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Abstract: Immune checkpoint inhibitors, innovative immunother-
apies that include programmed cell death 1, programmed cell
death ligand 1, and cytotoxic T lymphocyte antigen 4 inhibitors,
have achieved unprecedented benefits in a variety of malignan-
cies. Activation of immune response in body organs may cause
immune-related adverse reactions involving the central nervous
system. There is growing evidence that immune checkpoint plays
an important role in the central nervous system. Immune check-
points play key roles in regulating the immune response of the
central nervous system in a variety of situations, and immune
checkpoint modulators are promising therapeutic agents for the
treatment of central nervous system disorders such as brain
tumors, Alzheimer’s disease, ischemic stroke, multiple sclerosis
and cognitive function. Further understanding of immune check-
points signaling of cell types such as glial cells, neurons, and pe-
ripheral immune cells in the central nervous system will provide
clues to immune regulation and barrier-breaking strategies for
treating brain diseases. This article will discuss the application
of common immune checkpoints in the treatment of central ner-
vous system diseases, especially programmed cell death pro-
tein-1 and cytotoxic T lymphocyte-associated protein 4.
Keywords: Central nervous system; Immune checkpoints; Im-
munotherapy; PD-1; CTLA-4.

INTRODUCTION

The primary immune goal of T cells is to recognize microorganisms
and antigens that may be associated with cancer and to kill micro-
organisms or cancer cells through various effector mechanisms. To
maintain normal life, T cells can immunologically tolerate certain
antigens through a variety of tolerance mechanisms. T-cell immune
tolerance can be divided into central immune tolerance and periph-
eral immune tolerance according to the site of T-cell release, and one
of the important mechanisms of peripheral tolerance is provided by
coinhibitory receptors on the surface of T cells, which are collectively
referred to as immune checkpoints (Schildberg, Klein, Freeman, &
Sharpe, 2016). Immune checkpoints are expressed not only on T cells
but also on various other types of immune cells and play important
roles in maintaining self-tolerance and limiting the duration and inten-
sity of immune responses by regulating the balance of costimulatory
and coinhibitory signaling pathways.

Programmed cell death protein-1 (PDCD1; PD-1) is one of the most
critical cosuppressor receptors that plays an important role in periph-
eral immune tolerance. PD-1 is widely expressed in various cell types,
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including T cells, macrophages, DCs and natural
killer (NK) cells. The ligands of PD-1 are PD-L1
and PD-L2, and PD-L1 is widely expressed on an-
tigen-presenting cells (APCs), macrophages, endo-
thelial cells and cancer cells (Eppihimer et al., 2002;
Latchman et al., 2001). During the activation of effec-
tor T cells in peripheral tissues, PD-1 binds to ligands
and phosphorylates specific tyrosine residues in its
cytoplasmic tail. This phosphorylation leads to the
recruitment of protein tyrosine phosphatases that an-
tagonize important signaling events associated with
T-cell activation downstream of TCR and CD28.
Another cosuppressor receptor that plays an im-
portant role in immune tolerance is Cytotoxic T lym-
phocyte-associated protein 4 (CTLA-4; CD152). This
cytokine is homologous to CD28 and is expressed
mainly in dendritic cells (DCs), memory T cells and
regulatory T cells (Tregs). During T-cell initiation
in secondary lymphocyte organs, CTLA-4 levels on
mature CD4" and CD8" T cells are temporarily up-
regulated, and high-affinity CTLA-4 steals costimu-
latory ligands from CD28, affecting T-cell initiation
(Brunner et al., 1999; Linsley et al., 1994; van der
Merwe, Bodian, Daenke, Linsley, & Davis, 1997).
In addition, Tregs constitutively express CTLA-4
and indirectly inhibit T-cell activation through Tregs
during the activation of peripheral tissues (Kerdiles
et al., 2010; Takahashi et al., 2000; Wing et al., 2008).
V domain-containing Ig suppressor of T-cell
activation (VISTA), a member of the B7 family, is
a unique immune checkpoint that, in addition to
being a coinhibitory ligand expressed on APCs, is
also widely expressed as a receptor in T cells, neu-
trophils, dendritic cells, monocytes and microglia.
VISTA has two ligands, P-selectin glycoprotein li-
gand 1 (PSGL-1) and V-set and Ig domain contain-
ing 3 (VSIG3), the latter of which is expressed on
only neurons and glial cells of the brain and Sertoli
cells of the testis (Harada, Suzu, Hayashi, & Okada,
2005). Its interaction with VISTA inhibits the re-
lease of the cytokines IFN-y, IL-2, and IL-17 (Wang
et al., 2019). Lymphocyte-activating gene 3 (LAG-
3) is a member of the immunoglobulin superfamily
and an important immune checkpoint. LAG-3 may
inhibit the activation of host cells and enhance im-
mune response suppression (Durham et al., 2014).
Although it is also expressed in NK cells, neurons,
B cells, and plasmacytoid dendritic cells (pDCs), it
has been studied mainly in regulatory T cells (Tregs)
and conventional T cells (Shi et al., 2021). The re-
ceptor for T-cell immunoglobulin and mucin-con-
taining protein-3 (TIM-3) is expressed on DCs,
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macrophages, T cells and NK cells. TIM-3 promotes
the development and maintenance of immune toler-
ance by inducing T-cell apoptosis or innate immune
cell suppression (G. Han, Chen, Shen, & Li, 2013).
Immune checkpoints are expressed in various
resident cells of the central nervous system (CNS),
including microglia, astrocytes, neurons and endo-
thelial cells. In addition, these checkpoints are also
expressed in peripherally infiltrating immune cells,
such as T lymphocytes, NK cells, and macrophages
(Table 1). PD-1 signals suppress the CNS immune
response by resident microglia and infiltrating pe-
ripheral immune cells, and are also expressed in
astrocytes and neurons (J. Zhao, Roberts, Wang,
Savage, & Ji, 2021). PDL1 is highly expressed on
astrocytes and microglia under inflammatory condi-
tions (Yshii, Hohlfeld, & Liblau, 2017). In the CNS,
CTLA-4 is expressed in CD4* T cells and CD8" cy-
totoxic T lymphocytes (CTLs), which inhibits T cell
activation and thus participates in central immune
regulation(Liu & Zheng, 2020). VISTA, LAG3 and
TIM-3 are all mainly expressed in microglia, and
they are differentially expressed in CNS patholo-
gies (Borggrewe et al., 2018; Z.-Q. Chen et al., 2019;
Morisaki, Ohshima, Suzuki, & Misawa, 2023).

IMMUNE CHECKPOINT INHIBITORS
AS CANCER THERAPIES AND irAEs

Cancer immunotherapy is a type of immunotherapy
in which the host immune system is used to rec-
ognize and destroy cancer cells. To evade immune
surveillance, cancer cells have developed several
mechanisms to induce immune tolerance states and
evade immune destruction, one of which is the use
of immune checkpoints. Immune checkpoint inhib-
itors (ICIs) are mainly inhibitory antibodies that
target PD-1 and CTLA-4; these agents prevent tu-
mor-related antigens from triggering activation of
signaling pathways and have inhibitory effects on
a variety of tumors. To date, the US Food and Drug
Administration (FDA) has approved seven types of
ICIs including Ipilimumab, Nivolumab, Pembroli-
zumab, Atezolizumab, Durvalumab, Avelumab and
Cemiplimab, which are now used to treat various
types of cancer, including bladder cancer, head and
neck cancer, and different types of advanced non-
small cell lung cancer. Specific immune-related ad-
verse effects (irAEs) caused by ICIs include colitis,
dermatitis, pneumonia, and, less commonly, neuro-
toxicity and myocarditis. (Johnson et al., 2019; S.
Khan & Gerber, 2020; Yshii et al., 2017).
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Cell type Immune checkpoints
PD-1 (J. Zhao et al., 2021), PD-L1 (Yshii et al., 2017), VISTA (Borg-
Microglia grewe et al, 2018), LAG3 (Morisaki et al.,, 2023), TIM-3 (Z.-Q. Chen
et al, 2019)
Astrocytes PD-1 (J. Zhao et al.,, 2021), PD-L1 (Yshii et al., 2017)
N PD-1 (J. Zhao et al., 2021), LAG-3 (Angelopoulou, Paudel, Villa, Shai-
eurons

kh, & Piperi, 2020)

Endothelial cells

Macrophages

Natural killer cells al. 2013)

CD4* and CD8" T cells
2013)

Dendritic cells

PD-1 (Tobias, Steinberger, Drini¢, & Wiedermann, 2021), PD-L1
(Eppihimer et al, 2002), VISTA (X. Huang et al, 2020), LAG3 (Shi et
al., 2021), TIM-3 (L. Zhao, Cheng, Fan, Zhang, & Xu, 2021)

PD-1 (W. Li et al, 2022), PD-L1 (W. Li et al, 2022), VISTA (X. Huang
et al, 2020), LAG3 (Shi et al, 2021), TIM-3 (G. Han et al., 2013)

PD-1 (Tobias et al., 2021), LAG-3 (Shi et al.,, 2021), TIM-3 (G. Han et

PD-1 (Tobias et al., 2021), CTLA-4 (Liu & Zheng, 2020), VISTA (X.
Huang et al., 2020), LAG-3 (Shi et al., 2021), TIM-3 (G. Han et al.,

PD-1 (Tobias et al., 2021), PD-L1 (Eppihimer et al., 2002), CTLA-4
(Ghorbaninezhad et al.,, 2022), VISTA (X. Huang et al., 2020), LAG-3
(Shi et al., 2021), TIM-3 (G. Han et al., 2013)

Table 1. Expression of immune checkpoints in various cell types of central nervous system.

IMMUNE CHECKPOINT INHIBITOR-
ASSOCIATED NEUROLOGICAL irAEs

ICIs can cause neurological irAEs involving the
central, peripheral, or autonomic nervous system,
with an incidence of 1%-5% (Kao, Brickshawana,
& Liewluck, 2018; Larkin et al., 2017), and 80%
of neurological irAEs have been reported to occur
within the first four months of ICI therapy (Spain et
al., 2017). CNS complications associated with ICIs
include aseptic meningitis, necrotizing encepha-
litis, brainstem encephalitis, transverse myelitis,
etc. (Haugh, Probasco, & Johnson, 2020). Recent-
ly, Cristina Valencia-Sanchez et al. retrospective-
ly analyzed 31 patients with CNS autoimmunity
caused by ICI treatment of malignant tumors. The
clinical characteristics of spontaneous paraneoplas-
tic syndromes (PNSs) were compared with those
of spontaneous paraneoplastic syndromes (PNSs).
The results showed that 62% of patients using ICIs
had MRI abnormalities, 70% had inflammation in
the cerebrospinal fluid, and 47% had neuroauto-
antibodies detected in the serum, which is more
common than in patients with neuroendocrine tu-
mors. Ninety-seven percent of ICI-related CNS au-
toimmune patients were forced to stop using ICIs,
and 39% of patients had unfavorable outcomes
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(Valencia-Sanchez et al., 2023). In irAEs, involve-
ment of the peripheral nervous system has been
shown to be more common than that of the CNS;
this involvement includes peripheral neuropathy,
chronic inflammatory demyelinating polyneurop-
athy (CIDP), acute inflammatory demyelinating
polyneuropathy (AIDP), myasthenic syndrome, etc.
(Cuzzubbo et al., 2017; E. Khan et al., 2022).

IMMUNE CHECKPOINT MODULATORS
IN NERVOUS SYSTEM DISEASE

Glioma

Several common immune checkpoints are begin-
ning to be used to treat CNS diseases such as glio-
ma, neurodegenerative diseases, and stroke (Table
2). Gliomas are the most common primary tumors
of the CNS. Although relatively rare, they can cause
significant morbidity and mortality. High-grade gli-
oma or glioblastoma (GBM) is the most aggressive
and deadly form of glioma, with a survival rate of
only 12-15 months, even with current treatments,
such as surgical resection, chemotherapy and radi-
ation (Ostrom et al., 2014). In the past decade, there
have been no major advances in the treatment of gli-
oma (Yeo & Charest, 2017).
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It is now widely accepted that the CNS has an in-
nate immune system and is connected to the periph-
eral immune system. Glioma cells secrete different
types of chemokines, cytokines and growth factors,
inducing the infiltration of a series of immune cells.
In addition to central resident immune cells, name-
ly, microglia, there are also various peripheral im-
mune components in the glioma microenvironment.
Macrophages, myeloid-derived suppressor cells
(MDSCs), natural killer cells, and tumor-infiltrating
lymphocytes (TILs) all play important roles in the
glioma microenvironment. Immune cells are high-
ly inhibited in the glioma microenvironment of the
CNS through various mechanisms, which makes
glioma cells prone to immune escape and subsequent
growth and rapid development. First, the unique
immune state of the brain (to prevent an inflamma-
tion-mediated intracranial hypertension crisis, the
brain encourages only limited immunity) limits the
activity and number of TILs in the brain, and Treg
cells secrete the anti-inflammatory cytokines IL-10
and TGF-f, which play important inhibitory roles in
the inflammatory immune response in tumors (Gong
et al., 2012; Vitkovic, Maeda, & Sternberg, 2001).
Second, the expression of certain genes in glioma it-
self also leads to the inhibition of TILs. For example,
tumor-derived Fas ligands promote the apoptosis of
activated T cells by inhibiting the maturation of DCs
and T cells, leading to immune escape of tumor cells
(Jansen et al., 2010). Overexpression of PD-L1 in
glioma cells prevents T-cell activation and induces
T-cell apoptosis by binding to PD-1 (Butte, Keir,
Phamduy, Sharpe, & Freeman, 2007). In addition,
due to the lack of CD80/86 costimulatory molecules
in glioma cells, CTLA-4 is overexpressed in CD4" T
cells and CD8* CTLs, which inhibit T-cell activation
(Wintterle et al., 2003). Microglia are antigen-pre-
senting cells of the CNS that participate in the im-
mune response and are crucial for maintaining the
stability of the CNS environment. Microglia can
mediate tumor microenvironment immunosuppres-
sion by regulating mammalian target of rapamycin
(mTOR), hindering the infiltration, proliferation and
immune response of effector T cells, thus contrib-
uting to tumor immune escape and promoting the
growth of glioma (Dumas et al., 2020).

Given that immune cells are strongly inhibited
in the glioma microenvironment through multiple
mechanisms, the role of immune checkpoint inhib-
itors in the treatment of gliomas is also of concern.
The application of immune checkpoint inhibitors
has improved the survival rate of patients with
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different types of cancer. In glioma cases, different
immune checkpoint molecules, such as CTLA-4,
PD-1, TIM-3, and LAG-3, have been described, and
these receptors have corresponding ligands (Roesch,
Rapp, Dettling, & Herold-Mende, 2018; Tomasze-
wski, Sanchez-Perez, Gajewski, & Sampson, 2019).
Many drugs tested in clinical trials for patients
with GBM fail due to their inability to be delivered
across the blood-brain barrier (T. Li et al., 2022),
thus compromising their therapeutic effectiveness
against intracranial tumors and making it critical
to design unique immunotherapy strategies for the
CNS. Studies have shown that anti-PD-1 agents can
irreversibly bind to PD-1 or CTLA-4 on peripher-
al lymphocytes and then penetrate the blood-brain
barrier, and once they successfully pass through the
blood-brain barrier, they can bind to tumor-infiltrat-
ing lymphocytes and exert therapeutic effects (van
Bussel, Beijnen, & Brandsma, 2019). To address the
inability of CTLA-4 antibodies to cross the blood-
brain barrier, Galstyan et al. attempted to combine
immunotherapy with nanotechnology by delivering
nanoscale immunocoupling (NIC) drugs across the
blood-brain barrier to treat GBM (Galstyan et al.,
2019). They used a multifunctional drug carrier and
poly (B-L-malic acid) (PMLA), a natural polymer, to
deliver covalently coupled CTLA-4 and PD-1 anti-
bodies to brain tumor cells. This led to local immune
system activation and prolonged survival in glioblas-
toma mice. Currently, clinical trials of anti-CTLA-4
(ipilimumab) and anti-PD-1 (nivolumab) agents are
being conducted in glioma patients to test their safe-
ty, toxicity and efficacy (J. Huang et al., 2017).

Of course, recent studies have shown that the
use of ICIs in combination with multiple treatments
can enhance the efficacy of glioblastoma immuno-
therapy. For example, targeting microglial meta-
bolic recombination can synergically enhance the
effect of immune checkpoint therapy on glioblasto-
ma. Specifically, in the immune microenvironment
of glioblastoma, targeted inhibition of NR4A2 re-
duces oxidative stress in microglia, which can en-
hance the antigen-presenting function of microglia
against CD8" T cells, thus improving the therapeu-
tic effect of immune checkpoint blockade in vivo
(Ye et al., 2023).

Neurodegenerative disease
Almost all neurodegenerative diseases are accom-
panied by chronic neuroinflammation, and anti-in-

flammatory and immunosuppressive therapies have
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shown some efficacy in treating neurodegenerative
disease models, the most typical example being
the treatment of multiple sclerosis (MS). MS is a
chronic inflammatory disease of the brain and spi-
nal cord characterized by focal lymphocyte infil-
tration leading to myelin and axon damage. The
expression of PD-1 on T cells and PD-L1 on APCs
is significantly increased in MS patients. In MS
model mice, deletion of the Pdcd1 gene or blockade
of PD-1 via drugs can enhance the activation and
expansion of T cells and aggravate neuroinflamma-
tion and pathological changes (Ortler et al., 2008).
Enhancing PD-L1/PD-1 inhibition signaling is ex-
pected to be a therapeutic strategy for MS patients
(J. Zhao et al., 2021).

There are also arguments that systemic immu-
nity should be enhanced in chronic neurodegener-
ative diseases to drive the immune-dependent cas-
cade needed for brain repair. Alzheimer’s disease
(AD) is an age-related neurodegenerative disease
and the most common cause of dementia. In AD
model mice, systematic blockade of the immune
checkpoint PD-1 can induce an IFN-y-dependent
systemic immune response and subsequently re-
cruit monocyte-derived macrophages to the CNS
to promote the clearance of amyloid beta plaques,
thereby improving cognitive function. This ap-
proach aims to enhance the immune system’s over-
all ability to clear brain pathology, suggesting im-
mune checkpoint blockade as a novel strategy for
treating Alzheimer’s disease and possibly other
neurodegenerative diseases (Baruch et al., 2016).
Other studies in AD model mice have also shown
that PD-1 blockade can reduce the A plaque load
in the brain, and repeated anti-PD-1 therapy can
produce lasting beneficial effects on AD patholo-
gy (Rosenzweig et al., 2019). However, other stud-
ies have shown that the expression of PD-L1 and
PD-1 in astrocytes and microglia around amyloid
plaques is upregulated in AD patients and in APP/
PS1 AD model mice and that the synergistic effect
of soluble PD-L1 secreted by astrocytes and PD-1 in
microglia promotes the uptake of Af by microglia.
Neuroinflammation is inhibited, and the pathology
of AD is improved (Kummer et al., 2021). In addi-
tion, most hippocampal CA1/CA3 neurons in mice
and humans also express PD-1, and PD-1 inhibits
neuronal activity. Blocking the PD-L1/PD-1 axis
in hippocampal excitatory neurons can enhance the
excitability and synaptic plasticity of mouse neu-
rons, thereby improving their learning and memory
ability (J. Zhao et al., 2023).
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In addition to common immune checkpoints, ge-
nome-wide association analyses revealed a number
of key microglial immune-related genes, such as
CD33 (an immune receptor that inhibits microglial
phagocytosis), TREM?2 (a trigger receptor expressed
on myeloid cells) and SHIP1 (inosito-5-phosphase 1
with a selective SH2 domain, a microglial immuno-
cytocytosis receptor). All of them are genetic risk
factors for AD (Efthymiou & Goate, 2017). Take
CD33 as an example. CD33 is a transmembrane
glycoprotein expressed on the surface of microglia.
Increased expression of CD33 leads to inhibition
of microglial activity and a decrease in phagocytic
function. In the J20 amyloid mouse model, CD33
expression resulted in decreased microglia-mediat-
ed AP phagocytosis and increased amyloid pathol-
ogy (Bradshaw et al., 2013). CD33 gene knockout
resulted in a pathological reduction in amyloid pro-
tein levels and cognitive improvement in 5xFAD
mice (Griciuc et al., 2019). In addition to traditional
immune checkpoint-related therapies, the explo-
ration of other immune target-related therapies is
equally critical for treating AD, and new immune
checkpoints involved in the neuropathological
mechanism of AD are expected to develop.

Stroke

In many cerebrovascular diseases, neuroinflamma-
tion is closely related to neurological impairment
and poor prognosis. The expression of immune
checkpoints was upregulated in patients with trau-
matic brain injury, stroke, cerebrovascular in-
flammation and hemorrhagic vasospasm. There is
growing evidence that immune checkpoint regu-
lation is a promising strategy for the treatment of
cerebrovascular diseases by reducing immune cell
recruitment, cytokine secretion, brain edema, and
neurodegeneration. For example, stroke can be an
acute cerebrovascular disease caused by brain tis-
sue damage due to sudden rupture of blood ves-
sels in the brain or blockage of blood vessels that
prevent blood from flowing to the brain. Stroke is
associated with intense and persistent neuroinflam-
mation. After stroke, there is a large increase in in-
flammatory factor levels in the damaged area of the
brain, local microglia are activated, and damage to
the blood-brain barrier leads to a large infiltration of
peripheral immune cells, including macrophages,
T cells, and B cells. PD-1 signaling on T cells, B
cells, microglia, and macrophages is involved in
poststroke neuroinflammation (Bodhankar, Chen,
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Vandenbark, Murphy, & Offner, 2013a; Ren, Aki-
yoshi, Dziennis, et al., 2011). In an animal model of
stroke, the expression of PD-1 in both microglia and
macrophages was significantly upregulated, and a
lack of PD-1 led to greater cerebral infarction and
more severe neurological dysfunction (Qin et al.,
2019; Ren, Akiyoshi, Vandenbark, Hurn, & Offner,
2011). Thus, activating the PD-1 inhibitory pathway
in microglia and macrophages may provide neuro-
protective effects after stroke. B cells produce IL-
10 and increase the expression of PD-1 on T cells,
thereby providing neuroprotection against stroke.
However, the specific role of PD-L1 in stroke re-
mains controversial. Studies have shown that PD-
L1 can aggravate the inflammation of stroke patients
and thus aggravate their disease. In contrast, other
studies have shown that PD-L1 can significantly
reduce neurological deficits and provide neuropro-
tection in stroke patients (Bodhankar et al., 2015;
Bodhankar, Chen, Vandenbark, Murphy, & Offner,
2013b; R. Han, Luo, Shi, Yao, & Hao, 2017). These
opposite results suggest that PD-L1/PD-1 signaling
has dual effects on CNS inflammatory conditions.
PD-L1/PD-1 signaling in stroke can lead to posi-
tive or negative results, depending on the different
stages of stroke. The release of catecholamines after
stroke can inhibit the upregulation of CTLA-4 in
activated T cells, resulting in the secretion of large
amounts of proinflammatory cytokines (Vogelge-
sang et al., 2010). In addition, CTLA-4 is needed
for the immunosuppressive function of Tregs, and
considering the key neuroprotective effect of Tregs
(S. Chen et al., 2013), CTLA-4 may also be a partic-
ularly interesting therapeutic target for poststroke
inflammation (Kim, Patel, & Jackson, 2021).

CNS Disease Immune checkpoints
Glioma PD-1, CTLA-4,
TIM-3, LAG-3
Neurod_egener‘atlve PD-1
disease
Stroke PD-1, CTLA-4

Table 2. The applications of immune
checkpoints in CNS disease including glioma,
neurodegenerative disease, and stroke

CONCLUSION
There is growing evidence that immune check-
points play important roles in the CNS. Immune

checkpoints have been linked to brain tumors,
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Alzheimer’s disease, ischemic stroke, multiple scle-
rosis, cognitive function and other CNS diseases.
Immune checkpoint signals suppress the CNS im-
mune response through resident microglia and infil-
trating peripheral immune cells. Immune checkpoint
blockade is the most promising approach for cancer
immunotherapy, including for glioma treatment.
Immune checkpoint blockade to enhance the im-
mune response is a novel strategy for treating neuro-
degenerative diseases such as Alzheimer’s disease.
In multiple sclerosis, enabling immune cells (such
as T cells, B cells, and DCs) to overexpress immune
checkpoints to prevent excessive autoreactive im-
munity can significantly reduce disease severity.
In many cerebrovascular diseases, immune check-
point regulation is a promising therapeutic strategy
for reducing immune cell recruitment, cytokine se-
cretion, brain edema, and neurodegeneration. The
development of new immune checkpoints is highly
important for the treatment of CNS diseases.

Acknowledgements

This study was supported by the National Natural
Science Foundation of China (82271260) and Sci-
ence Innovation 2030—Brain Science and Brain-In-
spired Intelligence Technology Major Project
(2021ZD0201100 and 2021Z2D0201101).

Conflict of Interest

The authors declare no conflict of interest.

REFERENCES

ANGELOPOULOU, E., PAUDEL, Y. N., ViLLA, C., SHAIKH,
M. F., & Pmer1, C. (2020). Lymphocyte-Activa-
tion Gene 3 (LAG3) Protein as a Possible Thera-
peutic Target for Parkinson’s Disease: Molecular
Mechanisms Connecting Neuroinflammation to
a-Synuclein Spreading Pathology. Biology, 9(4).
doi:10.3390/biology9040086

BarucH, K., Deczkowska, A., Rosenzweig, N.,
Tsitsou-KampELL, A., SHARIF, A. M., MATco-
VITCH-NATAN, O., ... ScHwARTz, M. (2016). PD-1
immune checkpoint blockade reduces patholo-
gy and improves memory in mouse models of
Alzheimer’s disease. Nature Medicine, 22(2),
135-137. d0i:10.1038/nm.4022

BopHANKAR, S., CHEN, Y., LaraTo, A., DotsoN, A.
L., WANG, J., VANDENBARK, A. A., ... OFFNER,

https://doi.org/10.37819/hb.3.1785



REVIEW ARTICLE

H. (2015). PD-L1 Monoclonal Antibody Treats
Ischemic Stroke by Controlling Central Nervous
System Inflammation. Stroke, 46(10), 2926-2934.
doi:10.1161/STROKEAHA.115.010592

BopHANKAR, S., CHEN, Y., VANDENBARK, A. A.,
Murpny, S. J., & OFFNER, H. (2013a). IL-10-pro-
ducing B-cells limit CNS inflammation and in-
farct volume in experimental stroke. Metabol-
ic Brain Disease, 28(3), 375-386. doi:10.1007/
s11011-013-9413-3

BopHANKAR, S., CHEN, Y., VANDENBARK, A. A.,
MurPpHY, S. J., & OFFNER, H. (2013b). PD-L1 en-
hances CNS inflammation and infarct volume
following experimental stroke in mice in oppo-
sition to PD-1. Journal of Neuroinflammation,
10, 111. doi:10.1186/1742-2094-10-111

BorGGREWE, M., Grit, C., DEN DUNNEN, W. F. A.,
Burm, S. M., Bairamovic, J. J., NoELLE, R. J.,
... Laman, J. D. (2018). VISTA expression by
microglia decreases during inflammation and is
differentially regulated in CNS diseases. Glia,
66(12), 2645-2658. doi:10.1002/glia.23517

BrabpsHaw, E. M., CHIBNIK, L. B., KEEnaN, B. T., Ot-
TOBONI, L., RaJ, T., TANG, A., ... DE JAGER, P. L.
(2013). CD33 Alzheimer’s disease locus: altered
monocyte function and amyloid biology. Nature
Neuroscience, 16(7), 848-850. doi:10.1038/
nn.3435

BrunneEr, M. C., CHamMmBERS, C. A., CHaN, F. K.,
HanNkE, J., WiNnoTo, A., & ALLISON, J. P. (1999).
CTLA-4-Mediated inhibition of early events
of T cell proliferation. Journal of Immunology
(Baltimore, Md. : 1950), 162(10), 5813-5820.
Retrieved from https:/pubmed.ncbi.nlm.nih.
gov/10229815

Burtte, M. J., KEIR, M. E., PHAMDUY, T. B., SHARPE,
A. H., & FreemaN, G. J. (2007). Programmed
death-1 ligand 1 interacts specifically with the
B7-1 costimulatory molecule to inhibit T cell
responses. Immunity, 27(1), 111-122. Retrieved
from https://pubmed.ncbi.nlm.nih.gov/17629517

CHEN, S., Wu, H., KLEBE, D., Hong, Y., ZHANG, J., &
TaNG, J. (2013). Regulatory T cell in stroke: a
new paradigm for immune regulation. Clinical
& Developmental Immunology, 2013, 689827.
doi:10.1155/2013/689827

CHEN, Z.-Q., Yu, H,, L1, H.-Y., Suen, H.-T., L1, X.,
ZHANG, J.-Y., ... CHEN, G. (2019). Negative reg-
ulation of glial Tim-3 inhibits the secretion of
inflammatory factors and modulates microglia
to antiinflammatory phenotype after experi-
mental intracerebral hemorrhage in rats. CNS

https://doi.org/10.37819/hb.3.1785

Advance of immune checkpoint inhibitors...

Neuroscience & Therapeutics, 25(6), 674-684.
doi:10.1111/cns.13100

CuzzuBBo, S., Javeri, F., Tissier, M., Roumi, A.,
Barrog, C., DoripaM, J., ... CARPENTIER, A. F.
(2017). Neurological adverse events associated
with immune checkpoint inhibitors: Review
of the literature. European Journal of Cancer
(Oxford, England : 1990), 73, 1-8. doi:10.1016/].
ejca.2016.12.001

Dumas, A. A., PoMELLA, N., Rosser, G., GUGLIEL-
mi, L., VINEL, C., MILLNER, T. O., ... MARINO,
S. (2020). Microglia promote glioblastoma via
mTOR-mediated immunosuppression of the tu-
mour microenvironment. The EMBO Journal,
39(15), e103790. doi:10.15252/embj.2019103790

DurnaM, N. M., NirscHL, C. J., Jackson, C. M.,
Erias, J.,, Kocuer, C. M., Anpers, R. A, &
Drake, C. G. (2014). Lymphocyte Activation
Gene 3 (LAG-3) modulates the ability of CD4
T-cells to be suppressed in vivo. PloS One, 9(11),
€109080. doi:10.1371/journal.pone.0109080

Erraymiou, A. G., & Goatg, A. M. (2017). Late
onset Alzheimer’s disease genetics implicates
microglial pathways in disease risk. Molecu-
lar Neurodegeneration, 12(1), 43. doi:10.1186/
s13024-017-0184-x

EppriHiMER, M. J., GunN, J., FREEMAN, G. J., GREEN-
FIELD, E. A., CHERNOVA, T., ERICKSON, J., & LEON-
ARD, J. P. (2002). Expression and regulation of
the PD-L1 immunoinhibitory molecule on mi-
crovascular endothelial cells. Microcirculation
(New York, N.Y. : 1994), 9(2), 133-145. Retrieved
from https://pubmed.ncbi.nlm.nih.gov/11932780

GALSTYAN, A., MARKMAN, J. L., SHATALOVA, E. S.,
CHiecHI, A., KormaN, A. J.,, PatiL, R., ... Liu-
BIMOVA, J. Y. (2019). Blood-brain barrier per-
meable nano immunoconjugates induce local
immune responses for glioma therapy. Nature
Communications, 10(1), 3850. doi:10.1038/
s41467-019-11719-3

GHORBANINEZHAD, F., Masouwmi, J., BAKHSHIVAND, M.,
BAGHBANZADEH, A., MOKHTARZADEH, A., KAZEMI,
T., ... SivEesTris, N. (2022). CTLA-4 silencing
in dendritic cells loaded with colorectal cancer
cell lysate improves autologous T cell responses
in vitro. Frontiers In Immunology, 13, 931316.
doi:10.3389/fimmu.2022.931316

Gong, D., Su1, W, Y1, S.-1., CHEN, H., GROFFEN, J., &
Hersterkamp, N. (2012). TGFf signaling plays
a critical role in promoting alternative macro-
phage activation. BMC Immunology, 13, 31.
doi:10.1186/1471-2172-13-31

Human Brain (2023) 2(3) | 7



REVIEW ARTICLE

Griciuc, A., PateL, S., FEperico, A. N., CHol, S.
H., Inngs, B. J., Oram, M. K, ... Tanzi, R. E.
(2019). TREM2 Acts Downstream of CD33 in
Modulating Microglial Pathology in Alzhei-
mer’s Disease. Neuron, 103(5). doi:10.1016/j.
neuron.2019.06.010

Han, G., CHeN, G., SHEN, B., & L1, Y. (2013). Tim-
3: an activation marker and activation limiter of
innate immune cells. Frontiers In Immunology,
4, 449. doi:10.3389/fimmu.2013.00449

Han,R.,Luo,J.,SHL, Y., Yao,Y.,&Hao,J.(2017).PD-L1
(Programmed Death Ligand 1) Protects Against
Experimental Intracerebral Hemorrhage-In-
duced Brain Injury. Stroke, 48(8), 2255-2262.
doi:10.1161/STROKEAHA.117.016705

Harapa, H., Suzu, S., Havasai, Y., & OxaDpa, S.
(2005). BT-IgSF, a novel immunoglobulin su-
perfamily protein, functions as a cell adhesion
molecule. Journal of Cellular Physiology, 204(3),
919-926. Retrieved from https:/pubmed.ncbi.
nlm.nih.gov/15795899

HaucH, A. M., ProBasco, J. C., & Jounson, D. B.
(2020). Neurologic complications of immune
checkpoint inhibitors. Expert Opinion On Drug
Safety, 19(4), 479-488. doi:10.1080/14740338.2
020.1738382

Huang, J., Ly, F., L1y, Z., Tang, H., Wy, H., Gong, Q., &
CHEN, J. (2017). Immune Checkpoint in Glioblasto-
ma: Promising and Challenging. Frontiers In Phar-
macology, 8, 242. doi:10.3389/fphar.2017.00242

Huang, X., ZHANG, X., L1, E., ZHANG, G., WANG,
X., Tang, T., ... Liang, T. (2020). VISTA: an
immune regulatory protein checking tumor
and immune cells in cancer immunotherapy.
Journal of Hematology & Oncology, 13(1), 83.
doi:10.1186/s13045-020-00917-y

JanseN, T., TYLER, B., MaNkowskl, J. L., REcINoOs, V.
R., PrapILLA, G., LEGNANL F., ... OLivi, A. (2010).
FasL gene knock-down therapy enhances the
antiglioma immune response. Neuro-oncology,
12(5), 482-489. doi:10.1093/neuonc/nop052

Jonnson, D. B., MaNoucHEHRI, A., HAuGH, A. M.,
QuacH, H. T., BaLko, J. M., LEBRUN-VIGNES, B,, ...
Sarewm, J.-E. (2019). Neurologic toxicity associat-
ed with immune checkpoint inhibitors: a pharma-
covigilance study. Journal For Inmunotherapy of
Cancer, 7(1), 134. doi:10.1186/s40425-019-0617-x

Kao, J. C., BricksHawaNa, A., & LiEwruck, T.
(2018). Neuromuscular Complications of Pro-
grammed Cell Death-1 (PD-1) Inhibitors. Cur-
rent Neurology and Neuroscience Reports,
18(10), 63. doi:10.1007/s11910-018-0878-7

8 | Human Brain (2023) 2(3)

Jianru Sun, Xiangqi Shao, Xue Wang, Fan Liu

KEeRDILES, Y. M., STONE, E. L., BEIsNER, D. R., Mc-
GaraciLL, M. A, Cr’EN, I. L., STockmANN, C., ...
Hebrick, S. M. (2010). Foxo transcription factors
control regulatory T cell development and func-
tion. Immunity, 33(6), 890-904. doi:10.1016/j.
immuni.2010.12.002

KHAN, E., SHRESTHA, A. K., ELKHOOLY, M., WILSON,
H., EBBERT, M., SRIVASTAVA, S., ... SRIWASTAVA,
S. (2022). CNS and PNS manifestation in im-
mune checkpoint inhibitors: A systematic re-
view. Journal of the Neurological Sciences, 432,
120089. doi:10.1016/.jns.2021.120089

Kuan, S., & GerBer, D. E. (2020). Autoimmu-
nity, checkpoint inhibitor therapy and im-
mune-related adverse events: A review. Sem-
inars In Cancer Biology, 64. doi:10.1016/].
semcancer.2019.06.012

K, J. E., PaTrL, K., & Jackson, C. M. (2021). The
potential for immune checkpoint modulators
in cerebrovascular injury and inflammation.
Expert Opinion On Therapeutic Targets, 25(2),
101-113. doi:10.1080/14728222.2021.1869213

KumMmEeRr, M. P., Ising, C., KumMER, C., SARLUS,
H., Griep, A., VIEIRA-SAECKER, A., ... HENEKA,
M. T. (2021). Microglial PD-1 stimulation by
astrocytic PD-L1 suppresses neuroinflamma-
tion and Alzheimer’s disease pathology. The
EMBO Journal, 40(24), e108662. doi:10.15252/
embj.2021108662

Larkin, J., CamiELOwsKI, B., Lao, C. D., Hopi, F.
S., SHARFMAN, W., WEBER, J., ... REARDON, D.
A. (2017). Neurologic Serious Adverse Events
Associated with Nivolumab Plus Ipilimum-
ab or Nivolumab Alone in Advanced Melano-
ma, Including a Case Series of Encephalitis.
The Oncologist, 22(6), 709-718. doi:10.1634/
theoncologist.2016-0487

Latcuman, Y., Woob, C. R., CHERNOVA, T., CHAUD-
HARY, D., BorDE, M., CHERNOVA, 1., ... FREEMAN,
G. J. (2001). PD-L2 is a second ligand for PD-1
and inhibits T cell activation. Nature Immu-
nology, 2(3), 261-268. Retrieved from https://
pubmed.ncbi.nlm.nih.gov/11224527

L1, T, Ly, J,, CHEN, Z., ZHANG, S., L1, S., WAGEH, S.,
... ZHANG, H. (2022). Glioma diagnosis and ther-
apy: Current challenges and nanomaterial-based
solutions. Journal of Controlled Release : Offi-
cial Journal of the Controlled Release Society,
352, 338-370. doi:10.1016/j.jconrel.2022.09.065

L1, W.,, Wy, F., Zuao, S., SHi, P.,, WaNgG, S., & Cui,
D. (2022). Correlation between PD-1/PD-L1 ex-
pression and polarization in tumor-associated

https://doi.org/10.37819/hb.3.1785



REVIEW ARTICLE

macrophages: A key player in tumor immuno-
therapy. Cytokine & Growth Factor Reviews, 67,
49-57. doi:10.1016/j.cytogfr.2022.07.004

LinsLEY, P. S., GREENE, J. L., BRADY, W., BAJORATH,
J., LEDBETTER, J. A., & PEeach, R. (1994). Hu-
man B7-1 (CD80) and B7-2 (CD86) bind with
similar avidities but distinct kinetics to CD28
and CTLA-4 receptors. Immunity, 1(9), 793-801.
Retrieved from https:/pubmed.ncbi.nlm.nih.
gov/7534620

L1y, Y., & ZHENG, P. (2020). Preserving the CTLA-4
Checkpoint for Safer and More Effective Can-
cer Immunotherapy. Trends In Pharmacological
Sciences, 41(1). doi:10.1016/j.tips.2019.11.003

Morisaki, Y., OasuiMa, M., Suzuki, H., & Misawa,
H. (2023). LAG-3 expression in microglia regu-
lated by IFN-y/STAT1 pathway and metallopro-
teases. Frontiers In Cellular Neuroscience, 17,
1308972. doi:10.3389/fncel.2023.1308972

ORTLER, S., LEDER, C., MITTELBRONN, M., ZOZULYA,
A. L., KnoLLE, P. A., CHEN, L., ... WIEnDL, H.
(2008). B7-H1 restricts neuroantigen-specific T
cell responses and confines inflammatory CNS
damage: implications for the lesion pathogen-
esis of multiple sclerosis. European Journal of
Immunology, 38(6), 1734-1744. do0i:10.1002/
€ji.200738071

OstroM, Q. T., BaucHET, L., Davis, F. G., DELTOUR,
1., Fisuer, J. L., LanGer, C. E., ... BARN-
HOLTZ-SLOAN, J. S. (2014). The epidemiology of
glioma in adults: a “state of the science” review.
Neuro-oncology, 16(7), 896-913. Retrieved from
https://pubmed.ncbi.nlm.nih.gov/24842956

Qin, C., Znou, L.-Q., Ma, X.-T., Hu, Z.-W., YANG,
S., CHEN, M,, ... TiaN, D.-S. (2019). Dual Func-
tions of Microglia in Ischemic Stroke. Neuro-
science Bulletin, 35(5), 921-933. doi:10.1007/
s12264-019-00388-3

REN, X., AkivosHl, K., DzIENNIS, S., VANDENBARK,
A. A., Herson, P. S., HurN, P. D., & OFFNER,
H. (2011). Regulatory B cells limit CNS in-
flammation and neurologic deficits in murine
experimental stroke. The Journal of Neurosci-
ence : the Official Journal of the Society For
Neuroscience, 31(23), 8556-8563. doi:10.1523/
JNEUROSCI.1623-11.2011

REN, X., AKivosHl, K., VANDENBARK, A. A., HURN, P.
D., & OrrnNER, H. (2011). Programmed death-1
pathway limits central nervous system inflam-
mation and neurologic deficits in murine ex-
perimental stroke. Stroke, 42(9), 2578-2583.
doi:10.1161/STROKEAHA.111.613182

https://doi.org/10.37819/hb.3.1785

Advance of immune checkpoint inhibitors...

Roesch, S., Rarp, C., DETTLING, S., & HEROLD-MENDE,
C. (2018). When Immune Cells Turn Bad-Tu-
mor-Associated Microglia/Macrophages in Gli-
oma. International Journal of Molecular Scienc-
es, 19(2). doi:10.3390/ijms19020436

RoseNzwEIG, N., DVIR-SZTERNFELD, R., TsiTsou-Kam-
PELI, A., KEREN-SHAUL, H., BEN-YEHUDA, H., WEI-
LL-RavynaL, P., ... Schwartz, M. (2019). PD-1/
PD-L1 checkpoint blockade harnesses mono-
cyte-derived macrophages to combat cognitive
impairment in a tauopathy mouse model. Na-
ture Communications, 10(1), 465. doi:10.1038/
s41467-019-08352-5

ScHILDBERG, FRANK A., KLEIN, SARAH R., FREEMAN,
GorpoON J., & SHARPE, ARLENE H. (2016). Coin-
hibitory Pathways in the B7-CD28 Ligand-Re-
ceptor Family. Immunity, 44(5), 955-972.
doi:10.1016/j.immuni.2016.05.002

SHi, A.-P.,, Tang, X.-Y., XIonG, Y.-L., ZHENG, K.-F,,
Ly, Y.-J,, SHi, X.-G., ... ZHAO, J.-B. (2021). Im-
mune Checkpoint LAG3 and Its Ligand FGL1
in Cancer. Frontiers In Immunology, 12, 785091.
doi:10.3389/fimmu.2021.785091

Seain, L., WaLLs, G., JuLve, M., O’MEAra, K,
Scumip, T., Karaitzaki, E., ... LARKIN, J. (2017).
Neurotoxicity from immune-checkpoint inhi-
bition in the treatment of melanoma: a single
centre experience and review of the literature.
Annals of Oncology : Official Journal of the Eu-
ropean Society For Medical Oncology, 28(2),
377-385. doi:10.1093/annonc/mdw558

TakanasHi, T., Tacami, T., Yamazaki, S., UeDg, T.,
SHimizu, J., SakacucHl, N., ... SAKAGUCHI, S.
(2000). Immunologic self-tolerance maintained
by CD25(+)CD4(+) regulatory T cells constitu-
tively expressing cytotoxic T lymphocyte-as-
sociated antigen 4. The Journal of Experimen-
tal Medicine, 192(2), 303-310. Retrieved from
https://pubmed.ncbi.nlm.nih.gov/10899917

ToBias, J., STEINBERGER, P., DrRINIC, M., & WIEDER-
ManN, U. (2021). Emerging targets for anti-
cancer vaccination: PD-1. ESMO Open, 6(5),
100278. doi:10.1016/j.esmoop.2021.100278

Tomaszewskl, W., SANCHEZ-PEREZ, L., GaJEwskl, T.
F., & Sampson, J. H. (2019). Brain Tumor Mi-
croenvironment and Host State: Implications
for Immunotherapy. Clinical Cancer Research
: an Official Journal of the American Associa-
tion For Cancer Research, 25(14), 4202-4210.
doi:10.1158/1078-0432.CCR-18-1627

VALENCIA-SANCHEZ, C., SecHi, E., DuBgy, D., FLa-
NAGAN, E. P., McKkeon, A., PitTock, S. J., &

Human Brain (2023) 2(3) | 9



REVIEW ARTICLE

ZekerDOU, A. (2023). Immune checkpoint in-
hibitor-associated central nervous system au-
toimmunity. European Journal of Neurology,
30(8), 2418-2429. doi:10.1111/ene.15835

vAN Busser, M. T. J., BEUNEN, J. H., & BRANDsSMA,
D. (2019). Intracranial antitumor responses of
nivolumab and ipilimumab: a pharmacodynam-
ic and pharmacokinetic perspective, a scoping
systematic review. BMC Cancer, 19(1), 519.
doi:10.1186/s12885-019-5741-y

VAN DER MERWE, P. A., Bobian, D. L., DAENKE, S.,
LinstEy, P.,, & Davis, S. J. (1997). CD80 (B7-1)
binds both CD28 and CTLA-4 with a low affin-
ity and very fast kinetics. The Journal of Exper-
imental Medicine, 185(3), 393-403. Retrieved
from https:/pubmed.ncbi.nlm.nih.gov/9053440

Vitkovic, L., MAEDA, S., & STERNBERG, E. (2001).
Anti-inflammatory cytokines: expression and
action in the brain. Neuroimmunomodulation,
9(6), 295-312. Retrieved from https:/pubmed.
ncbi.nlm.nih.gov/12045357

VOGELGESANG, A., May, V. E. L., GrRunwaLD, U.,
BAKKEBOE, M., LANGNER, S., WALLASCHOFSKI,
H., ... DresstL, A. (2010). Functional status of
peripheral blood T-cells in ischemic stroke pa-
tients. PloS One, 5(1), e8718. doi:10.1371/jour-
nal.pone.0008718

Wang, J.,, Wu, G., Manick, B., HERNANDEZ, V.,
ReNELT, M., Erickson, C., ... KavLaBokis, V.
(2019). VSIG-3 as a ligand of VISTA inhibits
human T-cell function. Immunology, 156(1), 74-
85. doi:10.1111/imm.13001

WInNG, K., OnisHI, Y., PRIETO-MARTIN, P., YAMAGUCH],
T., Mivara, M., FEHERVARI, Z., ... SAKAGUCH]I,
S. (2008). CTLA-4 control over Foxp3+ regu-
latory T cell function. Science (New York, N.Y.),
322(5899), 271-275. doi:10.1126/science.1160062

Jianru Sun, Xiangqi Shao, Xue Wang, Fan Liu

WINTTERLE, S., SCHREINER, B., MITSDOERFFER, M.,
ScHNEIDER, D., CHEN, L., MEYERMANN, R., ...
WienDL, H. (2003). Expression of the B7-relat-
ed molecule B7-H1 by glioma cells: a poten-
tial mechanism of immune paralysis. Cancer
Research, 63(21), 7462-7467. Retrieved from
https://pubmed.ncbi.nlm.nih.gov/14612546

YE, Z., AL, X., YANG, K., YANG, Z., FELL F., Liao, X, ...
Zuou, S. (2023). Targeting Microglial Metabol-
ic Rewiring Synergizes with Immune-Check-
point Blockade Therapy for Glioblastoma. Can-
cer Discovery, 13(4). doi:10.1158/2159-8290.
CD-22-0455

YEo, A. T., & CHAREsT, A. (2017). Immune Check-
point Blockade Biology in Mouse Models of
Glioblastoma. Journal of Cellular Biochemistry,
118(9), 2516-2527. doi:10.1002/jcb.25948

Yshi, L. M., HonrreLp, R., & LiBLau, R. S. (2017).
Inflammatory CNS disease caused by immune
checkpoint inhibitors: status and perspectives.
Nature Reviews. Neurology, 13(12), 755-763.
doi:10.1038/nrneurol.2017.144

ZHAO, J., BANG, S., Furutani, K., McGInnis, A., Ji-
ANG, C., RoBERTS, A, ... Ji, R.-R. (2023). PD-L1/
PD-1 checkpoint pathway regulates hippocam-
pal neuronal excitability and learning and mem-
ory behavior. Neuron, 111(17). doi:10.1016/j.
neuron.2023.05.022

ZHAO, J., ROBERTS, A., WANG, Z., SAVAGE, J., & Ji,
R.-R. (2021). Emerging Role of PD-1 in the Cen-
tral Nervous System and Brain Diseases. Neuro-
science Bulletin, 37(8), 1188-1202. doi:10.1007/
$12264-021-00683-y

Zuao, L., CHENG, S., Fan, L., Zuang, B., & Xu, S.
(2021). TIM-3: An update on immunothera-
py. International Immunopharmacology, 99,
107933. doi:10.1016/j.intimp.2021.107933

S

@ @@ Publisher’s note: Eurasia Academic Publishing Group (EAPG) remains neutral

with regard to jurisdictional claims in published maps and institutional affiliations.
Open Access. This article is licensed under a Creative Commons Attribution-NoDerivatives 4.0
International (CC BY-ND 4.0) licence, which permits copy and redistribute the material in any me-
dium or format for any purpose, even commercially. The licensor cannot revoke these freedoms as
long as you follow the licence terms. Under the following terms you must give appropriate credit,
provide a link to the license, and indicate if changes were made. You may do so in any reasonable
manner, but not in any way that suggests the licensor endorsed you or your use. If you remix,
transform, or build upon the material, you may not distribute the modified material. To view a copy
of this license, visit https://creativecommons.org/licenses/by-nd/4.0/.

10 | Human Brain (2023) 2(3) https://doi.org/10.37819/hb.3.1785



