occurred,[49] a part of T 
cells also react to self‑antigens and lead to autoimmunity 
diseases. This implies that peripheral immune tolerance 
mechanisms are most important for controlling mature T 
cells escaped to the periphery and react to self‑antigens. 
To control these self‑reactive T cells, several peripheral 
mechanisms have reported to limit autoimmunity, namely, 
clone anergy, peripheral deletion, and Tregs.[50,51] According 
to the research, Tregs are supposed to participate in the 
inactivation of autoreactive cells and are the cornerstone 
component for maintaining peripheral self‑tolerance.[52]

Brain Injury and Immune Tolerance

Autoimmune diseases have always been the focus 
of immune tolerance research. According to Getts 
et al.,[53] microparticles bearing encephalitogenic peptides 
can induce T cell tolerance and mitigate experimental 
autoimmune encephalomyelitis (EAE). According to Billetta 
et  al.,[54] treatment of EAE with a peptide of heat shock 
protein demonstrated a significant clinical improvement. 
Immune tolerance therapy has been explored not only in 
autoimmunity diseases but also in stroke. Takeda et al.[55] 
reported that induction of mucosal tolerance to E‑selectin can 
prevent ischemic and hemorrhagic stroke in spontaneously 
hypertensive, genetically stroke‑prone rats. According 
to Jellema et  al.,[56] mesenchymal stem cells can induce 
T cell tolerance and protect the preterm brain when 
hypoxia-ischemia occurred. There are so many diseases that 
can be treated by the “reeducation of specific antigen” and 
“mucosal immune tolerance” happened in immune center. 
For instance, intranasal delivery of E‑selectin can suppress 
the atherogenesis after E‑selectin tolerization,[57] immune 
tolerance, and myasthenia gravis;[58] oral antigen tolerance 
may be used to treat autoimmune inner ear disease.[59] At 
present, although only a few studies have reported the 
treatment of TBI by immunotolerance therapy, they are 
enough to provide  inspiration for new TBI treatment.

Brain tissue contains a large amount of autoantigens, such 
as human brain S100 protein, neuron‑specific enolase, and 
MBP. Once the BBB is broken, these autoantigens would get 
into the blood. Based on this theory, some researchers[60‑64] 
implied these antigens as serum markers to evaluate the 
severity and prognosis of TBI. ABAbs are autoantibodies 
against brain tissue that are produced by the immune 
system.[65] According to Yan et  al.,[27] 96  cases  (49  cases 
of TBI and 47 health adults) were phlebotomized and 
tested with ELISA to observe the changes of ABAbs and 
they discovered that there was a few ABAbs in the blood 
serum of health adults and the concentration of post‑TBI 
ABAbs was higher than nature. Analyzing the reasons, in 
addition to the damage of brain tissue and BBB after TBI, 
increasing production of brain tissue antigens stimulates the 
immune system to produce large amounts of ABAb;[66‑68] 

moreover, severe trauma can quickly cause the body’s 
stress response, activate the neuroendocrine system, and 
mobilize the immune system to participate in stress. At this 
time, the immune system function can be more hyperactive 
than normal, easily receiving antigen stimulation and 
producing antibodies. In the early stage of TBI, immune 
cells, cytokines, chemokines, and other inflammatory 
mediators are attracted to injury sites, which induce neural 
excitotoxicity, oxidative stress, mitochondrial dysfunction, 
and increased secondary inflammation.[69] Furthermore, 
high levels of ABAbs may attack brain tissue, aggravating 
secondary damage after trauma.[27]

Self‑cerebrospinal fluid  (CSF) contains a large amount 
of brain antigen components. Yan et al.[70] confirmed that 
enhanced permeability of the BBB and astrocyte growths 
after injury is the primary means of brain tissue antigens 
flowing into the blood. In addition to normal function, 
drainage of CSF can help reduce brain tissue antigen leakage 
into the blood. As a result, concentration of ABAb reduced 
and secondary immune brain damage became slight. Fu 
et  al.[71] reviewed that immune interventions can reduce 
edema, apoptosis, and brain atrophy in animal models of 
intracerebral hemorrhage. These solutions may provide a 
foundation for clinical application. Therefore, it is a better 
choice to simply reduce the immune response against brain 
tissue antigens without affecting the immune tolerance of 
the immune function of other antigens. Benson et al.[72] and 
Meyer et al.[73] found that the clinical symptoms of relapsing 
EAE could be reduced by oral administration of MBP. Ayer 
et  al.[28] successfully induced immune tolerance through 
instilling autoantigen to the nasal mucosa and found that it 
had a neuroprotective effect on brain injury.

How to Induce Immune Tolerance

Autoimmune responses involve various immune cells, 
especially CD4+ T helper cells. CD4+ T cells classically 
differentiate into two subgroups: pro‑inflammatory Th1 cells 
and anti‑inflammatory Th2 cells.[74] Th1 cells mainly secrete 
interleukin‑2  (IL‑2) and interferon‑γ, whereas Th2  cells 
mainly secrete IL‑4 and IL‑5.[75] Cytokines are necessary 
regulators for lymphocyte trafficking. It is essential to turn 
an innate immune response into an adaptive response. IL‑2 
and other cytokines promote cellular immunity and those 
cytokines are important for attracting CD4+ T cells and 
CD8+ T cells to the injury site to establish specific immune 
responses.[76] IL‑2 is secreted by activated T cells, especially 
Th1 cells, and IL‑2 itself is an activator of T lymphocytes.[77] 
Thus, the expression level of IL‑2 reflects the degree of 
activation of Th1 cells. As shown in in  vitro and in  vivo 
studies, IL‑2 is capable for breaking immune tolerance.[78] 
In addition, the central hallmark of anergy is the inability 
of CD4+ Th1 clones to synthesize IL‑2, which results in 
abortive proliferative responses and a deficit of producing 
inflammatory mediators, and thus, IL‑2 is an effective 
and complex balancing factor that affects tolerance and 
immunity.[79] IL‑4 is an essential anti‑inflammatory factor 
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and is the characteristic cytokine of Th2 cells that induces 
the differentiation of Th2 cells.[80] Moreover, Walsh et al.[81] 
indicated that IL‑4 mediated neuroprotection and recovery of 
the injured CNS. T cells serve as a vital part of the immune 
system, specifically CD4+ T and CD8+ T cells. Yilmaz 
et  al.[82] found that cerebral ischemia/reperfusion injury 
significantly increased the level of CD4+ T cells in cerebral 
tissue, whereas it decreased the level of CD8+ T cells. 
Moreover, the CD4+ T/CD8+ T ratio was notably decreased 
upon drug intervention. Another study also demonstrated 
that the CD4+ T/CD8+ T cell ratio increased in cerebral 
ischemia/reperfusion injury sites.[83] In experimental stroke, 
CD4+ T lymphocytes and CD8+ T lymphocytes contribute 
to inflammation, brain injury, and neurological deficit. 
Consistent with these studies, the expression of IL‑2 was 
decreased, and the expression of IL‑4 was increased, which 
indicated MBP and autogeneic brain cell suspensions led 
to Th1/Th2 deviation and T cells anergy. The above results, 
combined with the decreased CD4+/CD8+ T cell ratio, are 
favorable for the establishment of immune tolerance.

Since immune tolerance therapy is an important method to 
treat brain diseases, it is necessary to introduce the ways 
to induce immune tolerance. According to the research, 
preventive induction of Tregs targeting brain tissue has the 
effect of reducing specific autoimmune responses.[84] Tregs 
play an indispensable role in maintaining immunological 
unresponsiveness to self‑antigens and in suppressing 
excessive immune responses deleterious to the host. 
Tregs have been widely studied which can inhibit the 
activation and expansion of effector T cells and help 
induce transplantation tolerance and suppress graft 
rejection. Furthermore, in the presence of Tregs that 
actively maintain graft tolerance, naive T cells could be 
newly recruited to the graft site and could differentiate into 
graft‑specific Tregs, thereby augmenting graft tolerance.[85] 
The same principle could be applied to the treatment of 
brain diseases. Mucosal tolerance, liver tolerance, thymus 
tolerance, and skin‑induced tolerance are the most ways 
to treat diseases.

Mucosal Tolerance

Mucosal tolerance is a widely used method to induce immune 
tolerance in different diseases. Oral tolerance has been 
explored by numerous studies and does not respond to an 
orally administered antigen. Numerous studies reported that 
oral tolerance can reduce inflammation in the CNS of EAE 
mice.[86,87] The mechanism of mucosal tolerance is a method 
of inducing immune tolerance to a specific antigen through 
chronic exposure of that antigen to the mucosal surfaces of 
the subject.[88] Tolerance occurs after repetitive low‑dose 
exposure of the antigen to mucosal surfaces  (typically 
oral or nasopharynx surfaces in experimental models). 
Reexposure of the same or similar antigens to the immune 
system of tolerant patients results in a modified immune 
response that is characterized by specific T‑regulatory 
lymphocytes.[88] This specific T cell population secretes 

cytokines, such as transforming growth factor β1, which 
suppresses the cell‑mediated immune response at the site 
of antigen exposure or injury.[89‑95] Mucosal tolerance to 
MBP has been previously shown to improve outcomes 
after ischemic stroke.[84,96,97] Ayer et al.[28] reported that the 
induction of the immune system's tolerance to MBP by the 
nasal mucosa promptly inhibited the inflammation, reduced 
cerebral edema, modulated the neuroinflammation after SBI, 
and then provided neuroprotection. This experiment provides 
evidence for a unique anti‑inflammatory therapy against 
SBI that potentially avoids many of the pitfalls of other 
anti‑inflammatory approaches. Mucosal tolerance to brain 
antigens can provide anti‑inflammatory therapy in a timely 
and site‑specific fashion.[28] Through mucosal tolerance, it 
is possible to modulate the immune system’s interaction 
with specific antigens as opposed to suppressing the entire 
system. Besides the mucosal tolerance, Yan et al.[70] found 
that TBI can lead to the disruption of BBB and cause a large 
number of brain antigen leakage into the blood, leading 
to ABAb production. CSF feed by mouth in rabbit‑TBI 
models established by lateral fluid percussion machine can 
result in oral tolerance, which has therapeutic effect on 
TBI.[98] The mechanism of immune tolerance depends on 
antigen presentation to immune cells by immature dendritic 
cells. Studies have shown that oral immune tolerance can 
specifically reduce the attack of lymphocytes on brain 
tissue and protect the injured brain tissue.[98] One of the 
prime determinants in the successful establishment of 
mucosal tolerance is the dose of antigen. Low doses favor 
the induction of Tregs and high doses favor the induction of 
anergy or deletion.[99] The efficacy of mucosal tolerance is 
currently undergoing testing in humans for the treatment of 
rheumatoid arthritis and multiple sclerosis, and no toxicities 
or autoimmune reactions have been found.[100,101] However, 
we think that there are some shortcomings in the clinical 
transformation of mucosal tolerance in the treatment of brain 
diseases, for example, the individual mucosal absorption 
rate is uncertain; craniocerebral trauma is often associated 
with nose and facial injuries, often limiting the use of nasal 
mucosa antigen; severe TBI or stroke with stress ulcer 
requires fasting water and gastrointestinal decompression, 
limiting the use of oral immune tolerance. Therefore, future 
researches should focus on other immune tolerance therapies 
for brain injury. The establishment of immune tolerance for 
the thymus and liver gradually attracted attention.

Thymus Tolerance

Thymus is an organ of the central inmune organ where 
T cells experience positive and negative selection and 
prompt Tregs. Immune tolerance can be induced by thymus. 
Therefore, many studies have reported that intrathymic 
injections of cells or antigens induce immune tolerance to 
treat graft rejection.[102‑104] Injection of astrocytes in EAE rats 
induces the proliferation of Tregs to significantly reduce the 
inflammatory and clinical symptoms of the CNS.[105] Some 
researchers hypothesized that αB‑crystallin, PLP, S100β 
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protein, and α and β isoforms of myelin oligodendrocyte 
glycoprotein (MOG) are self‑antigens of multiple sclerosis; 
the expression of the five components in the thymus was 
observed by real‑time quantitative polymerase chain 
reaction – the results showed that the thymus did not express 
the MOG – while the other four components were positive in 
the thymus stromal epithelium and medulla.[106] It suggested 
that the demyelinating disease was related to the thymocyte 
intolerance to MOG. The above two studies provide 
theoretical basis and preclinical experimental support for 
the intrathymic injection of brain tissue antigen to rebuild 
immune tolerance. Using some therapeutic techniques or 
methods to contact central organs (such as the thymus) that 
produce and promote the maturation of immune cells with 
pathogenic brain antigens is inaccessible under normal 
conditions. The immune center recognizes these specific 
antigens as self‑components and forms self‑tolerance and 
does not produce lymphocytes to attack these antigens. 
At the same time, it still retains immune recognition and 
attack capabilities against other recognized heterologous 
antigens. Chen et al.[107] reported that intrathymic injection 
of Ag induces apoptosis of immature thymocytes and a 
subpopulation of mature thymocytes and induces prolonged 
anergy in peripheral T cells in vivo.

A preliminary study by our group confirmed that immune 
tolerance can be induced by intrathymic injections of 
brain antigens. In the animal model of TBI, the injection 
of self‑CSF and self‑brain‑homogenate into the thymus 
can induce the immune tolerance of brain antigen, which 
has therapeutic effect.[12,108,109] We then confirmed that 
intrathymic injections of brain antigens can induce immune 
tolerance by the reeducation function of the thymus.[110] 
In that study, T cells were isolated from the spleens of 
C57BL/6 mice after intrathymic injection of MBP in the 
experimental group. The T cells were cocultured with BV‑2 
microglia cells in the presence of MBP. Compared with 
the control group, the CD4+ T/CD8+ T ratio was reduced, 
CD154 was downregulated, CD152 was upregulated on T 
cell surfaces, and pro‑inflammatory factors (tumor necrosis 
factor alpha, inducible nitric‑oxide synthase, IL‑1β) in 
BV‑2 cells were decreased in the experimental group. It 
demonstrated that intrathymic injection of MBP could 
suppress the immune reaction that might reduce the 
secondary immune injury of brain tissue induced by 
an inflammatory response. Yang et  al.[29] reported that 
intrathymic injection of MBP can induce immune tolerance 
and reduce SBI.

Liver Tolerance

The liver exhibits a distinctive form of immune privilege, 
termed liver tolerance. Dendritic cells, Kupffer cells, liver 
sinusoidal endothelial cells, and hepatic stellate cells are 
among the specialized antigen‑presenting cells that present 
antigens to T cells to participate in T cell apoptosis, anergy, 
or the differentiation into Treg.[111] Li and Tian[112] reviewed 
that the liver can serve as a “school”; in that school, the 

antigen‑presenting cells of liver serve as the “teachers” 
who “educate” circulating immune cell “students” to induce 
immune tolerance. Since 1969, when Calne et al.[113] first 
discovered that a mismatched MHC (liver) could be tolerated 
by the host without immunodepressants, inducing graft 
tolerance has become a pinnacle of pursuit. Therefore, the 
liver immune system plays an important role in the formation 
of immune tolerance. Portal venous injection of MBP can 
induce the formation of immune tolerance, with the potential 
to reduce the secondary immune attack role for MBP antigen, 
thereby having the possibility to protect the brain tissue; the 
Kupffer cells play a key role in this process.[114] Our research 
showed that brain injury was treated by hepatic portal vein 
injection of brain antigens.

Although the skin is considered as an organ where immune 
responses are easily induced, little attention has been given to 
skin‑induced tolerance. Szczepanik M[115] reviewed that ECs 
exposed to antigen resulted in the induction of suppressor T 
cells (Ts cells); the inhibitory mechanisms are also much the 
same, emphasizing the similarities between these two tissues. 
The fact that Ts cells can be produced by dermatological 
immunization may have important implications for the 
design of therapeutic protocols that aimed at regulating the 
immune response to autoantigens in autoimmune diseases.

Conclusions

The establishment of immune tolerance mechanism for 
the treatment of brain injury has a high clinical practical 
value. Different immune tolerance pathways have their 
own characteristics. The study of some of these pathways 
has entered the clinical transformation test stage. Since 
immune tolerance therapy is an important method to treat 
brain injury, it is necessary to introduce the ways to induce 
immune tolerance by mucosal tolerance, liver tolerance, 
thymus tolerance, and skin‑induced tolerance. As for how 
to translate it to clinical work? Which immune tolerance 
pathways are best for treating brain damage? Our experience 
is that chronic brain inflammatory diseases can be treated by 
immune tolerance induced by the skin and mucosa. And for 
the acute inflammation of brain, liver or thymus pathway is 
the better choice because of their minimal invasion and 100% 
drug absorption. As for which way is better – the thymus 
or the liver? In our latest research, the same dose of single 
brain antigen and mixed brain antigen was injected into the 
thymus and liver, respectively. After cross combination, the 
evaluation of immune tolerance of the four groups showed 
that the mixed brain antigen plus liver route had the best 
effect.[29] The problems that need to be solved urgently 
are that oral immune tolerance requires a large number of 
antigens, approximately 100 times the dose of antigens used 
for nasal mucosal immune tolerance; the autologous brain 
tissue antigen injection pathway is limited by the amount 
of autologous brain tissue and CSF; the use of allogeneic 
brain tissue antigens or stem cells presents with infection 
and/or ethical issues. Therefore, according to the types of 
diseases and individual differences, the selection of highly 
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effective drug types and safe administration routes to achieve 
individualized treatment is the development trend of immune 
tolerance reconstruction in the future.

Financial support and sponsorship
This study was financially supported by a grant of the Tianjin 
Municipal Science and Technology Commission  (No. 
18JCZDJC35600).

Conflicts of interest
There are no conflicts of interest.

References
1.	 Algattas H, Huang JH. Traumatic brain injury pathophysiology and 

treatments: Early, intermediate, and late phases post‑injury. Int J Mol 
Sci 2013;15:309‑41. doi: 10.3390/ijms15010309.

2.	 Zhang  J, Wei  RL, Peng  GP, Zhou  JJ, Wu  M, He  FP, et  al. 
Correlations between diffusion tensor imaging and levels of 
consciousness in patients with traumatic brain injury: A systematic 
review and meta‑analysis. Sci Rep 2017;7:2793. doi: 10.1038/
s41598‑017‑02950‑3.

3.	 Zhao HX, Liao Y, Xu D, Wang QP, Gan Q, You C, et al. Prospective 
randomized evaluation of therapeutic decompressive craniectomy 
in severe traumatic brain injury with mass lesions (PRECIS): Study 
protocol for a controlled trial. BMC Neurol 2016;16:1. doi: 10.1186/
s12883‑015‑0524‑9.

4.	 Ziegler  D, Cravens  G, Poche  G, Gandhi  R, Tellez  M. Use of 
transcranial Doppler in patients with severe traumatic brain injuries. 
J Neurotrauma 2017;34:121‑7. dol: 10.1089/neu.2015.3967.

5.	 Brendecke SM, Prinz M. Do not judge a cell by its cover – Diversity 
of CNS resident, adjoining and infiltrating myeloid cells in 
inflammation. Semin Immunopathol 2015;37:591‑605. doi: 10.1007/
s00281‑015‑0520‑6.

6.	 Michinaga  S, Koyama  Y. Protection of the blood‑brain barrier 
as a therapeutic strategy for brain damage. Biol Pharm Bull 
2017;40:569‑75. doi: 10.1248/bpb.b16‑00991.

7.	 Ferguson TA, Griffith TS. A vision of cell death: Insights into immune 
privilege. Immunol Rev 1997;156:167‑84. doi: 10.1111/j.1600-
065X.1997.tb00967.x.

8.	 Lozano  D, Gonzales‑Portillo  GS, Acosta  S, de la Pena  I, Tajiri  N, 
Kaneko  Y, et  al. Neuroinflammatory responses to traumatic brain 
injury: Etiology, clinical consequences, and therapeutic opportunities. 
Neuropsychiatr Dis Treat 2015;11:97‑106. doi: 10.2147/NDT.S65815.

9.	 Kaelber  S, Pantcheva  P, Borlongan  CV. Drug‑  and cell‑based 
therapies for targeting neuroinflammation in traumatic brain injury. 
Neural Regen Res 2016;11:1575‑6. doi: 10.4103/1673‑5374.193231.

10.	 Egea‑Guerrero  JJ, Murillo‑Cabezas  F, Gordillo‑Escobar  E, 
Rodríguez‑Rodríguez A, Enamorado‑Enamorado J, Revuelto‑Rey J, 
et al. S100B protein may detect brain death development after severe 
traumatic brain injury. J Neurotrauma 2013;30:1762‑9. doi: 10.1089/
neu.2012.2606.

11.	 Ellis  EF, Willoughby  KA, Sparks  SA, Chen  T. S100B protein is 
released from rat neonatal neurons, astrocytes, and microglia by 
in  vitro trauma and anti‑S100 increases trauma‑induced delayed 
neuronal injury and negates the protective effect of exogenous S100B 
on neurons. J Neurochem 2007;101:1463‑70. doi: 10.1111/j.1471‑41
59.2007.04515.x.

12.	 Zheng  Y, Kang  J, Liu  B, Fan  W, Wu  Q, Luo  K, et  al. An 
experimental study on thymus immune tolerance to treat surgical 
brain injury. Chin Med J  2014;127:685‑90. doi: 10.3760/
cma.j.issn.0366-6999.20132851.

13.	 Abbasloo  E, Dehghan  F, Khaksari  M, Najafipour  H, Vahidi  R, 
Dabiri  S, et  al. The anti‑inflammatory properties of Satureja 
khuzistanica Jamzad essential oil attenuate the effects of traumatic 
brain injuries in rats. Sci Rep 2016;6:31866. doi: 10.1038/srep31866.

14.	 Mashkouri  S, Crowley  MG, Liska  MG, Corey  S, Borlongan  CV. 
Utilizing pharmacotherapy and mesenchymal stem cell therapy to 
reduce inflammation following traumatic brain injury. Neural Regen 
Res 2016;11:1379‑84. doi: 10.4103/1673‑5374.191197.

15.	 Geenen V. The appearance of the thymus and the integrated evolution 
of adaptive immune and neuroendocrine systems. Acta Clin Belg 
2012;67:209‑13. doi: 10.2143/ACB.67.3.2062657.

16.	 Geenen V, Kecha O, Martens H. Thymic expression of neuroendocrine 
self‑peptide precursors: Role in T cell survival and self‑tolerance. 
J  Neuroendocrinol 1998;10:811‑22. doi: 10.1046/j.1365-
2826.1998.00269.x.

17.	 Geenen  V, Martens  H, Brilot  F, Renard  C, Franchimont  D, 
Kecha O, et al. Thymic neuroendocrine self‑antigens. Role in T‑cell 
development and central T‑cell self‑tolerance. Ann N Y Acad Sci 
2000;917:710‑23.

18.	 Mottet  M, Goffinet  L, Beckers  A, Bodart  G, Morrhaye  G, 
Kermani H, et al. The role of the thymus in the integrated evolution 
of the recombinase‑dependent adaptive immune response and the 
neuroendocrine system. Neuroimmunomodulation 2011;18:314‑9. 
doi: 10.1159/000329498.

19.	 Magalhães DA, Silveira EL, Junta CM, Sandrin‑Garcia P, Fachin AL, 
Donadi EA, et al. Promiscuous gene expression in the thymus: The 
root of central tolerance. Clin Dev Immunol 2006;13:81‑99. doi: 
10.1080/17402520600877091.

20.	 Pribyl TM, Campagnoni CW, Kampf K, Kashima T, Handley VW, 
McMahon J, et al. The human myelin basic protein gene is included 
within a 179‑kilobase transcription unit: Expression in the immune and 
central nervous systems. Proc Natl Acad Sci U S A 1993;90:10695‑9. 
doi: 10.1073/pnas.90.22.10695.

21.	 Jolicoeur  C, Hanahan  D, Smith  KM. T‑cell tolerance toward a 
transgenic beta‑cell antigen and transcription of endogenous pancreatic 
genes in thymus. Proc Natl Acad Sci U S A 1994;91:6707‑11. doi: 
10.1073/pnas.91.14.6707.

22.	 Boggs JM. Myelin basic protein: A multifunctional protein. Cell Mol 
Life Sci 2006;63:1945‑61. doi: 10.1007/s00018‑006‑6094‑7.

23.	 Yang I, Han SJ, Kaur G, Crane C, Parsa AT. The role of microglia 
in central nervous system immunity and glioma immunology. J Clin 
Neurosci 2010;17:6‑10. doi: 10.1016/j.jocn.2009.05.006.

24.	 Romo‑González T, Chavarría A, Pérez‑H J. Central nervous system: 
A  modified immune surveillance circuit? Brain Behav Immun 
2012;26:823‑9. doi: 10.1016/j.bbi.2012.01.016.

25.	 Sie C, Korn T, Mitsdoerffer M. Th17 cells in central nervous system 
autoimmunity. Exp Neurol 2014;262(Pt A):18‑27. doi: 10.1016/j.
expneurol.2014.03.009.

26.	 Chabot  S, Yong  FP, Le  DM, Metz  LM, Myles T, Yong VW, et  al. 
Cytokine production in T lymphocyte‑microglia interaction is 
attenuated by glatiramer acetate: A  mechanism for therapeutic 
efficacy in multiple sclerosis. Mult Scler 2002;8:299‑306. doi: 
10.1191/1352458502ms810oa.

27.	 Yan H, Xu P, Xue J, Hou YX, Duan SB, Li B, et al. A  study on 
the changes of the antibrain  –  Antibody and immunosuppression 
therapy after traumatic brain injury (in Chinese). Chin J Neurosurg 
2010;26:155‑8. doi: 10.3760/cma.j.issn.1001‑2346.2010.02.022.

28.	 Ayer  RE, Jafarian  N, Chen  W, Applegate RL 2nd, Colohan  AR, 
Zhang JH, et al. Preoperative mucosal tolerance to brain antigens and 
a neuroprotective immune response following surgical brain injury. 
J Neurosurg 2012;116:246‑53. doi: 10.3171/2011.8.JNS11883.

29.	 Yang W, Liu Y, Liu B, Tan H, Lu H, Wang H, et al. Treatment of 
surgical brain injury by immune tolerance induced by intrathymic and 
hepatic portal vein injection of brain antigens. Sci Rep 2016;6:32030. 
doi: 10.1038/srep32030.

30.	 Laman JD, Weller RO. Drainage of cells and soluble antigen from 
the CNS to regional lymph nodes. J  Neuroimmune Pharmacol 
2013;8:840‑56. doi: 10.1007/s11481‑013‑9470‑8.

31.	 Kaur  G, Han  SJ, Yang  I, Crane  C. Microglia and central nervous 
system immunity. Neurosurg Clin N Am 2010;21:43‑51. doi: 
10.1016/j.nec.2009.08.009.

32.	 Weller RO, Galea I, Carare RO, Minagar A. Pathophysiology of the 
lymphatic drainage of the central nervous system: Implications for 
pathogenesis and therapy of multiple sclerosis. Pathophysiology 
2010;17:295‑306. doi: 10.1016/j.pathophys.2009.10.007.

33.	 Huang YH, Airas L, Schwab N, Wiendl H. Janus head: The dual role 
of HLA‑G in CNS immunity. Cell Mol Life Sci 2011;68:407‑16. doi: 
10.1007/s00018‑010‑0582‑5.

34.	 Forrester  JV, Xu  H, Kuffová L, Dick  AD, McMenamin  PG. 



Chinese Medical Journal  ¦  August 20, 2018  ¦  Volume 131  ¦  Issue 161996

Dendritic cell physiology and function in the eye. Immunol Rev 
2010;234:282‑304. doi: 10.1111/j.0105‑2896.2009.00873.x.

35.	 Ferguson TA, Griffith TS. The role of fas ligand and TNF‑related 
apoptosis‑inducing ligand  (TRAIL) in the ocular immune 
response. Chem Immunol Allergy 2007;92:140‑54. doi: 
10.1159/000099265.

36.	 Cobbold SP, Adams E, Graca L, Daley S, Yates S, Paterson A, et al. 
Immune privilege induced by regulatory T cells in transplantation 
tolerance. Immunol Rev 2006;213:239‑55. doi: 10.1111/j.1600‑065
X.2006.00428.x.

37.	 Nunes‑Cabaço H, Sousa  AE. Repairing thymic function. 
Curr Opin Organ Transplant 2013;18:363‑8. doi: 10.1097/
MOT.0b013e3283615df9.

38.	 Miller JF. The discovery of thymus function and of thymus‑derived 
lymphocytes. Immunol Rev 2002;185:7‑14. doi: 10.1034/j.1600-
065X.2002.18502.x.

39.	 Geenen  V, Brilot  F. Role of the thymus in the development of 
tolerance and autoimmunity towards the neuroendocrine system. 
Ann N Y Acad Sci 2003;992:186‑95. doi: 10.1111/j.1749-6632.2003.
tb03149.x.

40.	 Scollay  RG, Butcher  EC, Weissman  IL. Thymus cell migration. 
Quantitative aspects of cellular traffic from the thymus to the 
periphery in mice. Eur J Immunol 1980;10:210‑8. doi: 10.1002/
eji.1830100310.

41.	 Egerton  M, Scollay  R, Shortman  K. Kinetics of mature 
T‑cell development in the thymus. Proc Natl Acad Sci U S A 
1990;87:2579‑82.

42.	 Anderson  G, Takahama  Y. Thymic epithelial cells: Working class 
heroes for T cell development and repertoire selection. Trends 
Immunol 2012;33:256‑63. doi: 10.1016/j.it.2012.03.005.

43.	 Fan  Y, Tajima  A, Goh  SK, Geng  X, Gualtierotti  G, Grupillo  M, 
et  al. Bioengineering thymus organoids to restore thymic function 
and induce donor‑specific immune tolerance to allografts. Mol Ther 
2015;23:1262‑77. doi: 10.1038/mt.2015.77.

44.	 Daley SR, Teh C, Hu DY, Strasser A, Gray DH. Cell death and thymic 
tolerance. Immunol Rev 2017;277:9‑20. doi: 10.1111/imr.12532.

45.	 Wekerle  H, Ketelsen  UP, Ernst  M. Thymic nurse cells. 
Lymphoepithelial cell complexes in murine thymuses: Morphological 
and serological characterization. J Exp Med 1980;151:925‑44.

46.	 Wekerle H, Ketelsen UP. Thymic nurse cells – Ia‑bearing epithelium 
involved in T‑lymphocyte differentiation? Nature 1980;283:402‑4.

47.	 Guyden JC, Martinez M, Chilukuri RV, Reid V, Kelly F, Samms MO, 
et al. Thymic nurse cells participate in heterotypic internalization and 
repertoire selection of immature thymocytes; their removal from the 
thymus of autoimmune animals may be important to disease etiology. 
Curr Mol Med 2015;15:828‑35.

48.	 Hansenne  I, Louis  C, Martens  H, Dorban  G, Charlet‑Renard  C, 
Peterson  P, et  al. Aire and Foxp3 expression in a particular 
microenvironment for T cell differentiation. Neuroimmunomodulation 
2009;16:35‑44. doi: 10.1159/000179665.

49.	 Starr TK, Jameson SC, Hogquist KA. Positive and negative selection 
of T cells. Annu Rev Immunol 2003;21:139‑76. doi: 10.1146/annurev.
immunol.21.120601.141107.

50.	 Soyer  OU, Akdis  M, Ring  J, Behrendt  H, Crameri  R, Lauener  R, 
et  al. Mechanisms of peripheral tolerance to allergens. Allergy 
2013;68:161‑70. doi: 10.1111/all.12085.

51.	 Hamilton‑Williams  EE, Bergot  AS, Reeves  PL, Steptoe  RJ. 
Maintenance of peripheral tolerance to islet antigens. J Autoimmun 
2016;72:118‑25. doi: 10.1016/j.jaut.2016.05.009.

52.	 Mueller  DL. Mechanisms maintaining peripheral tolerance. Nat 
Immunol 2010;11:21‑7. doi: 10.1038/ni.1817.

53.	 Getts  DR, Martin  AJ, McCarthy  DP, Terry  RL, Hunter  ZN, 
Yap  WT, et  al. Microparticles bearing encephalitogenic peptides 
induce T‑cell tolerance and ameliorate experimental autoimmune 
encephalomyelitis. Nat Biotechnol 2012;30:1217‑24. doi: 10.1038/
nbt.2434.

54.	 Billetta  R, Ghahramani  N, Morrow  O, Prakken  B, de Jong  H, 
Meschter C, et al. Epitope‑specific immune tolerization ameliorates 
experimental autoimmune encephalomyelitis. Clin Immunol 
2012;145:94‑101. doi: 10.1016/j.clim.2012.08.004.

55.	 Takeda H, Spatz M, Ruetzler C, McCarron R, Becker K, Hallenbeck J, 

et al. Induction of mucosal tolerance to E‑selectin prevents ischemic 
and hemorrhagic stroke in spontaneously hypertensive genetically 
stroke‑prone rats. Stroke 2002;33:2156‑63.

56.	 Jellema RK, Wolfs TG, Lima Passos V, Zwanenburg A, Ophelders DR, 
Kuypers E, et al. Mesenchymal stem cells induce T‑cell tolerance and 
protect the preterm brain after global hypoxia‑ischemia. PLoS One 
2013;8:e73031. doi: 10.1371/journal.pone.0073031.

57.	 Li X, Johnson KR, Bryant M, Elkahloun AG, Amar M, Remaley AT, 
et  al. Intranasal delivery of E‑selectin reduces atherosclerosis in 
ApoE‑/‑  mice. PLoS One 2011;6:e20620. doi: 10.1371/journal.
pone.0020620.

58.	 Luther  C, Adamopoulou  E, Stoeckle  C, Brucklacher‑Waldert  V, 
Rosenkranz  D, Stoltze  L, et  al. Prednisolone treatment induces 
tolerogenic dendritic cells and a regulatory milieu in myasthenia 
gravis patients. J  Immunol 2009;183:841‑8. doi: 10.4049/
jimmunol.0802046.

59.	 Cai Q, Du X, Zhou B, Cai C, Kermany MH, Yoo T, et al. Induction 
of tolerance by oral administration of beta‑tubulin in an animal model 
of autoimmune inner ear disease. ORL J Otorhinolaryngol Relat Spec 
2009;71:135‑41. doi: 10.1159/000212116.

60.	 Raabe  A, Grolms  C, Seifert  V. Serum markers of brain damage 
and outcome prediction in patients after severe head injury. Br J 
Neurosurg 1999;13:56‑9.

61.	 Raabe A, Grolms C, Keller M, Döhnert J, Sorge O, Seifert V, et al. 
Correlation of computed tomography findings and serum brain 
damage markers following severe head injury. Acta Neurochir (Wien) 
1998;140:787‑91.

62.	 Yan EB, Satgunaseelan L, Paul E, Bye N, Nguyen P, Agyapomaa D, 
et al. Post‑traumatic hypoxia is associated with prolonged cerebral 
cytokine production, higher serum biomarker levels, and poor 
outcome in patients with severe traumatic brain injury. J Neurotrauma 
2014;31:618‑29. doi: 10.1089/neu.2013.3087.

63.	 Beers  SR, Berger  RP, Adelson  PD. Neurocognitive outcome and 
serum biomarkers in inflicted versus non‑inflicted traumatic brain 
injury in young children. J  Neurotrauma 2007;24:97‑105. doi: 
10.1089/neu.2006.0055.

64.	 Hergenroeder GW, Redell JB, Moore AN, Dash PK. Biomarkers in 
the clinical diagnosis and management of traumatic brain injury. Mol 
Diagn Ther 2008;12:345‑58.

65.	 Janković BD, Djordjijević D. Differential appearance of 
autoantibodies to human brain S100 protein, neuron specific enolase 
and myelin basic protein in psychiatric patients. Int J Neurosci 
1991;60:119‑27.

66.	 Van Eldik  LJ, Wainwright  MS. The Janus face of glial‑derived 
S100B: Beneficial and detrimental functions in the brain. Restor 
Neurol Neurosci 2003;21:97‑108.

67.	 Vos  PE, Lamers  KJ, Hendriks  JC, van Haaren  M, Beems  T, 
Zimmerman  C, et  al. Glial and neuronal proteins in serum 
predict outcome after severe traumatic brain injury. Neurology 
2004;62:1303‑10.

68.	 West SD, Lee YC. Management of malignant pleural mesothelioma. 
Clin Chest Med 2006;27:335‑54. doi: 10.1016/j.ccm.2006.01.004.

69.	 Lozano  D, Gonzales‑Portillo  GS, Acosta  S, de la Pena  I, Tajiri  N, 
Kaneko  Y, et  al. Neuroinflammatory responses to traumatic brain 
injury: Etiology, clinical consequences, and therapeutic opportunities. 
Neuropsychiatr Dis Treat 2015;11:97‑106. doi: 10.2147/NDT.
S65815.

70.	 Yan H, Zhang HW, Wu QL, Zhang GB, Liu K, Zhi DS, et al. Increased 
leakage of brain antigens after traumatic brain injury and effect of 
immune tolerance induced by cells on traumatic brain injury. Chin 
Med J 2012;125:1618‑26.

71.	 Fu Y, Liu Q, Anrather J, Shi FD. Immune interventions in stroke. Nat 
Rev Neurol 2015;11:524‑35. doi: 10.1038/nrneurol.2015.144.

72.	 Benson  JM, Stuckman  SS, Cox  KL, Wardrop  RM, Gienapp  IE, 
Cross  AH, et  al. Oral administration of myelin basic protein is 
superior to myelin in suppressing established relapsing experimental 
autoimmune encephalomyelitis. J Immunol 1999;162:6247‑54.

73.	 Meyer  AL, Benson  JM, Gienapp  IE, Cox  KL, Whitacre  CC. 
Suppression of murine chronic relapsing experimental autoimmune 
encephalomyelitis by the oral administration of myelin basic protein. 
J Immunol 1996;157:4230‑8.



Chinese Medical Journal  ¦  August 20, 2018  ¦  Volume 131  ¦  Issue 16 1997

74.	 Dai MM, Wu H, Li H, Chen J, Chen JY, Hu SL, et al. Effects and 
mechanisms of geniposide on rats with adjuvant arthritis. Int 
Immunopharmacol 2014;20:46‑53. doi: 10.1016/j.intimp.2014.02.021.

75.	 Yang SF, Xue WJ, Lu WH, Xie LY, Yin AP, Zheng J, et al. Induction 
of tolerance and prolongation of islet allograft survival by syngeneic 
hematopoietic stem cell transplantation in mice. Transpl Immunol 
2015;33:130‑9. doi: 10.1016/j.trim.2015.08.004.

76.	 Gao YH, Wang JY, Qiao LN, Chen SP, Tan LH, Xu QL, et al. NK 
cells mediate the cumulative analgesic effect of electroacupuncture 
in a rat model of neuropathic pain. BMC Complement Altern Med 
2014;14:316. doi: 10.1186/1472‑6882‑14‑316.

77.	 Li  J, Du  J, Sun  L, Liu  J, Quan  Z. Anti‑inflammatory function of 
nodosin via inhibition of IL‑2. Am J Chin Med 2010;38:127‑42. doi: 
10.1142/S0192415X10007713.

78.	 Yamada Y, Nadazdin O, Boskovic S, Lee S, Zorn E, Smith RN, et al. 
Repeated injections of IL‑2 break renal allograft tolerance induced 
via mixed hematopoietic chimerism in monkeys. Am J Transplant 
2015;15:3055‑66. doi: 10.1111/ajt.13382.

79.	 Wells AD. New insights into the molecular basis of T cell anergy: 
Anergy factors, avoidance sensors, and epigenetic imprinting. 
J Immunol 2009;182:7331‑41. doi: 10.4049/jimmunol.0803917.

80.	 Kopf M, Le Gros G, Bachmann M, Lamers MC, Bluethmann H, 
Köhler G, et  al. Disruption of the murine IL‑4 gene blocks 
Th2 cytokine responses. Nature 1993;362:245‑8. doi: 
10.1038/362245a0.

81.	 Walsh JT, Hendrix S, Boato F, Smirnov I, Zheng J, Lukens JR, et al. 
MHCII‑independent CD4+ T cells protect injured CNS neurons via 
IL‑4. J Clin Invest 2015;125:2547. doi: 10.1172/JCI82458.

82.	 Yilmaz  G, Arumugam  TV, Stokes  KY, Granger  DN. Role 
of T lymphocytes and interferon‑gamma in ischemic 
stroke. Circulation 2006;113:2105‑12. doi: 10.1161/
CIRCULATIONAHA.105.593046.

83.	 Zhang Y, Li YW, Wang YX, Zhang HT, Zhang XM, Liang Y, et al. 
Remifentanil preconditioning alleviating brain damage of cerebral 
ischemia reperfusion rats by regulating the JNK signal pathway and 
TNF‑α/TNFR1 signal pathway. Mol Biol Rep 2013;40:6997‑7006. 
doi: 10.1007/s11033‑013‑2819‑5.

84.	 Gee JM, Kalil A, Thullbery M, Becker KJ. Induction of immunologic 
tolerance to myelin basic protein prevents central nervous 
system autoimmunity and improves outcome after stroke. Stroke 
2008;39:1575‑82. doi: 10.1161/STROKEAHA.107.501486.

85.	 Sakaguchi S, Yamaguchi T, Nomura T, Ono M. Regulatory T cells 
and immune tolerance. Cell 2008;133:775‑87. doi: 10.1016/j.
cell.2008.05.009.

86.	 Peron  JP, Yang  K, Chen  ML, Brandao  WN, Basso  AS, 
Commodaro AG, et al. Oral tolerance reduces Th17 cells as well as 
the overall inflammation in the central nervous system of EAE mice. 
J Neuroimmunol 2010;227:10‑7. doi: 10.1016/j.jneuroim.2010.06.002.

87.	 Jewell  SD, Gienapp  IE, Cox  KL, Whitacre  CC. Oral tolerance 
as therapy for experimental autoimmune encephalomyelitis and 
multiple sclerosis: Demonstration of T cell anergy. Immunol Cell 
Biol 1998;76:74‑82. doi: 10.1046/j.1440‑1711.1998.00716.x.

88.	 Weiner HL. Oral tolerance: Immune mechanisms and the generation 
of Th3‑type  TGF‑beta‑secreting regulatory cells. Microbes Infect 
2001;3:947‑54. doi: 10.1016/S1286-4579(01)01456-3.

89.	 Chen Y, Inobe J, Kuchroo VK, Baron JL, Janeway CA Jr., Weiner HL, 
et  al. Oral tolerance in myelin basic protein T‑cell receptor 
transgenic mice: Suppression of autoimmune encephalomyelitis and 
dose‑dependent induction of regulatory cells. Proc Natl Acad Sci U S 
A 1996;93:388‑91. doi: 10.1073/pnas.93.1.388.

90.	 Chen Y, Kuchroo VK, Inobe J, Hafler DA, Weiner HL. Regulatory 
T cell clones induced by oral tolerance: Suppression of autoimmune 
encephalomyelitis. Science 1994;265:1237‑40. doi: 10.1126/
science.7520605.

91.	 Fukaura  H, Kent  SC, Pietrusewicz  MJ, Khoury  SJ, Weiner  HL, 
Hafler  DA, et  al. Induction of circulating myelin basic 
protein and proteolipid protein‑specific transforming growth 
factor‑beta1‑secreting th3 T cells by oral administration of myelin in 
multiple sclerosis patients. J Clin Invest 1996;98:70‑7. doi: 10.1172/
JCI118779.

  92.	 Khoury  SJ, Lider  O, al‑Sabbagh  A, Weiner  HL. Suppression of 

experimental autoimmune encephalomyelitis by oral administration 
of myelin basic protein. III. Synergistic effect of lipopolysaccharide. 
Cell Immunol 1990;131:302‑10.

  93.	 Khoury  SJ, Hancock  WW, Weiner  HL. Oral tolerance to myelin 
basic protein and natural recovery from experimental autoimmune 
encephalomyelitis are associated with downregulation of 
inflammatory cytokines and differential upregulation of transforming 
growth factor beta, interleukin 4, and prostaglandin E expression in 
the brain. J Exp Med 1992;176:1355‑64.

  94.	 Miller A, Lider O, Roberts AB, Sporn MB, Weiner HL. Suppressor 
T cells generated by oral tolerization to myelin basic protein 
suppress both in vitro and in vivo immune responses by the release 
of transforming growth factor beta after antigen‑specific triggering. 
Proc Natl Acad Sci U S A 1992;89:421‑5.

  95.	 Vitkovic  L, Bockaert  J, Jacque  C. “Inflammatory” cytokines: 
Neuromodulators in normal brain? J Neurochem 2000;74:457‑71.

  96.	 Becker KJ, Kindrick DL, Lester MP, Shea C, Ye ZC. Sensitization 
to brain antigens after stroke is augmented by lipopolysaccharide. 
J  Cereb Blood Flow Metab 2005;25:1634‑44. doi: 10.1038/
sj.jcbfm.9600160.

  97.	 Becker  KJ, McCarron  RM, Ruetzler  C, Laban  O, Sternberg  E, 
Flanders KC, et al. Immunologic tolerance to myelin basic protein 
decreases stroke size after transient focal cerebral ischemia. Proc 
Natl Acad Sci U S A 1997;94:10873‑8.

  98.	 Zhang HW, Yan H, Wu QL, Zhang GB, Liu K, Zhi DS. A  study 
on oral tolerance to treat traumatic brain injury in laboratory (in 
Chinese). Chin J Neuro Surg 2011;27:524‑7. doi: 10.3760/cma.j.is
sn.1001‑2346.2011.05.029.

  99.	 Faria  AM, Weiner  HL. Oral tolerance. Immunol Rev 
2005;206:232‑59. doi: 10.1111/j.0105‑2896.2005.00280.x.

100.	 Trentham  DE, Dynesius‑Trentham  RA, Orav  EJ, Combitchi  D, 
Lorenzo C, Sewell KL, et al. Effects of oral administration of type II 
collagen on rheumatoid arthritis. Science 1993;261:1727‑30.

101.	 Weiner  HL, Mackin  GA, Matsui  M, Orav  EJ, Khoury  SJ, 
Dawson DM, et al. Double‑blind pilot trial of oral tolerization with 
myelin antigens in multiple sclerosis. Science 1993;259:1321‑4.

102.	 Krokos  NV, Brons  IG, Sriwatanawongsa  V, Makisalo  H, 
Katami  M, Davies  HS, et  al. Intrathymic injection of donor 
antigen‑presenting cells prolongs heart graft survival. Transplant 
Proc 1993;25:303‑4.

103.	 Goss  JA, Nakafusa  Y, Yu  S, Flye  MW. Intrathymic injection of 
donor alloantigens induces specific tolerance to cardiac allografts. 
Transplantation 1993;56:166‑73. doi: 10.1097/00007890‑19930700
0‑00031.

104.	 Marodon  G, Fisson  S, Levacher  B, Fabre  M, Salomon  BL, 
Klatzmann  D, et  al. Induction of antigen‑specific tolerance by 
intrathymic injection of lentiviral vectors. Blood 2006;108:2972‑8. 
doi: 10.1182/blood‑2006‑03‑010900.

105.	 Trajkovic  V, Vuckovic  O, Stosic‑Grujicic  S, Miljkovic  D, 
Popadic  D, Markovic  M, et  al. Astrocyte‑induced regulatory T 
cells mitigate CNS autoimmunity. Glia 2004;47:168‑79. doi: 
10.1002/glia.20046.

106.	 Bruno R, Sabater L, Sospedra M, Ferrer‑Francesch X, Escudero D, 
Martínez‑Cáceres E, et al. Multiple sclerosis candidate autoantigens 
except myelin oligodendrocyte glycoprotein are transcribed 
in human thymus. Eur J Immunol 2002;32:2737‑47. doi: 
10.1002/1521‑4141(2002010)32:10&lt;2737::AID‑IMMU2737&gt;
3.0.CO;2‑0.

107.	 Chen W, Sayegh MH, Khoury SJ. Mechanisms of acquired thymic 
tolerance in vivo: Intrathymic injection of antigen induces apoptosis of 
thymocytes and peripheral T cell anergy. J Immunol 1998;160:1504‑8.

108.	 Zhang MC, Kang JM, Cui ZQ, Fan WJ, Liu BL, Yan H. An 
experiment study of thymus tolerance to treat surgical brain 
injury  (in Chinese). Chin J Exp Surg 2015;32:538‑41. doi: 
10.3760/cma.j.issn.1001‑9030.2015.03.034.

109.	 Yang WJ, Wang H, Zhang B, Liu BL, Liu Y, Yan H. Treatment of 
surgical brain injury with immune tolerance induced by intrathymic 
injection of brain antigen  (in Chinese). Chin J Traumatol 
2016;32:542‑6. doi: 10.3760/cma.j.issn.1001‑8050.2016.06.015.

110.	 Cui ZQ, Liu BL, Wu QL, Cai Y, Fan WJ, Zhang MC, et al. Could 
intrathymic injection of myelin basic protein suppress inflammatory 



Chinese Medical Journal  ¦  August 20, 2018  ¦  Volume 131  ¦  Issue 161998

response after co‑culture of T lymphocytes and BV‑2 microglia 
cells? Chin Med J 2016;129:831‑7. doi: 10.4103/0366‑6999.178955.

111.	 Doherty  DG. Immunity, tolerance and autoimmunity in the liver: 
A  comprehensive review. J  Autoimmun 2016;66:60‑75. doi: 
10.1016/j.jaut.2015.08.020.

112.	 Li  F, Tian  Z. The liver works as a school to educate regulatory 
immune cells. Cell Mol Immunol 2013;10:292‑302. doi: 10.1038/
cmi.2013.7.

113.	 Calne RY, Sells RA, Pena JR, Davis DR, Millard PR, Herbertson BM, 

et  al. Induction of immunological tolerance by porcine liver 
allografts. Nature 1969;223:472‑6.

114.	 Liu Y, Kang JM, Zhang MC, Cui ZQ, Yang WJ, Yan H. An experiment 
study on the induction of immune tolerance by the injection of myelin 
basic protein in hepatic portal vein  (in Chinese). Chin J Exp Surg 
2016;33:975‑8. doi: 10.3760/cma.j.issn.1001‑9030.2016.04.031.

115.	 Szczepanik M. Mechanisms of immunological tolerance to the 
antigens of the central nervous system. Skin-induced tolerance as a 
new therapeutic concept. J Physiol Pharmacol 2011;62:159-165.



免疫耐受疗法：创伤性脑损伤治疗的新方法

摘要

目的：由于中枢神经系统特殊的解剖结构和病理生理机制，造成脑损伤后修复与机体其他系统存在较大差异。越来越多的证据
表明，针对性的降低脑组织的自身免疫反应，而不影响机体其他部位免疫功能的治疗方法将是治疗脑损伤的最佳优化方案。
数据来源：本文收集了直至2017年6月5日在PubMed数据库内的关于免疫耐受和创伤性脑损伤的相关文章。所有关键词是“免
疫耐受”、“创伤性脑损伤”、“中枢神经系统”。
论文选取标准：所有在中枢神经系统中研究免疫耐受和脑损伤的论著及重要的综述均包含在本文研究范围内。我们也对检索
到的文献中的参考文献进行了进一步筛选，以尽可能涵盖所有相关文献。
结果：中枢神经系统通过血脑屏障与免疫系统相隔离，在发生脑损伤后，脑抗原释放到全身循环引起损伤性的免疫反应。免
疫耐受可有效减轻脑损伤后脑水肿和神经系统炎症反应等症状，有利于神经功能的恢复。创伤性脑损伤的免疫耐受治疗具有
较好的临床应用前景和理论研究价值。
结论：免疫耐受机制的建立在创伤性颅脑损伤的治疗中具有较高的临床应用价值，它为患者的脑损伤治疗开辟了新的机遇。




