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1 | INTRODUCTION

The tumour necrosis factor-related apoptosis-inducing ligand
(TRAIL), also known as Apo2L, was initially cloned and charac-
terized as a new member of the TNF superfamily in the mid-
1990s.12 Consisting of 281 amino acid residues, TRAIL is a type Il
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Tumour necrosis factor-related apoptosis-inducing ligand (TRAIL) is a member of the
tumour necrosis factor (TNF) superfamily which mainly induces apoptosis of tumour
cells and transformed cell lines with no systemic toxicity, whereas they share high se-
guence homology with TNF and CD95L. These unique effects of TRAIL have made it
an important molecule in oncology research. However, the research on TRAIL-related
antineoplastic agents has lagged behind and has been limited by the extensive drug
resistance in cancer cells. Given the several findings showing that TRAIL is involved
in immune regulation and other pleiotropic biological effects in non-malignant cells,
TRAIL and its receptors have attracted widespread attention from researchers. In
the central nervous system (CNS), TRAIL is highly correlated with malignant tumours
such as glioma and other non-neoplastic disorders such as acute brain injury, CNS
infection and neurodegenerative disease. Many clinical and animal studies have re-
vealed the dual roles of TRAIL in which it causes damage by inducing cell apoptosis,
and confers protection by enhancing both pro- and non-apoptosis effects in different
neurological disorders and at different sites or stages. Its pro-apoptotic effect pro-
duces a pro-survival effect that cannot be underestimated. This review extensively
covers in vitro and in vivo experiments and clinical studies investigating TRAIL. It
also provides a summary of the current knowledge on the TRAIL signalling pathway
and its involvement in pathogenesis, diagnosis and therapeutics of CNS disorders as
a basis for future research.
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transmembrane protein with an extracellular C-terminal domain,
which shares extracellular domain sequence (receptor-binding motif)
homology with TNF (23% identical), LTa (23% identical) and FasL/
CD95L (28% identical).t Similar to other highly homologous mem-
bers of the TNF ligand family, TRAIL was originally regarded as a
cytokine that selectively induces apoptosis in a variety of cancer
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cell lineages or transformed target cells,® and leaving normal cells
unaffected.*

The ability to selectively induce apoptosis in tumour cells with-
out affecting healthy cells makes TRAIL a vital module in the field
of cancer treatment,® including wide utilization in the treatment of
glioma in the CNS.>% However, it has recently emerged that many
cancers are becoming TRAIL-resistant. This can be attributed to sev-
eral TRAIL limitations which include poor agonistic activity and sta-
bility of recombinant soluble TRAIL. Cancer cells are also capable of
exploiting endogenous TRAIL/TRAIL-R system to their advantage.
Many cancers have been TRAIL-resistant, and this has made scien-
tists explore more strategies and nanotechnological advancements
to enhance the apoptosis promoting effect of trail on cancer cells.”8
In addition to its expression in a wide range of normal tissues, TRAIL
messenger RNA is expressed in human natural killer cells, B cells,
monocytes and dendritic cells following cytokine stimulation.”*°
This means that the regulation of TRAIL-mediated cell death is more
complex than simply interacting with five distinct receptors iden-
tified and characterized previously.!! Therefore, in addition to an-
ticancer effects, the pleiotropic influence of TRAIL has also been
observed in various pathophysiological processes involving multiple
systems, such as autoimmune diseases such as rheumatoid arthri-
tis and systemic lupus erythematosus, cardiovascular diseases such
as acute myocardial infarction and atherosclerosis.*>*> Among CNS
diseases, inflammation to a certain extent acts as an important link
in the complex pathogenesis regulated by TRAIL. This mediates neu-
ron damage after acute injury, promotes the formation of amyloid
plaque in Alzheimer's disease and plays a specific protective role in
experimental autoimmune encephalomyelitis. Based on such a com-
plex and ambiguous background, this paper provides an extensive
review of in vitro and in vivo experimental and clinical studies, and
then provide a summary of the current knowledge on the TRAIL sig-
nalling pathway and its involvement in pathogenesis, diagnosis and
therapeutics during CNS disorders. The information provided here is

expected to form a basis for future studies.

2 | TRAIL SIGNALLING SYSTEM AND
RELATED REGULATION DEMONSTRATED IN
ONCOLOGICAL RESEARCHES

In humans, two TRAIL receptors contain a functional cytoplasmic
death domain and thus can transduce the signals to induce apop-
tosis. They are known as membrane-bound death receptor 4 (DR4/
TRAIL-R1) and death receptor 5 (DR5/TRAIL-R2). These two recep-
tors are similar in structure (58% identity) and are highly distributed
in cells and tissues including peripheral blood lymphocytes (PBLs),
spleen and thymus. They mediate apoptosis by associating with Fas-
associated death domain protein (FADD).'*'® An additional two re-
ceptors, namely glycosyl-phosphatidylinositol (GP1)-anchored DcR1
(TRAIL-R3) without an intracellular domain, and DcR2 (TRAIL-R4)
containing a truncated death domain serve as decoy receptors.
TRAIL can bind to DcR1 and DcR2 by their cysteine-rich extracellular
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domain, but this combination cannot induce apoptosis because it
lacks a functional death domain (DD). This suggests that the apop-
totic capacity of TRAIL can be resisted by competitively binging to
decoy receptors.t”?! Another unique soluble decoy receptor named
osteoprotegerin (OPG), which is capable of inhibiting osteoclas-
togenesis in bone remodelling by interacting with OPG ligand (pre-
viously described as receptor activator of NF-xB ligand (RANKL),??
also combines with TRAIL and impairs TRAIL-induced apoptosis.?®

As described above, TRAIL facilitates pro-apoptotic and
non-apoptotic effects by binding to death or decoy receptors. The
apoptosis course can be triggered by either intrinsic or extrinsic path-
ways initiated from the formation of a homotrimer of DR4 or DR5.%
This homotrimer subsequently recruits FADD and pro-caspase 8/10
to form the death-inducing signalling complex (DISC).2> Cellular
FADD-like IL-1B-converting enzyme inhibitory protein (c-FLIP) can
also be recruited to DISC as an inhibitor of caspase cascade via het-
erodimerizing with pro-caspase 8.2° In this multi-protein complex of
DISC, pro-caspase 8/10 is cleaved and activated autocatalytically,
producing a vigorous proteinase caspase 8/10 which can cleave
multiple downstream proteins such as pro-caspases 3, 6 and 7, and
BH3 interacting domain death agonist (Bid).?”?® Recently, according
to the ratio of XIAP to caspase 3 and the DISC’s capacity to cleave
pro-caspase 3, cells were classified into type | and type 11.2%%° On
the one hand, type | cells activate caspase 8/10 which are sufficient
or more than enough to cleave pro-caspase 3 and then trigger apop-
tosis directly, and this pathway is known as an extrinsic apoptotic
pathway or receptor-dependent pathway 3032 (Figure 1A1). On the
other hand, type Il cells activate caspase 8/10 converting Bid into
truncated Bid (tBid) which later interacts with Bak and Bax proteins
on the membrane of mitochondria and leads to the release of cyto-
chrome ¢ and SMAC/Diablo from the unstable mitochondria outer
membrane. Cytochrome c couples with pro-caspase 9 and apoptotic
protease-activating factor-1 (APAF-1) and assembles into apopto-
some complex, which sequentially activates caspase 9 and execu-
tioner caspase 3. The SMAC/Diablo also promotes apoptosis as it
serves as the negative effect on XIAP, which is a direct inhibitor of
final effective apparatus, caspase 3/9. The effect of SMAC/Diablo
might be crucial in case of insufficient caspase 8. This pathway is
known as an intrinsic apoptotic or mitochondrion-dependent path-
wayso'32 (Figure 1A2).

Apart from classic pathways, TRAIL can also participate in the
non-apoptotic pathway in certain situations (high concentrations
of TRAIL). This non-canonical signalling can lead to cell survival,
proliferation and migration via transcription of several genes at
the stimulation of kinase signallings, such as nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-kB), mitogen-activated
protein kinases (P38/MAPK), c-Jun N-terminal kinase (JNK), phos-
phatidylinositide 3-kinases (PI3K/Akt) and extracellular regulated
kinase (ERK).%3%* For instance, NF-kB, a familiar transcription factor,
could up-regulate the transcription of genes such as c-FLIP, Bcl-XL
and XIAP. These genes encode intracellular cytokines that are ca-
pable of blocking specific sites during the apoptotic processes as
explained earlier, thus inhibits apoptosis.>> The P38/MAPK as a
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FIGURE 1 The TRAIL signalling pathway. A, Apoptotic signalling pathway. The binding of soluble TRAIL to the homotrimer of DR4/5,
the DD on receptors, the recruited FADD and pro-caspase 8 form the DISC complex, which triggers autocatalytic activation of caspase 8

in DISC. Subsequently, in (A1) extrinsic pathway, caspase 8 activates caspase 3/6/7 directly; in (A2) intrinsic pathway, caspase 8 cleaves

Bid into tBid which later interact with Bax/Bac on the mitochondrial membrane leading to lysis of mitochondria. The Cyt-C released from
mitochondria cleaves pro-caspase 9 into caspase 9 in apoptosome complex, which in turn activates caspase 3/6/7. The effector caspase
3/6/7 activated by both pathways induces cell apoptosis. B, Non-apoptotic signalling pathway. Adaptor proteins including TRADD, TRAF2,
RIP1 and IKK-y are recruited to form the secondary signalling complex through a serious complex processes involving several molecules such
as NF-kB, P38/MAPK, JNK, PI3K/Akt and ERK. These pathways induce cell survival, proliferation and migration among other processes.
APAF-1, apoptotic protease-activating factor-1; Bcl-2, Bcl-XL, Mcl-1, Bac, Bax all belong to Bcl-2 family, B cell leukaemia 2 family; Bid, BH3
domain-containing protein; c-FLIP, cellular FADD-like IL-1p-converting enzyme inhibitory protein; DISC, death-inducing signalling complex;
DR4/5, death receptor 4/5; ERK, extracellular regulated kinase; FADD, Fas-associated death domain; IKK-y, inhibitor of kB (IxB) kinase-y;
JNK, c-Jun N-terminal kinase; MAPK, mitogen-activated protein kinases; NF-kB, nuclear factor kappa-light-chain-enhancer of activated

B cells; PI3K, phosphatidylinositide 3-kinases; RIP1, receptor-interacting kinase 1; tBid, truncated Bid; TRADD, TNFR1-associated death
domain; TRAF2, TNF receptor-associated factor 2; TRAIL, TNF-related apoptosis-inducing ligand; TRAIL-R, TNF-related apoptosis-inducing

ligand receptor; XIAP, X-linked inhibitor of apoptosis protein

multifunctional kinase could regulate inflammation, cell prolifera-
tion and differentiation as well as apoptosis.®® The ERK protects the
integrity of the endothelial cell and promotes proliferation.3” The
PI3K-independent activation of protein kinase B/Akt plays a crucial
role not only in cell survival triggered by growth factors, extracellu-
lar matrix and other stimuli but also in activation of NF-kB pathway®>®
(Figure 1B).

TRAIL selectively driven apoptosis of tumour cells has been ex-
tensively studied in the field of cancer treatment as it was found in

the mid-1990s. However, one of the biggest barriers to its effective

clinical application lies in the drug resistance against TRAIL-based
therapeutics. Among various reasons including decline in of death
receptors, activation of oncogenes and silence of tumour suppres-
sor genes, and disorder of anti-apoptotic proteins, the dark side
of TRAIL-mediated signalling which also known as non-canoni-
cal survival signalling pathways has achieved more attention than
TRAIL-induced apoptotic signalling.®**° Additionally, according to
the cellular context, TRAIL signalling towards death or survival may
be affected by factors such as variation between the expression of

death receptors and decoy receptors, shuttling of death receptors
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and regulation of non-coding RNA.2%4% |n a large amount of cancer
treatment studies, these factors were reported to confer TRAIL-
based therapeutics potential adverse effect such as proliferation,
migration and metastasis of cancer cells. For example, studies on
breast cancer metastasis reported that overexpressed DR5 was
able to improve the expression of C-X-C chemokine receptor type 4
(CXCR4) on the surface of MDA-MB-231 BCa cells, whose migratory
potential towards stromal cell-derived factor 1 (SDF1) was subse-
quently enhanced.** Interestingly, a natural agent a-mangostin was
found to significantly promote shuttling of nuclear accumulation of
DR5 to cell surface to break the suppressed condition of TRAIL-
driven apoptosis.’? Moreover, a-mangostin can also positively
regulate TRAIL-mediated apoptosis by significantly enhancing the
expression of DR5 through down-regulating miR-133b.%? Actually,
TRAIL pathways were demonstrated to be regulated by abundant
non-coding RNAs such as long non-coding RNA (IncRNA) and mi-
croRNA (miRNA), in which miRNA was most widely studied.*? Non-
coding RNAs possess a bright prospect in the field of TRAIL-based
tumour therapy and drug resistance relief because most of which
positively or negatively regulate the components of TRAIL/TRAIL-R
system.>?%2 Unfortunately, there are very limited researches about
non-cording RNA on CNS diseases up to now. The study of TRAIL in
CNS diseases still stays in the classical apoptotic pathway, and even
the dark side has not gain enough attention, let alone non-coding
RNAs as the regulators. It reminds us that many valuable and novel
experiences can be drawn from the field of tumour researches for
the study of TRAIL in CNS.

3 | TRAIL AND NON-NEOPLASTIC
NEUROLOGICAL DISEASES

3.1 | Acute brain injury

3.1.1 | Therole of TRAIL in ischaemic stroke and
haemorrhagic stroke

Cerebral stroke, one of the fatal and disabling diseases worldwide,
which cause brain tissue damage because of the sudden rupture
of blood vessels or the inability of blood flow because of block-
age of blood vessels in the brain, includes haemorrhagic stroke
and ischaemic stroke.*® There are certain research foundations of
TRAIL on ischaemic stroke, whereas no literature about haemor-
rhagic stroke and TRAIL can be retrieved in PubMed. Thus, in this
section, we mainly discuss the progress of TRAIL/TRAIL-R sys-
tem in ischaemic stroke, and our unpublished data which showed
the relationship between TRAIL and haemorrhagic stroke will be
discussed in the discussion section. Accounting for the majority
of stroke events, ischaemic stroke shows various sudden clinical
symptoms such as lacunar-like syndromes, aphasia or neglect,
ataxic syndromes, visual field defects and associated neurobe-
havioural syndromes which mainly based on occlusion of different

blood vessels.** Ischaemic stroke causes tissue impairment not
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only through direct damage such as oxygen and glucose depriva-
tion or increased intracranial pressure but also through secondary
inflammatory response followed by cell death. After the onset of
ischaemic stroke, the hypoxia-ischaemia area suffers from fatal
cerebral swelling, and later releases tremendous amounts of in-
flammatory mediators and damage-associated molecular patterns
(DAMPs).* This is usually followed by prominent infiltration of
immune cells.*> The TRAIL protein is not found in normal brain
tissue,* but TRAIL is showed to participate in the neuronal ap-
optosis through a ceramide-mediated c-Jun signalling pathway
after brain injury.*”*8 Recruitment of leucocytes by crossing the
compromised blood-brain barrier (BBB) and activation of local
microglia seem to play a crucial role in the initiation of neuronal
apoptosis.**>! Several pre-clinical studies indicate that TRAIL is
mainly expressed in active microglia and macrophages, whereas
DR5 is predominantly expressed in neurons after transient global
cerebral ischaemia.’? Meanwhile, the competitive inhibitor-solu-
ble DR5 can reduce the cerebral pathological harm by competi-
tively binding to free TRAIL.%? Similar changes in TRAIL and its
receptor are also found in hypoxia-ischaemia (HI) of immature rat
models.>>% In these studies, however, DcR1 was overexpressed
in the cerebral cortex.”®

Accounting for approximately 85% of all stroke cases,’ isch-
aemic cerebral stroke has attracted much attention. However,
many agents that are effective in pre-clinical studies have not suit-
able for clinical application.>® Because of this, some researchers
have provided more information on an endogenous neuroprotec-
tive mechanism, for example ischaemic pre-conditioning (IPC),56
which causes an effect by regulation of intrinsic TRAIL and its re-
ceptors rather than extrinsic agents. The IPC conferred tolerance
to ischaemic neurons when rats were subjected to sublethal brain
ischaemia in 30 mins of tMCAO study as reported by Cantarella

et al.¥’

The TRAIL and its death receptors were down-regulated,
whereas decoy receptors were up-regulated after IPC, and this
led to the suppression of intrinsic and extrinsic apoptotic path-
ways. Recently, Xu et al reported that remote limb pre-condi-
tioning (RPC) ameliorates brain damage after ischaemic cerebral
stroke with similar regulation of TRAIL.>* As an oxygen-free rad-
ical scavenger, edaravone provides neuronal protection against
hypoxic-ischaemic brain damage by suppressing TRAIL and active
caspase 3 protein.’” Intriguingly, previous studies have demon-
strated that the condition of oxidative stress characterized by
excessive accumulation of reactive oxygen species mediates the
overexpression of DR5 through key downstream transcription
factors such as C/EBP-homologous protein (CHOP).*® On the
basis of this theory, various modulators, inducers and sensitizer
of ROS were researched to enhance the sensitivity of TRAIL in
a lot kinds of cancer cells, which is a promising research target
towards TRAIL-related tumour drug resistance.”¢° Conversely,
in most cases, the primary task of the TRAIL-based therapeutics
for CNS diseases is inhibiting the apoptotic pathway. Therefore,
exploring an effective ROS inhibitor may be a novel and promising

target compared with the traditional direct inhibition on TRAIL or
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TABLE 1 Alist of clinical cohort researches of STRAIL or TRAIL mRNA as well as other relative factors as biomarkers in CNS non-
neoplastic diseases
TRAIL mRNA
Disease Patients SsTRAIL changes changes Main findings Remark Year/Ref.
ICS 95 first-ever patients  Lower levels at the onset; 17 at the onset; in Reliable predictor of stroke / 2018/%2
and 95 HC 1 later periods later periods outcome
293 patients () NIHSS score and stroke / Associated with ICS (F) stroke subtypes 2015/
volume within 7 days of severity
onset
SCI 22 chronic SCl and Detectable levels during / Potential biomarker or Supplement 2013/*%
19 HC chronic SCI treatment site for MIF as a
biomarker
TBI 10 mild and 10 severe 11 within the first hour / Able to discriminate Cooperate 2017/7°
TBI patients and 10 of TBI between TBI and HC with AXIN1 as
controls at<1h biomarkers
AD 103 older (+) annual rate of change  / Bone-related biomarkers Dkk1 (+) semantic ~ 2018/%?°
individuals with in episodic and working may predict worsening memory; Dkk1 (-)
memory concerns memory cognition working memory
without cognitive
impairment
22 AD patients and (-) MMSE scores in AD (¥) in the PBMCs Down-regulate the no TRAIL protein in 2009/%*
20 HC patients; () AD and HC of AD and HC peripheral immune the CSF samples
response in the late
stages
MS 53 MS patients and Lower in MS patients () MS patients Apoptosis of T cells |, in 2014/1%
25 HC MS patients
92 untreated MS 1l during relapses of / Participate in the sFas, sFasL and 2013/%18
patients and 38 HC RRMS pathogenesis of MS sTRAIL (¥) MS
patients and HC
35 RRMS patients 1 during IFN-B treatment  / Indicating the response l surface TRAIL 2011/
and 19 HC to IFN-B therapy at expression on
individual level lymphocytes
26 HC and 21 SPMS,  7in relapse of untreated 1in remission of Association with MS / 2008/%%8
70 RRMS MS patients; Tin IFN-p treated disease activity;
remission of IFN-p- patients Reflecting bioactivity of
treated patients IFN-p
15 HCand 15 Related to subjective flu-  / Unable to predict the / 2007/*%°
untreated RRMS, like symptoms observed therapeutic response in
9 glatiramer long-term IFN-B-treated
acetate-treated and patients
37 IFN-B-treated
RRMS patients
30HCand 73RRMS  / 22% abrogation of MxA as an appropriate MxA expression 2006/%°
patients TRAIL expression biomarker for IFN-f was higher than
after long-term both TRAIL and
INF-B treatment XAF-1
82 MS patients Before treatment, initial, / Prognostic marker of / 2003/%1°
sustained T with treatment response to
better INF-p treatment INF-p
response
19 MS patientsand 1 from late pregnancy to  / TRAIL may increase the / 2010/%%

14 controls during
late pregnancy and
post-partum

post-partum situation
in both MS patients and
controls

risk of relapses in MS
post-partum

Abbreviation: (-), inversely correlate with; (+), positively correlate with; (), no significant differences between; 1T, up-regulate; |, down-regulate; AD,
Alzheimer disease; AXIN1, axis inhibition protein 1; CSF, cerebrospinal fluid; Dkk1, Dickkopf WNT signalling pathway inhibitor 1; HC, health control;
ICS, ischaemic cerebral stroke; MIF, migration inhibitory factor; MMSE, Mini-Mental State Examination; MS, multiple sclerosis; MxA, myxovirus
resistance protein A; NIHSS, National Institute of Health Stroke Scale; PBMCs, peripheral blood mononuclear cells; RRMS, relapsing-remitting
multiple sclerosis; SCI, spinal cord injury; SPMS, secondary progressive MS; TBI, traumatic brain injury; XAF-1, X-linked inhibitor of apoptosis

factor-1.
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its death receptors. Utilization of edaravone on hypoxic-ischaemic
brain damage filled this research blank and created a precedent.

Coalition pre-conditions mentioned above with the application
of TRAIL signalling pathway inhibitors may provide a comprehensive
approach to ischaemic cerebral stroke (ICS) treatment.

The TRAIL and its receptors have been recognized as biomarkers
in various diseases (Table 1). There were significant negative cor-
relations between the level of TRAIL in serum and stroke scale score
and volume, demonstrated by clinical research in acute ischaemic
stroke. Among different stroke subtypes, serum TRAIL levels had no
obvious distinction.®? Interestingly, plasma levels of TRAIL-R5 (OPG)
significantly increased along with the presence and severity of cere-
bral atherosclerosis. These results were supported by Pan et al who
revealed that TRAIL-R2 (DR5) displays similar changes in large artery
atherosclerosis (LAA) stroke.™ Recently, a study conducted in a co-
hort of 95 first-ever acute ischaemic stroke patients and 95 healthy
controls reported that there was a change in TRAIL levels in the pe-
ripheral circulatory system after the onset of stroke events. Serum
TRAIL protein levels were increased, whereas mRNA expressed on
peripheral blood mononuclear cells (PBMC) was down-regulated as
the condition progressed. This shows that TRAIL accord with the
chronic regulatory processes from transcription to translation and

therefore promises to be a valuable biomarker of 1CS.%?

3.1.2 | Therole of TRAIL in traumatic brain and
spinal cord injuries

Traumatic brain injury (TBI) and spinal cord injury (SCI) are life-
threatening conditions that mainly result from trauma caused by
motor vehicle accidents or violence on two different neurological
sites.®®%% In the United States, there are around 85 per 100 000 peo-
ple are hospitalized and over $60 billion was costed for TBI every
year. For SCI, the incidence was reported to lie between 10.4 and
83 per million residents per year, and one-third of patients are tetra-
plegic, whereas 50% of patients have a complete lesion. These two
diseases mainly occur in young people and are usually accompanied
by severe paralysis, which increases the burden on society.®*%* The
exact pathophysiological mechanism of these two disorders is quite
complicated and interconnected. They can, however, be roughly cat-
egorized into two stages: primary injury characterized by shearing,
tearing or stretching of nerves and their surrounding tissues,®® and
secondary injury characterized by various processes including ionic
dysregulation, neurotransmitter accumulation, neuronal apoptosis
and immune-associated neurotoxicity.®®®” Because the primary me-
chanical injury is usually instantaneous and unpredictable, it is hard
to adopt timely intervention measures. On the contrary, the second-
ary injury-induced neurological damage shows a delay phase; there-
fore, accurately identifying the stage and severity of TBI and SCl is
crucial for optimizing the treatment to avoid neurological function
impairment.®®®’ Lisa et al recently determined the value of TRAIL
along with AXIN1 as potential serum biomarkers in discriminating

between TBI and healthy volunteers within the first hour. These
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results may provide a pre-hospital first aid team with a basis for de-
cision-making during the treatment of TBI patients.”°

Moreover, it has been discovered that TRAIL is one of the various
overexpressed inflammatory mediators after spinal cord injury and
the expression is induced not only by intraspinal injection of quis-
qualic acid (QUIS) but also by clip compression injury persisting for
30 minutes. The pathophysiological characteristic of QUIS is similar
to traumatic SCI, and the peak of TRAIL mRNA expression levels was
observed at the 1- to 2-week time-point following QUIS injury.”* A
relatively early expression of TRAIL was observed in another study.
High-intensity TRAIL protein was inclined to colocalize with oxygen-
ase-1 (HO-1) in motor neurons after 16 hour post-operation‘72

Cantarella et al were the first to highlight the involvement of
TRAIL in the inflammatory response and cellular apoptosis after
SCI. In agreement with several findings concluded from SCI mod-
els, the processes mentioned above could be halted by the TRAIL-
neutralizing antibody, therefore reduce apoptotic cells and promote
neurological recovery. There is a synergizing function between
glucocorticoid-induced TNF receptor superfamily-related ligand
(GITRL) relative pathway and TRAIL pathway in the process of SCI-

related apoptosis.”®

3.2 | Therole of TRAIL in central nervous
system infection

The incidence of infectious diseases of CNS including bacterial
meningitis, viral meningoencephalitis, tuberculous meningitis and
cerebral malaria is still high in developing countries because of
poor sanitation. Even in America with relatively hygienic living con-
ditions, there are still more than 20,000 new patients of encephalitis
or meningitis, of which viruses are the major causative agents in line
with the rest of the world. Bacterial meningitis such as meningococ-
cal disease tends to epidemic outbreak, especially in Africa. High
mortality and permanent neurological sequelae in most survivors re-
sult in a heavy social burden.”*7¢ More focus and financial resources
should, therefore, be channelled in the identification of exact patho-
genesis and therapeutic interventions. Usually, some specific patho-
gens cause disruption of BBB in various ways and manage to enter
CNS. To eliminate these highly virulent and neuroinvasive pathogens
and reduce their reproduction, a series of cytokines are activated to
stimulate innate and adaptive immune responses. Nevertheless, the
excessive immune response often results in local microenvironment
destruction and neurological damage which manifests by causing se-
rious complications.”+””78

As a classical model for studying mechanisms of injury caused
by a viral infection, the reoviruses-infected mouse study reveals that
TRAIL released from infectious cells plays a crucial role in the apop-
tosis of neurons in vivo with neurotropic viral infection by interacting
with death receptors.”’ An experiment on high-neurovirulence GDVII
virus complements the above study by concluding that overexpressed
TRAIL induces astrocytes apoptosis in murine without an increase in
DR4 or DR5, but with up-regulation of TNF-R.8® Other studies that
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focused on CNS opportunistic infections of HIV-1 have demonstrated
the co-location of TRAIL protein and HIV-1-infected macrophages.
Large amounts of TRAIL produced by activated macrophages indi-
rectly mediate neurotoxicity and eventually result in HIV-associated
dementia manifested as behavioural abnormalities, motor dysfunction
and so on. 8182 Recently, TRAIL was found to induce subsequent wide-
spread apoptosis initiated from brain endothelial cells (BECs) infected
with wild-type measles virus even with a small number.83

Previous studies focused on searching for potential therapeutic
interventions by blocking TRAIL-induced neurological damage after
CNS infection. For instance, Kaul et al found that TRAIL released
from CD8" T cells protects neurons in CNS from the West Nile virus
(WNV) infection to a certain extent.8* Similar immunomodulatory
and neuroprotective effects have been demonstrated in a bacterial
meningitis model. The TRAIL-deficient meningitis model showed
severe apoptosis in the hippocampus and experienced drawn-out
acute inflammation, which was moderated by intrathecal application
of rTRAIL.®> These illustrations suggest that the challenge of inves-
tigating and developing TRAIL-related agents lies in its complicated
dual effects of inducing neuronal apoptosis and eliminating patho-

gens in the presence of invasive infections in CNS.

3.3 | TRAIL and neurodegenerative disease

3.3.1 | Therole of TRAIL in Alzheimer's disease

Alzheimer's disease (AD) is a progressive neurodegenerative disor-
der resulting from complicated interactions among multiple factors
that progressively lead to a deficiency in neurons and the decline of
cognitive functions.®® With the aetiology still remaining unknown,
dementia is clinically characterized by memory disorder, aphasia, loss
of use, loss of recognition, impairment of visuospatial skills, executive
dysfunction and personality and behaviour changes. With increasing
life expectancy, AD is advance irresistibly prevalent all over the world.
In present America, more than 5 million residents were affected by
AD and related financial burden reached $230 billion. These two num-
bers were excepted to reach 13.8 million patients and $1.1 trillion by
2050.8¢ Against the backdrop of increasing ageing population world-
wide, multi-filed and interdisciplinary theories and approaches have
been applied in clinical research with regard to pathogenesis, early bio-
markers and novel therapeutic interventions.®”88

Several studies have confirmed that amyloid-f plaques and neu-
rofibrillary tangles are the two main pathological changes during
AD. Nevertheless, recently, third core pathogenesis known as mi-
croglial-related inflammation which contributes to driving and ex-
acerbating AD pathology has been accepted as another central
mechanism.®¢8887 Before the involvement of TRAILin B-amyloid pro-
tein (BAP), induced neurotoxic effects were demonstrated by in vitro
SH-SY5Y neuroblastoma models.’® Plenty of evidence has proved
that the c-Jun N-terminal kinase (JNK) pathway, one of the TRAIL-
induced non-apoptotic signalling pathways, contributes to pAP-in-

duced death of cortical neurons by induction of apoptosis-related

gene transcription.‘?o'91 Moreover, TRAIL is highly overexpressed in
AD patients in vivo, whereas its expression has not been detected in
the brains of the age-matched non-demented patients. And TRAIL
protein tends to be detected in AD-affected neuron-rich cerebral
cortex, mainly in the proximity of amyloid plaques.”® Another crucial
factor is that DR5 only increases under the condition of the high-
est toxic dose of BAP in the AD brain, and TRAIL expression shows
dose-dependent with BAP. The blockade of the DRS5 significantly
prevents pB-amyloid neurotoxicity both in neuronal cell line and in
cortical neurons treated with BAP1-42.7173

During the early stages of AD when amyloid plaques and neu-
rodegeneration have not widely spread, the identification of AD
and treatment timely seems to be the most effective approach.87
However, TRAIL protein could not be found in the cerebrospinal
fluid (CSF) of AD patients in a study, and the serum concentration
of TRAIL protein showed no difference between AD patients and
normal controls.”* This pattern of distribution suggests it may be dif-
ficult to develop TRAIL as an early simple biomarker efficiently and
accurately identifying the severity of the amyloid-p plaques. More
recently, an experiment carried out on patients with different types
of dementia and mild cognitive impairment (MCI) demonstrated
that soluble-TRAIL levels in serum were higher in vascular demen-
tia (VAD), 'mixed' dementia (MIX) and MCI patients, compared with
late-onset AD (LOAD) patients and the controls. And the discrep-
ancy of TRAIL levels in serum may show a positive correlation with
the degree of vascular damage.”

Apart from neurons, oligomeric AB may also be deposited on
arteries, arterioles and capillary vascular endothelium. This leads
to focal ischaemia, alterations in cerebral blood flow and cerebral
micro-/macro-haemorrhages through potential extrinsic apopto-
sis on endothelial cells mediated by DR4 and DR5.% In contrast to
the up-regulation of DR4 and DR5, the down-regulation of c-FLIP,
a critical inhibitor of caspase 8 in the apoptosis signalling path-
way, suggests a possibly effective therapeutic strategy aimed at
increasing c-FLIP expression in neurons. It inhibits both TRAIL-
induced and Fas-induced apoptosis in a variety of neurodegener-
ative diseases.”’ Despite the earlier belief that neutralizing TRAIL
protein by antibodies that block the initiation of TRAIL signals is a
risky approach because TRAIL plays a crucial role in immune sur-
veillance,”® an experiment on the triple transgenic mouse model of
Alzheimer's disease applying this method of neutralization of TRAIL
achieved notable results.”® Giuseppina et al reported that when they
treated their AD model with monoclonal antibody of TRAIL, they
observed microscopic pathological improvement which includes re-
duced expression of TRAIL itself, its receptors and amyloid-p, miti-
gation of inflammation and reduction in neurofibrillary tangles and

macroscopic improvement of cognitive function.”®

3.3.2 | Therole of TRAIL in multiple sclerosis

Multiple sclerosis (MS) is a chronic autoimmune-demyelinating dis-

ease occurring in the central nervous system. Over 2 million people
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affected by this incurable disease worldwide. In the United States,
around 400,000 patients cause approximately $10 billion economic
burden annually. The disease mainly affects young adults and mani-
fests as dissemination of lesion in space (including white matter, grey
matter, brain stem, spinal cord and optic nerve) and time (the poten-
tial result of an unscheduled inflammatory invasion of CNS).7%1%0 A
series of progressive symptoms such as limb weakness and pares-
thesia, monocular visual loss, one and a half syndrome and ataxia
all impose significant impacts on the physical, mental health and
financial status of a patient.'°® Many scientists believed that innate
immunity is characterized by the pro-inflammatory effect of acti-
vated macrophages and microglia, and adaptive immunity marked by
cytotoxicity induced by helper (CD4+) and cytotoxic (CD8+) T cells
is primarily responsible for pathological changes such as demyelina-
tion, axonal or neuronal loss, and astrocytic gliosis.101 The effect of
B cells has also attracted renewed attention because of its role in the
induction of T cells and the success of B cell-depleting antibodies in
limiting pathological and clinical manifestations of MS 79100102

Two crucial functions of TRAIL signalling system, that is mod-
ulation of immune function and induction of apoptosis, have

been confirmed by several studies and pre-clinical applications in

Stroke

@ Ischemic stroke
Increased TRAIL in ICS patient serum.
Increased TRAIL in active microglia and
macrophages of rodent ICS.
Increased DR-5 in neurons of rodent ICS.

4 Hemorrhagic stroke

Increased TRAIL in active microglia and
macrophages of rat SAH.

Increased DR-5 in neurons of rat SAH.

investigations of MS. Even if during expression of death receptors
(DR4 and DR5), antigen-specific human T cells can be exempted
from apoptosis by the extracorporeal condition of soluble TRAIL,
TRAIL merely inhibits activation of T cells by negatively regulating
calcium influx and blocking cell-cycle progression.’?31%% This defi-
ciency in apoptotic elimination of autoreactive T cells may be a po-
tential cause of MS. But, TRAIL expressing from neuroinflammatory
T cells induces apoptosis of brain cells in epilepsy.’®® Intracerebral
TRAIL also critically contributes to irreversible CNS neuron apopto-
sis within the autoimmune inflamed brain as demonstrated in a mu-
rine MS model named experimental autoimmune encephalomyelitis
(EAE).X® This is the most common and currently used experimental
model for the pathogenesis studies of MS, in addition to, testing or
developing novel agents of MS. Although it is challenging to accu-
rately simulate the progress of MS, this model has been successful
in revealing the mechanisms.’®” In this model, however, mice treated
with intraperitoneal injection of sDR5 that competitively blocks
TRAIL exacerbated EAE, as demonstrated by higher disease scores
and degree of inflammation in the CNS.1%81% These diametrically
opposed functions of TRAIL in the same model may be because of
differences in sites of action of TRAIL and different stages of EAE.

Traumatic Injury

4 Traumatic brain injury
Increased TRAIL in TBI patient serum within the
first hour.
Increased TRAIL in brain lesion of rat TBI.
Increased DR-5 in neurons of rat TBI.

€ Spinal cord injury

Increased TRAIL in SCI patient serum.

Increased TRAIL / DRS in white and gray matter of
injured tissues.

TRAIL/TRAIL-R System

Degenerative Disease

@ Alzheimer disease
Increased TRAIL in brain tissue of AD patient.
Increased TRAIL/DRS in amyloid plaques of rodent
models hippocampus .

€ Multiple sclerosis
Decreased TRAIL in serum of relapses RRMS patient.
Increased TRAIL in active lymphocytes of EAE.
Increased DR-5 in neurons of EAE.

Infectious Disease

4 HIV-1 infection

Increased TRAIL in human MDM after HIV-1
infection.

Increased DR-4/5 in neurons of HIV-1 encephalitic
human brain tissue.

Increased TRAIL in HIV-1-infected macrophages of
mice models.

4@ Other infection
Increased TRAIL in MBECs after measles virus
infection.

FIGURE 2 The changesin TRAIL/TRAIL-R system in the non-neoplastic neurological diseases. MBECs, murine brain endothelial cells;

MDM, monocyte-derived macrophages; RRMS, relapsing-remitting MS
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TABLE 2 Summary of TRAIL/TRAIL-R system's dual role as well as relevant treatment which utilize or restrain this system in various
models of CNS diseases

Changes in TRAIL/

Effects of TRAIL/

Animal models TRAIL-R TRAIL-R Treatment Main findings Ref
TRAIL/TRAIL-R system play as a damage role
BCCA occlusion-induced T TRAIL in A-MI/ Induce neuron sDR5 Reduced delayed 52
ICS MA; T DR5in apoptosis neuronal damage
neurons
Clip compression model T TRAIL and T DR5 Induced apoptosis TRAIL-neutralizing Prevented SCl-induced 73
of SCI in white and grey antibody apoptosis; improved
matter injured motor function
tissues
CNS HIV-1-infected mice T TRAIL in Induce neuron TRAIL-neutralizing Blocked the neuronal 81
model HIV-1-infected apoptosis antibody apoptosis
macrophages
3 x Tg-AD mice model T TRAILand DR5in  Mediated amyloid TRAIL-neutralizing Improvement of cognitive 8
the hippocampus neurotoxicity antibody parameters
Encephalitogenic 1 TRAIL in active Induce neuron Intracisternal Decreased brain cell 106
lymphocyte-induced lymphocytes apoptosis application of sDR5 death
EAE
TRAIL/TRAIL-R system play as a protect role
Pneumococcal meningitis / TRAIL -/~ mice Intrathecal application Limited excessive immune ~ &°
model of wild-type and with prolonged of rTRAIL responses; decreased
TRAIL =/~ mice inflammation apoptosis
WNV meningitis model / TRAIL =/~ mice Transfer of WNV- CD8 T cells produced &
of wild-type and TRAIL with defects in primed wild-type TRAIL to clear WNV
-/- mice CD8 T cells and infection
delayed viral
clearance
30 mins of tMCAO- 1 decoy receptors; Reduce Carry out IPC before IPC protected brain from @
induced IPC J TRAIL and inflammatory ICS forthcoming ICS by
death receptors response; inducing decoy receptors
ameliorate ICS-
induced damage
Tri-(FAO-FAR)-induced 1 decoy receptors; Suppress extrinsic Carry out RPC before RPC protected brain from o
RPC | death receptors apoptosis; ICS forthcoming ICS by
ameliorate ICS- inducing decoy receptors
induced damage
Myelin oligodendrocyte / Inhibit autoimmune  Chronic TRAIL Enhanced T cell responses Ao1ws
glycoprotein induced inflammation blockade with sDR5 and exacerbated EAE;
EAE Not regulate apoptosis
of immune cells
rTRAIL Delayed the onset and 108
reduced the severity of
EAE
Intrathecal delivery of Decreased the severity of &P
plasmid coding for disease
OX40-TRAIL
Treated with Inhibited the clinical 120
Fn14-TRAIL course of EAE

Abbreviation: 3 x Tg-AD, triple transgenic mouse model of Alzheimer's disease; A-MI/MA, active microglia and macrophages; BCCA, bilateral
common carotid artery; CNS, central neural system; EAE, experimental autoimmune encephalomyelitis; FAO, femoral artery occlusion; FAR, femoral
artery reperfusion; Fn14, a tumour necrosis factor-like weak inducer of apoptosis receptor; ICS, ischaemic cerebral stroke; IPC, ischaemic pre-
conditioning; OX40, a tumour necrosis factor receptor; RPC, remote limb pre-conditioning; rTRAIL, recombinant TRAIL; SCI, spinal cord injury; sDR5,
soluble DR5; tMCAQO, transient middle cerebral artery occlusion; WNV, West Nile virus.

Interferon-beta (IFN-) is the main immunomodulatory agent opening.'*® And because of the instability of efficacy in different

for relapsing-remitting MS (RRMS) through the mechanism of in- patients, researchers are seeking to find an exact biomarker for

hibition of T cell proliferation and blocking of blood-brain barrier IFN-B treatment. Wandinger et al were the first to propose that
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the TRAIL had the potential to become the prognostic marker of
treatment response to IFN-f in MS. This proposal was supported
by the positive correlation between pre-treatment assessment
of TRAIL expression and prognosis after IFN-f treatment.!1°
Contrarily, IFN-B enhances TRAIL's inhibitory effect on T cell ac-
tivation as well as its expression in vivo and in vitro.*'* Although
a recent study drew a similar conclusion regarding the correlation
between long-term IFN-p treatment and the expression of splice
variants of TRAIL and its receptor in diverse cellular subsets,?
the controversy over this correlation has persisted in many studies
over the years. This suggests that larger sample size studies are
necessary for the future. Another controversy is the relationship
between genetic polymorphism in TRAIL including its receptor and
susceptibility to MS. In clinical studies conducted in populations of
different countries, results showed no statistical correlation.!*1%>
Except for the presence of the CC genotype at position 1595 in
exon 5 which represented a higher risk of MS, and the combination
of the alleles G/T/ A in single-nucleotide polymorphisms (SNPs)
was shown to reduce risk of MS.116:117

Based on the above-mentioned studies, TRAIL has received
much focus because of its potential role in the pathogenesis of MS,
which has been supported by two independent studies. The first
shows that sTRAIL levels significantly decrease in relapses stage of
relapsing-remitting multiple sclerosis (RRMS) with no reduction in
serum levels between MS patients and healthy control.® The sec-
ond, however, reported that the sTRAIL level was lower in MS pa-
tients compared with the controls in the context of undifferentiated
TRAIL mRNA transcription. Significant progress has also been made
at the TRAIL-related pre-clinical treatment of MS. By intrathecal de-
livering of a plasmid DNA coding for fusion protein (OX40-TRAIL)
composed of a tumour necrosis factor receptor and TRAIL, the EAE
mouse significantly showed a decrease in the severity of clinical
disease resulting from overexpression of OX40-TRAIL in CNS.}? A
more promising agent with a similar mechanism, that is, fusion pro-
tein named Fn14-TRAIL which is composed of extracellular domains
of Fn14 (capable of blocking the pro-inflammatory TWEAK ligand)
and TRAIL, strongly inhibits the clinical course of EAE by its anti-in-
flammatory effect on various processes of CNS.*2°

Demyelination induced by oligodendrocyte death is a character-
istic pathological change in MS. Several reports have revealed that
the p53-TRAIL-JNK pathway is involved in the injury of oligodendro-
cyte.121’122 Although it has been proposed that TRAIL with its decoy
receptors may protect oligodendrocyte from apoptosis, a more re-
cent study based on EAE models confirmed that TRAIL significantly
induces apoptosis of oligodendrocyte in white matter by increasing

the accumulation of MBP antibodies.*?®

4 | CONCLUSION AND PERSPECTIVE

TRAIL, a signalling protein expressed during specific pathologi-
cal conditions, plays a multifaceted role in various non-neoplastic

neurological diseases mentioned above (Figure 2). Actually, by
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mediating cell apoptosis, TRAIL mainly causes tissue damage ac-
companied by irreversible neurological damage in most cases. With
a few exceptions in CNS infection of HIV-1 and MS, TRAIL may
protect neurons from autoimmune reactions (Table 2). This dual
role of TRAIL suggests that elucidating specific pathophysiologi-
cal changes and clarifying specific tissues or cells where TRAIL is
produced as well as the downstream pathways activated by TRAIL
is crucial. This concept is in line with our two unpublished studies
about TBI and SAH, in which DR5 in neurons as well as TRAIL in
macrophages and microglia is significantly increased after the event
TBI and SAH. As for the DcR1,2-regulated non-apoptotic pathway,
except for the positive role benefiting from up-regulated decay re-
ceptors after IPC, there are no other positive results of pre-clinical
experiment so far. Indeed, therapeutics based on TRAIL inhibition
or death receptors have achieved considerable results. Especially in
the field of cancer therapy, even with widespread drug resistance,
scientists are committed to finding efficient solutions and several
TRAIL-based therapeutics assisted by sensitizers, miRNA like miR-
34a and efficient delivery methods which have been in different
stages of clinical trials. Researches of TRAIL on non-neoplastic
neurological diseases can be regarded as a reasonable expansion
of the original field of tumour treatment, but the difference is that
we need to inhibit normal CNS cell apoptosis as much as possi-
ble. Inhibiting TRAIL-induced apoptotic signalling pathway via ex-
ploring efficient inhibitors, neutralizers and antagonists of TRAIL
or death receptors is the people's initial thinking about TRAIL in
CNS. It is undeniable that these thoughts have achieved certain
transformation; however, more novel perspectives are worth our
reference. For example, ROS was demonstrated to up-regulate the
expression of DR5 as mentioned above. Thus, inhibiting TRAIL-
induced apoptotic signalling through down-regulating DR5 expres-
sion by application of free radical scavenger may be a promising
target. Similarly, the expression of TRAIL and TRAIL-R can also be
regulated by various endogenous substances such as non-cording
RNA, especially miRNA. Different non-cording RNA can positively
or negatively regulate TRAIL/TRAIL-R expression. As positive reg-
ulation of miRNA for TRAIL-driven apoptosis in cancer therapeu-
tics researches has made great progress, negative regulation may
also gain a reasonable hypothesis in CNS anti-apoptotic treatment.

Additionally, to comprehensively elucidate the pathogenesis of
diseases, it is important to combine new technologies such as in-
trathecal delivery of gene therapeutics to overcome limitations of
CNS uptake of agents employed in EAE treatment or utilize TRAIL
itself to increase the expression of decoy receptors or their affinity
for TRAIL. Further studies should be performed to investigate the
potential of TRAIL as a biomarker and reveal the precise molecular
mechanisms of TRAIL. The clinical utility of TRAIL should be tested
based on large sample-sized clinical cohort studies.

ACKNOWLEDGEMENTS

This work was supported by grants from China Postdoctoral
Science Foundation (2017M612010) and National Natural Science
Foundation of China (81701144).



11080
—I—Wl LEY

GAO ET AL.

CONFLICT OF INTEREST
The authors declare that they have no competing interests.

AUTHOR CONTRIBUTION
Shigi Gao: Resources (equal); Writing-original draft (equal). Yuan

Fang: Writing-review & editing (equal). Sheng Tu: Resources (equal);

Writing-original draft (equal). Huaijun Chen: Writing-review & ed-

iting (equal). Anwen Shao: Conceptualization (equal); Supervision

(equal); Writing-review & editing (equal).

DATA AVAILABILITY STATEMENT
No data, models or code was generated or used during the study.

ORCID
Anwen Shao https://orcid.org/0000-0001-5616-03%94
REFERENCES

1. Wiley SR, Schooley K, Smolak PJ, et al. Identification and charac-

10.

11.

12.

13.

14.

15.

terization of a new member of the TNF family that induces apop-
tosis. Immunity. 1995;3(6):673-682.

Pitti RM, Marsters SA, Ruppert S, et al. Induction of apoptosis by
Apo-2 ligand, a new member of the tumor necrosis factor cytokine
family. J Biol Chem. 1996;271(22):12687-12690.

Walczak H, Miller RE, Ariail K, et al. Tumoricidal activity of tumor
necrosis factor-related apoptosis-inducing ligand in vivo. Nat Med.
1999;5(2):157-163.

Ashkenazi A, Pai RC, Fong S, et al. Safety and antitumor ac-
tivity of recombinant soluble Apo2 ligand. J Clin Invest.
1999;104(2):155-162.

Fulda S, Wick W, Weller M, et al. Smac agonists sensitize for Apo2L/
TRAIL- or anticancer drug-induced apoptosis and induce regres-
sion of malignant glioma in vivo. Nat Med. 2002;8(8):808-815.

Xu Z-F, Sun X-K, Lan Y, et al. Linarin sensitizes tumor necrosis
factor-related apoptosis (TRAIL)-induced ligand-triggered apop-
tosis in human glioma cells and in xenograft nude mice. Biomed
Pharmacother. 2017;95:1607-1618.

de Miguel D, Lemke J, Anel A, et al. Onto better TRAILs for cancer
treatment. Cell Death Differ. 2016;23(5):733-747.

von Karstedt S, Montinaro A, Walczak H. Exploring the TRAILs
less travelled: TRAIL in cancer biology and therapy. Nat Rev Cancer.
2017;17(6):352-366.

Holoch PA, Griffith TS. TNF-related apoptosis-inducing ligand
(TRAIL): a new path to anti-cancer therapies. Eur J Pharmacol.
2009;625(1-3):63-72.

Fanger NA, Maliszewski CR, Schooley K, et al. Human dendritic cells
mediate cellular apoptosis via tumor necrosis factor-related apop-
tosis-inducing ligand (TRAIL). J Exp Med. 1999;190(8):1155-1164.
Degli-Esposti M. To die or not to die-the quest of the TRAIL recep-
tors. J Leukoc Biol. 1999;65(5):535-542.

Skau E, Henriksen E, Wagner P, et al. GDF-15 and TRAIL-R2 are
powerful predictors of long-term mortality in patients with acute
myocardial infarction. Eur J Prev Cardiol. 2017;24(15):1576-1583.
Audo R, Hegglin A, Severac D, et al. Identification of genes reg-
ulating TRAIL-induced apoptosis in rheumatoid arthritis fibro-
blasts-like synoviocytes. Genes Immun. 2015;16(7):462-469.
Matsuyama W, Yamamoto M, Higashimoto I, et al. TNF-related
apoptosis-inducing ligand is involved in neutropenia of systemic
lupus erythematosus. Blood. 2004;104(1):184-191.

Pan X, Pang M, Ma A, et al. Association of TRAIL and its re-
ceptors with large-artery atherosclerotic stroke. PLoS One.
2015;10(9):e0136414.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Pan G, O'Rourke K, Chinnaiyan AM, et al. The receptor for the cy-
totoxic ligand TRAIL. Science. 1997;276(5309):111-113.

Schneider P, Thome M, Burns K, et al. TRAIL receptors 1 (DR4)
and 2 (DR5) signal FADD-dependent apoptosis and activate NF-
kappaB. Immunity. 1997,7(6):831-836.

Walczak H, Degli-Esposti MA, Johnson RS, et al. TRAIL-R2:
a novel apoptosis-mediating receptor for TRAIL. EMBO J.
1997;16(17):5386-5397.

Degli-Esposti MA, Doudall WC, Smolak PJ, et al. The novel re-
ceptor TRAIL-R4 induces NF-kappaB and protects against TRAIL-
mediated apoptosis, yet retains an incomplete death domain.
Immunity. 1997,7(6):813-820.

Degli-Esposti MA, Smolak PJ, Walczak H, et al. Cloning and char-
acterization of TRAIL-R3, a novel member of the emerging TRAIL
receptor family. J Exp Med. 1997;186(7):1165-1170.

Sheridan JP, Marsters SA, Pitti RM, et al. Control of TRAIL-induced
apoptosis by a family of signaling and decoy receptors. Science.
1997;277(5327):818-821.

Lacey DL, Timms E, Tan H-L, et al. Osteoprotegerin ligand is a cy-
tokine that regulates osteoclast differentiation and activation. Cell.
1998;93(2):165-176.

Emery JG, McDonnell P, Burke MB, et al. Osteoprotegerin
is a receptor for the cytotoxic ligand TRAIL. J Biol Chem.
1998;273(23):14363-14367.

AshkenaziA. Targetingdeathand decoyreceptorsofthe tumour-ne-
crosis factor superfamily. Nat Rev Cancer. 2002;2(6):420-430.
Corazza N, Kassahn D, Jakob S, et al. TRAIL-induced apoptosis:
between tumor therapy and immunopathology. Ann N Y Acad Sci.
2009;1171:50-58.

Hughes M, Powley |, Jukes-Jones R, et al. Co-operative and hi-
erarchical binding of c-FLIP and Caspase-8: a unified model de-
fines how c-FLIP isoforms differentially control cell fate. Mol Cell.
2016;61(6):834-849.

Dickens L, Boyd R, Jukes-Jones R, et al. A death effector do-
main chain DISC model reveals a crucial role for caspase-8
chain assembly in mediating apoptotic cell death. Mol Cell.
2012;47(2):291-305.

Sessler T, Healy S, Samali A, et al. Structural determinants of DISC
function: new insights into death receptor-mediated apoptosis sig-
nalling. Pharmacol Ther. 2013;140(2):186-199.

Bentele M, Lavrik I, Ulrich M, et al. Mathematical modeling re-
veals threshold mechanism in CD95-induced apoptosis. J Cell Biol.
2004;166(6):839-851.

Naoum GE, Buchsbaum DJ, Tawadros F, et al. Journey of TRAIL
from bench to bedside and its potential role in immuno-oncology.
Oncol Rev. 2017;11(1):332.

Suliman A, Lam A, Datta R, et al. Intracellular mechanisms of
TRAIL: apoptosis through mitochondrial-dependent and -indepen-
dent pathways. Oncogene. 2001;20(17):2122-2133.

Naimi A, Movassaghpour AA, Hagh MF, et al. TNF-related
apoptosis-inducing ligand (TRAIL) as the potential therapeu-
tic target in hematological malignancies. Biomed Pharmacother.
2018;98:566-576.

Forde H, Harper E, Davenport C, et al. The beneficial pleiotro-
pic effects of tumour necrosis factor-related apoptosis-inducing
ligand (TRAIL) within the vasculature: a review of the evidence.
Atherosclerosis. 2016;247:87-96.

Braithwaite AT, Marriott HM, Lawrie A. Divergent roles for TRAIL
in lung diseases. Front Med (Lausanne). 2018;5:212.

Ravi R, Bedi GC, Engstrom LW, et al. Regulation of death receptor
expression and TRAIL/Apo2L-induced apoptosis by NF-kappaB.
Nat Cell Biol. 2001;3(4):409-416.

Azijli K, Weyhenmeyer B, Peters GJ, et al. Non-canonical kinase
signaling by the death ligand TRAIL in cancer cells: discord in the
death receptor family. Cell Death Differ. 2013;20(7):858-868.


https://orcid.org/0000-0001-5616-0394
https://orcid.org/0000-0001-5616-0394

GAO ET AL.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Secchiero P, Melloni E, Heikinheimo M, et al. TRAIL regulates nor-
mal erythroid maturation through an ERK-dependent pathway.
Blood. 2004;103(2):517-522.

Secchiero P, Gonelli A, Carnevale E, et al. TRAIL promotes the
survival and proliferation of primary human vascular endothe-
lial cells by activating the Akt and ERK pathways. Circulation.
2003;107(17):2250-2256.

Faroogi AA, Gadaleta CD, Ranieri G, et al. New frontiers in pro-
moting TRAIL-mediated cell death: focus on natural sensitizers,
miRNAs, and nanotechnological advancements. Cell Biochem
Biophys. 2016;74(1):3-10.

Fulda S. The dark side of TRAIL signaling. Cell Death Differ.
2013;20(7):845-846.

Butt G, Shahwar D, Qureshi MZ, et al. Role of mTORC1 and
mTORC?2 in breast cancer: therapeutic targeting of mTOR and its
partners to overcome metastasis and drug resistance. Adv Exp Med
Biol. 2019;1152:283-292.

Faroogqi AA, Khalid S, Ahmad A. Regulation of cell signaling path-
ways and miRNAs by resveratrol in different cancers. Int J Mol Sci.
2018;19(3):652.

Liu M, Wu BO, Wang W-Z, et al. Stroke in China: epidemiol-
ogy, prevention, and management strategies. Lancet Neurol.
2007;6(5):456-464.

Kim JS, Caplan LR. Clinical stroke syndromes. Front Neurol
Neurosci. 2016;40:72-92.

Shichita T, Ito M, Yoshimura A. Post-ischemic inflammation regu-
lates neural damage and protection. Front Cell Neurosci. 2014;8:319.
Dérr J, Bechmann |, Waiczies S, et al. Lack of tumor necrosis fac-
tor-related apoptosis-inducing ligand but presence of its receptors
in the human brain. J Neurosci. 2002;22(4):RC209.

Herr I, Martin-Villalba A, Kurz E, et al. FK506 prevents stroke-in-
duced generation of ceramide and apoptosis signaling. Brain Res.
1999;826(2):210-219.

Martin-Villalba A, Herr |, Jeremias |, et al. CD95 ligand (Fas-L/
APO-1L) and tumor necrosis factor-related apoptosis-inducing li-
gand mediate ischemia-induced apoptosis in neurons. J Neurosci.
1999;19(10):3809-3817.

Cantarella G, Pignataro G, Di Benedetto G, et al. Ischemic toler-
ance modulates TRAIL expression and its receptors and generates
a neuroprotected phenotype. Cell Death Dis. 2014;5:e1331.
Huang Z, Song L, Wang C, Liu JQ, Chen C. Hypoxia-ischemia up-
regulates TRAIL and TRAIL receptors in the immature rat brain.
Dev Neurosci. 2011;33(6):519-530.

Mabuchi T, Kitagawa K, Ohtsuki T, et al. Contribution of mi-
croglia/macrophages to expansion of infarction and response
of oligodendrocytes after focal cerebral ischemia in rats. Stroke.
2000;31(7):1735-1743.

Cui M, Wang L, Liang X, et al. Blocking TRAIL-DRS5 signaling with
soluble DR5 reduces delayed neuronal damage after transient
global cerebral ischemia. Neurobiol Dis. 2010;39(2):138-147.
Kichev A, Rousset Cl, Baburamani AA, et al. Tumor necrosis fac-
tor-related apoptosis-inducing ligand (TRAIL) signaling and cell
death in the immature central nervous system after hypoxia-isch-
emia and inflammation. J Biol Chem. 2014;289(13):9430-9439.

Xu W, Jin W, Zhang X, Chen J, Ren C. Remote limb precondition-
ing generates a neuroprotective effect by modulating the extrin-
sic apoptotic pathway and TRAIL-receptors expression. Cell Mol
Neurobiol. 2017;37(1):169-182.

Wali B, Ishrat T, Won S, Stein DG, Sayeed |. Progesterone in ex-
perimental permanent stroke: a dose-response and therapeutic
time-window study. Brain. 2014;137(Pt 2):486-502.
Panneerselvam M, Patel PM, Roth DM, et al. Role of decoy
molecules in neuronal ischemic preconditioning. Life Sci.
2011;88(15-16):670-674.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

WILEY- 12

Li C, Mo Z, Lei J, et al. Edaravone attenuates neuronal apopto-
sis in hypoxic-ischemic brain damage rat model via suppression of
TRAIL signaling pathway. Int J Biochem Cell Biol. 2018;99:169-177.
Farooqi AA, Li KT, Fayyaz S, et al. Anticancer drugs for the modu-
lation of endoplasmic reticulum stress and oxidative stress. Tumour
Biol. 2015;36(8):5743-5752.

Chan LP, Tseng YP, Ding HY, et al. Tris(8-Hydroxyquinoline)iron
induces apoptotic cell death via oxidative stress and by activating
death receptor signaling pathway in human head and neck carci-
noma cells. Phytomedicine. 2019;63:153005.

Dilshara MG, Molagoda IMN, Jayasooriya RGPT, et al. p53-me-
diated oxidative stress enhances indirubin-3'-monoxime-induced
apoptosis in HCT116 colon cancer cells by upregulating death re-
ceptor 5 and TNF-related apoptosis-inducing ligand expression.
Antioxidants (Basel). 2019;8(10):423.

Kang YH, Park MG, Noh KH, et al. Low serum TNF-related apop-
tosis-inducing ligand (TRAIL) levels are associated with acute isch-
emic stroke severity. Atherosclerosis. 2015;240(1):228-233.
Tufekci KU, Vurgun U, Yigitaslan O, et al. Follow-up analysis of
serum TNF-related apoptosis-inducing ligand protein and mRNA
expression in peripheral blood mononuclear cells from patients
with ischemic stroke. Front Neurol. 2018;9:102.

Maas Al, Stocchetti N, Bullock R. Moderate and severe traumatic
brain injury in adults. Lancet Neurol. 2008;7(8):728-741.
Wyndaele M, Wyndaele JJ. Incidence, prevalence and epidemiol-
ogy of spinal cord injury: what learns a worldwide literature sur-
vey? Spinal Cord. 2006;44(9):523-529.

Loane DJ, Faden Al. Neuroprotection for traumatic brain injury:
translational challenges and emerging therapeutic strategies.
Trends Pharmacol Sci. 2010;31(12):596-604.

Ray SK, Dixon CE, Banik NL. Molecular mechanisms in the
pathogenesis of traumatic brain injury. Histol Histopathol.
2002;17(4):1137-1152.

Mortazavi MM, Verma K, Deep A, et al. Chemical priming for spi-
nal cord injury: a review of the literature. Part I-factors involved.
Childs Nerv Syst. 2011;27(8):1297-1306.

Kumar A, Loane DJ. Neuroinflammation after traumatic brain
injury: opportunities for therapeutic intervention. Brain Behav
Immun. 2012;26(8):1191-1201.

QuadriSA, FarooquiM, lkram A, et al. Recent update on basic mech-
anisms of spinal cord injury. Neurosurg Rev. 2020;43(2):425-441.
Hill LJ, Di Pietro V, Hazeldine J, et al. Cystatin D (CST5): an ul-
tra-early inflammatory biomarker of traumatic brain injury. Sci Rep.
2017;7(1):5002.

Plunkett JA, Yu C-G, Easton JM, et al. Effects of interleukin-10
(IL-10) on pain behavior and gene expression following excitotoxic
spinal cord injury in the rat. Exp Neurol. 2001;168(1):144-154.
Panahian N, Maines MD. Site of injury-directed induction of heme
oxygenase-1 and -2 in experimental spinal cord injury: differen-
tial functions in neuronal defense mechanisms? J Neurochem.
2001;76(2):539-554.

Cantarella G, Di Benedetto G, Scollo M, et al. Neutralization of
tumor necrosis factor-related apoptosis-inducing ligand reduces
spinal cord injury damage in mice. Neuropsychopharmacology.
2010;35(6):1302-1314.

Furr SR, Marriott I. Viral CNS infections: role of glial pattern
recognition receptors in neuroinflammation. Front Microbiol.
2012;3:201.

Brouwer MC, Tunkel AR, van de Beek D. Epidemiology, diagno-
sis, and antimicrobial treatment of acute bacterial meningitis. Clin
Microbiol Rev. 2010;23(3):467-492.

Stephens DS, Greenwood B, Brandtzaeg P. Epidemic menin-
gitis, meningococcaemia, and Neisseria meningitidis. Lancet.
2007;369(9580):2196-2210.



11082
—I—Wl LEY

77.

78.
79.

80.
81.

82.

83.

84.
85.
86.
87.

88.
89.

90.
91.

92.
93.
94.
95.
96.

97.

GAO ET AL.

Sellner J, Tauber MG, Leib SL. Pathogenesis and pathophysiology
of bacterial CNS infections. Handb Clin Neurol. 2010;96:1-16.
Al-obaidi MMJ, Bahadoran A, Wang SM, et al. Disruption of the
blood brain barrier is vital property of neurotropic viral infection
of the central nervous system. Acta Virol. 2018;62(1):16-27.
Richardson-Burns SM, Kominsky DJ, Tyler KL. Reovirus-induced
neuronal apoptosis is mediated by caspase 3 and is associated with
the activation of death receptors. J Neurovirol. 2002;8(5):365-380.
Rubio N, Martin-Clemente B, Lipton HL. High-neurovirulence
GDVII virus induces apoptosis in murine astrocytes through tumor
necrosis factor (TNF)-receptor and TNF-related apoptosis-induc-
ing ligand. Virology. 2003;311(2):366-375.

Miura VY, Misawa N, Kawano Y, et al. Tumor necrosis factor-related
apoptosis-inducing ligand induces neuronal death in a murine
model of HIV central nervous system infection. Proc Natl Acad Sci
USA. 2003;100(5):2777-2782.

Ryan LA, Peng H, Erichsen DA, et al. TNF-related apoptosis-in-
ducing ligand mediates human neuronal apoptosis: links to HIV-1-
associated dementia. J Neuroimmunol. 2004;148(1-2):127-139.
Abdullah H, Brankin B, Brady C, Cosby SL. Wild-type measles virus
infection upregulates poliovirus receptor-related 4 and causes
apoptosis in brain endothelial cells by induction of tumor necrosis
factor-related apoptosis-inducing ligand. J Neuropathol Exp Neurol.
2013;72(7):681-696.

Shrestha B, Pinto AK, Green S, Bosch |, Diamond MS. CD8+ T cells
use TRAIL to restrict West Nile virus pathogenesis by controlling
infection in neurons. J Virol. 2012;86(17):8937-8948.

Hoffmann O, Priller J, Prozorovski T, et al. TRAIL limits exces-
sive host immune responses in bacterial meningitis. J Clin Invest.
2007;117(7):2004-2013.

Kinney JW, Bemiller SM, Murtishaw AS, Leisgang AM, Salazar AM,
Lamb BT. Inflammation as a central mechanism in Alzheimer's dis-
ease. Alzheimers Dement (N Y). 2018;4:575-590.

Blennow K, Hampel H, Weiner M, Zetterberg H. Cerebrospinal
fluid and plasma biomarkers in Alzheimer disease. Nat Rev Neurol.
2010;6(3):131-144.

Huang Y, Mucke L. Alzheimer mechanisms and therapeutic strate-
gies. Cell. 2012;148(6):1204-1222.

Bertram L, Lill CM, Tanzi RE. The genetics of Alzheimer disease:
back to the future. Neuron. 2010;68(2):270-281.

Cantarella G, Uberti D, Carsana T, Lombardo G, Bernardini R,
Memo M. Neutralization of TRAIL death pathway protects human
neuronal cell line from beta-amyloid toxicity. Cell Death Differ.
2003;10(1):134-141.

Uberti D, Ferrari-Toninelli G, Bonini SA, et al. Blockade of
the tumor necrosis factor-related apoptosis inducing ligand
death receptor DR5 prevents beta-amyloid neurotoxicity.
Neuropsychopharmacology. 2007;32(4):872-880.

Uberti D, Cantarella G, Facchetti F, et al. TRAIL is expressed in
the brain cells of Alzheimer's disease patients. NeuroReport.
2004;15(4):579-581.

WeiW, Norton DD, Wang X, Kusiak JW. Abeta 17-42in Alzheimer's
disease activates JNK and caspase-8 leading to neuronal apopto-
sis. Brain. 2002;125(Pt 9):2036-2043.

Genc S, Egrilmez MY, Yaka E, et al. TNF-related apoptosis-inducing
ligand level in Alzheimer's disease. Neurol Sci. 2009;30(3):263-267.
Tisato V, Rimondi E, Brombo G, et al. Serum soluble tumor necro-
sis factor-related apoptosis-inducing ligand levels in older subjects
with dementia and mild cognitive impairment. Dement Geriatr Cogn
Disord. 2016;41(5-6):273-280.

Fossati S, Ghiso J, Rostagno A. TRAIL death receptors DR4 and DR5
mediate cerebral microvascular endothelial cell apoptosis induced
by oligomeric Alzheimer's Abeta. Cell Death Dis. 2012;3:e321.
Micheau O. Cellular FLICE-inhibitory protein: an attractive thera-
peutic target? Expert Opin Ther Targets. 2003;7(4):559-573.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Cantarella G, Di Benedetto G, Puzzo D, et al. Neutralization of
TNFSF10 ameliorates functional outcome in a murine model of
Alzheimer's disease. Brain. 2015;138(Pt 1):203-216.

Olsson T, Barcellos LF, Alfredsson L. Interactions between genetic,
lifestyle and environmental risk factors for multiple sclerosis. Nat
Rev Neurol. 2017;13(1):25-36.

Reich DS, Lucchinetti CF, Calabresi PA. Multiple sclerosis. N Engl J
Med. 2018;378(2):169-180.

Friese MA, Schattling B, Fugger L. Mechanisms of neurodegener-
ation and axonal dysfunction in multiple sclerosis. Nat Rev Neurol.
2014;10(4):225-238.

Thompson AJ, Baranzini SE, Geurts J, et al. Multiple sclerosis.
Lancet. 2018;391(10130):1622-1636.

Wendling U, Walczak H, Dérr J, et al. Expression of TRAIL recep-
tors in human autoreactive and foreign antigen-specific T cells.
Cell Death Differ. 2000;7(7):637-644.

Linemann JD, Waiczies S, Ehrlich S, et al. Death ligand TRAIL
induces no apoptosis but inhibits activation of human (auto)anti-
gen-specific T cells. J Immunol. 2002;168(10):4881-4888.

Nitsch R, Bechmann |, Deisz RA, et al. Human brain-cell death
induced by tumour-necrosis-factor-related apoptosis-inducing li-
gand (TRAIL). Lancet. 2000;356(9232):827-828.

Aktas O, Smorodchenko A, Brocke S, et al. Neuronal damage in
autoimmune neuroinflammation mediated by the death ligand
TRAIL. Neuron. 2005;46(3):421-432.

Constantinescu CS, Farooqi N, O'Brien K, et al. Experimental auto-
immune encephalomyelitis (EAE) as a model for multiple sclerosis
(MS). Br J Pharmacol. 2011;164(4):1079-1106.

Cretney E, McQualter JL, Kayagaki N, et al. TNF-related apop-
tosis-inducing ligand (TRAIL)/Apo2L suppresses experimen-
tal autoimmune encephalomyelitis in mice. Immunol Cell Biol.
2005;83(5):511-519.

Hilliard B, Wilmen A, Seidel C, et al. Roles of TNF-related apopto-
sis-inducing ligand in experimental autoimmune encephalomyeli-
tis. J Immunol. 2001;166(2):1314-1319.

Wandinger K-P, Linemann JD, Wengert O, et al. TNF-related
apoptosis inducing ligand (TRAIL) as a potential response marker
for interferon-beta treatment in multiple sclerosis. Lancet.
2003;361(9374):2036-2043.

Arbour N, Rastikerdar E, McCrea E, et al. Upregulation of TRAIL
expression on human T lymphocytes by interferon beta and glati-
ramer acetate. Mult Scler. 2005;11(6):652-657.

Lopez-Gomez C, Oliver-Martos B, Pinto-Medel MJ, et al. TRAIL
and TRAIL receptors splice variants during long-term interferon
beta treatment of patients with multiple sclerosis: evaluation as
biomarkers for therapeutic response. J Neurol Neurosurg Psychiatry.
2016;87(2):130-137.

Satoh J, Nakanishi M, Koike F, et al. Microarray analysis identifies
an aberrant expression of apoptosis and DNA damage-regulatory
genes in multiple sclerosis. Neurobiol Dis. 2005;18(3):537-550.
Weber A, Wandinger KP, Mueller W, et al. Identification and
functional characterization of a highly polymorphic region in the
human TRAIL promoter in multiple sclerosis. J Neuroimmunol.
2004;149(1-2):195-201.

Mohammadzadeh A, Pourfathollah AA, Sahraian MA, et al.
Evaluation of apoptosis-related genes: Fas (CD94), FasL (CD178)
and TRAIL polymorphisms in Iranian multiple sclerosis patients. J
Neurol Sci. 2012;312(1-2):166-169.

Kikuchi S, Miyagishi R, Fukazawa T, Yabe |, Miyazaki Y, Sasaki H.
TNF-related apoptosis inducing ligand (TRAIL) gene polymorphism
in Japanese patients with multiple sclerosis. J Neuroimmunol.
2005;167(1-2):170-174.

Lopez-Gomez C, Fernandez O, Garcia-Ledn JA, et al. TRAIL/TRAIL
receptor system and susceptibility to multiple sclerosis. PLoS One.
2011;6(7):e21766.



GAO ET AL.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Moreno M, Sadenz-Cuesta M, Castillé J, et al. Circulating levels of
soluble apoptosis-related molecules in patients with multiple scle-
rosis. J Neuroimmunol. 2013;263(1-2):152-154.

Yellayi S, Hilliard B, Ghazanfar M, et al. A single intrathecal injec-
tion of DNA and an asymmetric cationic lipid as lipoplexes ame-
liorates experimental autoimmune encephalomyelitis. Mol Pharm.
2011;8(5):1980-1984.

Prinz-Hadad H, Mizrachi T, Irony-Tur-Sinai M, et al. Amelioration
of autoimmune neuroinflammation by the fusion molecule Fn14.
TRAIL. J Neuroinflammation. 2013;10:36.

Jurewicz A, Matysiak M, Andrzejak S, Selmaj K TRAIL-induced
death of human adult oligodendrocytes is mediated by JNK path-
way. Glia. 2006;53(2):158-166.

Wosik K, Antel J, Kuhlmann T, Briick W, Massie B, Nalbantoglu
J. Oligodendrocyte injury in multiple sclerosis: a role for p53. J
Neurochem. 2003;85(3):635-644.

Mir S, Ali F, Chauhan D, Arora R, Khan HA. Accumulation of reac-
tivity to MBP sensitizes TRAIL mediated oligodendrocyte apopto-
sis in adult sub cortical white matter in a model for human multiple
sclerosis. Metab Brain Dis. 2016;31(2):299-309.

Stein A, Panjwani A, Sison C, et al. Pilot study: elevated circulating
levels of the proinflammatory cytokine macrophage migration in-
hibitory factor in patients with chronic spinal cord injury. Arch Phys
Med Rehabil. 2013;94(8):1498-1507.

Ross RD, et al. Circulating Dkk1 and TRAIL are associated with
cognitive decline in community-dwelling, older adults with cogni-
tive concerns. J Gerontol A Biol Sci Med Sci. 2018;73(12):1688-1694.
Tawdy MH, Abd El Nasser MM, Abd El Shafy SS, et al. Role of
serum TRAIL level and TRAIL apoptosis gene expression in

127.

128.

129.

130.

131.

WILEY- 1%

multiple sclerosis and relation to brain atrophy. J Clin Neurosci.
2014;21(9):1606-1611.

Kurne A, Guc D, Canpinar H, et al. Analysis of BAFF and TRAIL
expression levels in multiple sclerosis patients: evaluation of ex-
pression under immunomodulatory therapy. Acta Neurol Scand.
2011;123(1):8-12.

Rinta S, Kuusisto H, Raunio M, et al. Apoptosis-related
molecules in blood in multiple sclerosis. J Neuroimmunol.
2008;205(1-2):135-141.

Buttmann M, Merzyn C, Hofstetter HH, Rieckmann P. TRAIL,
CXCL10 and CCL2 plasma levels during long-term Interferon-
beta treatment of patients with multiple sclerosis correlate with
flu-like adverse effects but do not predict therapeutic response. J
Neuroimmunol. 2007;190(1-2):170-176.

Gilli F, Marnetto F, Caldano M, et al. Biological markers of interfer-
on-beta therapy: comparison among interferon-stimulated genes
MxA, TRAIL and XAF-1. Mult Scler. 2006;12(1):47-57.

Rinta S, Airas L, Elovaara I. Is the modulatory effect of pregnancy
in multiple sclerosis associated with changes in blood apoptotic
molecules? Acta Neurol Scand. 2010;122(3):168-174.

How to cite this article: Gao S, Fang Y, Tu S, Chen H, Shao A.
Insight into the divergent role of TRAIL in non-neoplastic
neurological diseases. J Cell Mol Med. 2020;24:11070-11083.
https://doi.org/10.1111/jcmm.15757



https://doi.org/10.1111/jcmm.15757

