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Abstract
Interleukin (IL)- 38 is a newly discovered cytokine of the IL- 1 family, which binds vari-
ous receptors (i.e., IL- 36R, IL- 1 receptor accessory protein- like 1, and IL- 1R1) in the 
central	nervous	system	(CNS).	The	hallmark	physiological	function	of	IL-	38	is	competi-
tive binding to IL- 36R, as does the IL- 36R antagonist. Emerging research has shown 
that IL- 38 is abnormally expressed in the serum and brain tissue of patients with is-
chemic	stroke	(IS)	and	autism	spectrum	disorder	(ASD),	suggesting	that	IL-	38	may	play	
an important role in neurological diseases. Important advances include that IL- 38 alle-
viates	neuromyelitis	optica	disorder	(NMOD)	by	inhibiting	Th17	expression,	improves	
IS by protecting against atherosclerosis via regulating immune cells and inflammation, 
and reduces IL- 1β	 and	 CXCL8	 release	 through	 inhibiting	 human	microglial	 activity	
post-	ASD.	In	contrast,	IL-	38	mRNA	is	markedly	increased	and	is	mainly	expressed	in	
phagocytes in spinal cord injury (SCI). IL- 38 ablation attenuated SCI by reducing im-
mune	cell	infiltration.	However,	the	effect	and	underlying	mechanism	of	IL-	38	in	CNS	
diseases remain inadequately characterized. In this review, we summarize the biologi-
cal	characteristics,	pathophysiological	role,	and	potential	mechanisms	of	IL-	38	in	CNS	
diseases	(e.g.,	NMOD,	Alzheimer's	disease,	ASD,	IS,	TBI,	and	SCI),	aiming	to	explore	
the	therapeutic	potential	of	IL-	38	in	the	prevention	and	treatment	of	CNS	diseases.
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1  |  INTRODUC TION

Central	nervous	system	(CNS)	diseases	have	relatively	high	mor-
bidity,	 disability,	 and	 mortality	 rates.	 Nearly	 one	 in	 six	 people	
worldwide	suffer	from	CNS	diseases,	which	imposes	a	significant	
economic burden on families and society.1–3 The hallmark patho-
logical	 change	 of	 CNS	 diseases	 is	 neuroinflammation.	 A	moder-
ate inflammatory response may serve as a neurological defense, 
whereas excessive or persistent inflammation can be destruc-
tive.4–6	Previous	studies	have	found	that	the	expression	levels	of	
interleukin (IL)- 1β,	IL-	17,	and	IL-	36	are	significantly	elevated	in	the	
serum	of	patients	with	Alzheimer's	disease	(AD),	 ischemic	stroke	
(IS), and traumatic brain injury (TBI), accompanied by severe neu-
rological	 dysfunction.	 After	 effective	 anti-	inflammatory	 treat-
ment, the expression levels of these cytokines were remarkably 
reduced, and cognitive dysfunction was effectively improved.7–13 
Of further note, IL- 36 receptor antagonist (IL- 36Rα) and IL- 38, 
two anti- inflammatory cytokines with similar functions in IL- 1F 
reduced neuronal death and improved cognitive function defects 
by down- regulating the expression levels of IL- 1β, tumor necrosis 
factor α	 (TNF-	α), and IL- 6.14,15 Therefore, targeting inflammatory 
cytokines	 is	 a	 promising	 new	 therapy	 for	 the	 treatment	 of	 CNS	
diseases and injuries.

IL- 38 is a newly discovered cytokine in the IL- 1 family and plays 
an important role in a variety of diseases, including but not limited 
to	CNS	diseases.16–24 IL- 38 is mainly expressed in the brain, heart, 
lungs, spleen, thymus, tonsils, and skin, and is less distributed in 
immune- inactive tissues.25,26 Moreover, its protein is mainly syn-
thesized and secreted by fibroblast- like synoviocytes, keratino-
cytes,	peripheral	blood	mononuclear	cells,	and	CD19+ B cells.27,28 
IL- 38 signaling requires the binding of its three receptors, IL- 36R, 
IL-	1R,	 and	 IL-	1	 receptor	 accessory	 protein-	like	 1	 (IL-	1RAPL1).29,30 
When cells undergo apoptosis or necrosis, IL- 38 is secreted through 
autocrine, paracrine, or endocrine pathways and binds to the re-
ceptor IL- 36R and co- receptor IL- 1R on the surface of its own cells 
or neighboring cells, thereby exerting corresponding biological 
activities.31 IL- 38 has been shown to have both anti- inflammatory 
and	pro-	inflammatory	properties	in	CNS	diseases.	During	the	acute	
phase	 of	 autism	 spectrum	 disorder	 (ASD)	 patients,	 IL-	38	 protein	
expression levels were dramatically elevated in serum and signifi-
cantly decreased in the hippocampus and amygdala. Of note, IL- 
38 inhibits the expression of pro- inflammatory factors IL- 1β and 
CXCL8	 by	 reducing	 the	 proliferation	 and	 migration	 of	 microglia,	
indicating that IL- 38 plays an anti- inflammatory protective role 
following	 ASD	 and	 can	 be	 utilized	 as	 a	 biological	marker	 for	 the	

diagnosis	 and	 treatment	 of	 ASD	 patients.32 In contrast, the ex-
pression	 level	of	 IL-	38	mRNA	 is	markedly	 increased	and	 is	mainly	
expressed in F4/80- positive macrophages and Iba- 1- positive mi-
croglia residing and infiltrating the spinal cord. Moreover, IL- 38 de-
letion attenuated spinal cord injury (SCI) by reducing inflammation 
and immune cell infiltration.17 Furthermore, numerous studies have 
found that low concentrations of mature IL- 38 can limit the pro-
duction	of	Th17	cytokines	by	Th17	cells,	 increase	the	polarization	
of macrophages toward M2 macrophages, and inhibit the polariza-
tion toward M1 macrophages, thereby reducing the inflammatory 
response.19 Conversely, high concentrations of mature IL- 38 exac-
erbate the inflammatory response by increasing the expression of 
pro- inflammatory factors IL- 6, IL- 1β,	and	TNF-	α.33 Collectively, this 
evidence	suggests	that	the	conflicting	functions	of	IL-	38	in	CNS	dis-
eases may be due to differences in its mature form, concentration, 
and local environmental context.

In this review, we discuss IL- 38 signal transduction, its role in 
physiological niches, and putative mechanisms in pathological con-
texts. Firstly, we review the molecular biological properties of IL- 
38, focusing on its origin, gene and protein expression, as well as 
biologically active forms and receptors. Secondly, we outline the 
physiological functions and signaling pathways of IL- 38 and discuss 
how its activation regulates inflammatory responses and immunity 
as well as its negative feedback regulatory mechanism. Finally, we 
turn to a discussion of possible roles and speculative mechanisms of 
IL-	38	in	CNS	diseases	and	possible	therapeutic	approaches	for	IL-	38	
manipulation in the clinic.

2  |  MOLECUL AR BIOLOGY OF IL- 38

2.1  |  Origin, gene, and the protein expression of 
IL- 38

IL- 38 is the most newly identified anti- inflammatory cytokine 
and belongs to the IL- 36 subgroup of the IL- 1 family (F).34	 As	
the IL- 38 gene was successfully cloned by Lin et al. and Gan 
et al. in 2001 (Figure 1A), it was first confirmed to be a mem-
ber of the IL- 1 receptor family and named IL- 1HY2 and IL- 1F10.25 
Previous	 studies	 found	 that,	 aside	 from	 IL-	33	 and	 IL-	18,	 the	
genes encoding human IL- 1F members were primarily located 
on chromosome 2.35 Indeed, the IL- 38 gene is located on human 
chromosome 2q13- 14.1, between the two antagonist genes IL- 
1Ra and IL- 36Ra (Figure 1B).36 The IL- 38 gene has been found 
to	 be	 mainly	 composed	 of	 5	 exons	 of	 a	 7.8 kb	 DNA	 genome,	
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encoding	a	152-	amino	acid	(AA)	precursor	protein	with	a	17 kDa	
molecular	mass.	 IL-	38	 protein	 is	mainly	 composed	of	 19	 amino	
acids including alanine, glutamic acid, and leucine, with the high-
est	 proportion	 accounting	 for	 approximately	 9.2%.37	 Notably,	
IL-	38	 protein	 shares	 41%	 homology	 with	 IL-	1Ra	 and	 43%	 ho-
mology with IL- 36Ra. Since the encoded proteins have receptor 
antagonist characteristics, it is speculated that their genes may 

be derived from the IL- 1F receptor antagonist ancestral gene.38 
Likewise, the human IL- 38 protein is also composed of 152 amino 
acids, and its three- dimensional protein structure has the typical 
12- β chain three- lobed structure of IL- 1 family cytokines.39 Due 
to the lack of a signal peptide and caspase- 1 cleavage site, IL- 38, 
like	most	members	of	 IL-	1F,	 requires	N-	terminal	cleavage	 to	be	
biologically active.26

F I G U R E  1 Origin,	gene,	and	the	protein	structure	of	IL-	38.	(A)	The	milestone	events	associated	with	IL-	38.	(B)	The	IL-	38	gene	is	located	
on human chromosome 2q13- 14.1, between the two antagonist genes IL- 1Ra and IL- 36Ra. The IL- 38 gene is mainly composed of 5 exons of 
7.8 kb	DNA	genome,	encoding	a	precursor	protein	of	152	amino	acids	(AA)	with	a	molecular	weight	of	17 kDa.	The	existence	forms	of	IL-	38	
protein can be divided into two categories: IL- 38 full- length form and IL- 38 mature form. There are many types of mature forms of IL- 38, 
such	as	IL-	38	(aa2-	152,	aa3-	152,	aa5-	152,	aa7-	152,	and	aa20-	152).	Due	to	the	lack	of	a	signal	peptide	and	caspase-	1	cleavage	site,	IL-	38,	like	
most	members	of	IL-	1F,	requires	N-	terminal	cleavage	to	be	biologically	active.	These	predicted	cleavage	enzymes	(e.g.,	Calpain,	MMP2/9,	
Cathepsin G, Granzyme B) are indicated by arrows with the corresponding cleavage sites. (C) The 3D crystal structure of the IL- 38- IL- 36R 
complex is shown. The two critical binding sites have been marked by dotted boxes (black).
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2.2  |  Post- translational processing, active 
forms, and biological functions of IL- 38

Based on the fact that most IL- 1 family members acquire activity 
after	N-	terminal	 processing	 by	 proteases,	 a	 similar	 possibility	was	
inferred for IL- 38.40–42 Six different recombinant forms of human 
IL- 38 (rhIL- 38) have been identified, including full- length (aa1- 152), 
aa2-	152,	aa3-	152,	aa5-	152,	aa7-	152,	and	aa20-	152.43 However, the 
specific cleavage enzyme for the truncated form of IL- 38 and the 
corresponding cleavage site are still unclear. IL- 38 has been shown 
to	undergo	N-	terminal	acetylation	modification	in	apoptotic	cells	to	
produce rhIL- 38 20–152 (truncated IL- 38), which has unique biologi-
cal activities.44 Full- length IL- 38 induces increased IL- 6 production 
by human macrophages, whereas truncated IL- 38 reduces IL- 6 pro-
duction	by	attenuating	the	c-	Jun	N-	terminal	kinase	(JNK)/activator	
protein	 (AP)-	1	pathway	downstream	of	 IL1RAPL1.	 In	addition,	 the	
forms	aa5-	152	and	aa20-	152	also	match	a	predicted	cleavage	site	9	
amino	acids	upstream	of	an	A-	X-	Asp	motif	 (where	A	is	an	aliphatic	
amino acid), which is conserved in the IL- 1 family and is important 
for the processing of IL- 36 cytokines.45 The cleavage site of matrix 
metallopeptidase	(MMP)	2	fits	the	A-	x-	Asp	model	of	truncated	IL-	38,	
which	 predicts	 that	MMP2,	MMP9,	 cathepsin	G,	 and	 granzyme	B	
may be IL- 38 cleavage enzymes.

Irene et al. found that IL- 38 is highly expressed in the brains of 
patients	with	ASD	stimulated	by	neuropeptide,32 and mainly exists 
in three different recombinant forms, such as IL- 38 aa 1–152, IL- 38 
aa 3–152, and IL- 38 aa 5–152; moreover, IL- 38 aa 3–152 has the 
strongest inhibitory effect on IL- 1β	 and	chemokine	CXCL8,	 indi-
cating that the mature form of IL- 38 has higher biological activity. 
Furthermore, some scholars believe that calpain processes the 
naturally secreted IL- 38 precursor; secreted IL- 38 is cleaved and 
activated by chymase, granzyme B, and neutrophil elastase during 
the	formation	of	neutrophil	extracellular	traps	 (NETs);	moreover,	
granzyme B is involved in apoptosis. IL- 1α, which regulates gene 
transcription, is present in the nucleus of apoptotic cells, indi-
cating that IL- 38 may express nuclear localization sequences in 
apoptotic	 cells.	Although	 the	cleaved	 form	of	 IL-	38	has	been	 in-
creasingly discovered, a large amount of experimental data is still 
needed to reveal and elucidate the cleavage site, cleavage enzyme, 
and biological activity of IL- 38 in the future.

2.3  |  IL- 38 receptors and their putative signaling 
pathways under a physiological context

There are currently three main types of receptors that have been 
proven to directly bind to IL- 38, such as IL- 1R1, IL- 36R (also known 
as	 IL1R6	or	 IL-	1Rrp2),	 and	 IL-	1RAPL1.19,33,46 IL- 1R1 is actually the 
receptor for IL- 1α and IL- 1β and is not essential for IL- 38 to exert its 
biological effects.47 The well- established receptor for IL- 38 sign-
aling is IL- 36R. IL- 38 competitively binds to IL- 36R and blocks the 
IL- 36/IL- 36R signaling pathway, as does IL- 36R antagonist. IL- 38 has 
pro-  or anti- inflammatory bifunctional properties, depending on its 

concentration, forms expressed, post- translational processing, and 
local environmental context.48 Low concentrations of IL- 38 protein 
exert anti- inflammatory functions by binding to IL- 36R or IL- 1R1 
to prevent recruitment of the coreceptor IL- 1 receptor accessory 
protein	 (IL-	1RAcP)	 and/or	 may	 recruit	 inhibitory	 receptors	 (e.g.,	
SIGIRR, TIGIRR1, or TIGIRR2), preventing the recruitment of the 
myeloid differentiation primary response 88 (MyD88) adapter pro-
tein,	thereby	blocking	nuclear	factor	kappa	B	(NF-	κB) or mitogen- 
activated	 protein	 kinase	 (MAPK)	 signaling.34,48–50 This feature of 
IL-	38	is	analogous	to	that	of	IL-	37,	which	interacts	with	IL-	18R	to	re-
cruit a single immunoglobulin SIGIRR to exert an anti- inflammatory 
effect when present at low concentrations but exhibits contrast-
ing functions at high concentrations.27 In addition, a third potential 
receptor for IL- 38 is the inhibitory coreceptor of the IL- 1R family 
(IL-	1RAPL1).	 In	macrophages	in	an	apoptotic	conditioned	medium,	
IL-	38	 activates	 IL-	1RAPL1	 to	 inhibit	 IL-	6	 secretion	 to	 block	 JNK/
AP-	1	 signaling-	dependent	 antagonism.46 However, the receptor, 
biological function, and signal transduction pathway of IL- 38 under 
a pathophysiological context are still unclear, therefore, more ex-
perimental data are still needed to solve the aforementioned prob-
lems of IL- 38.

3  |  THE PUTATIVE EFFEC TS AND 
MECHANISMS OF IL- 38 UNDERPINNING 
CNS DISE A SES

3.1  |  IL- 38 and neuromyelitis optica disorder

Neuromyelitis	 optica	 disorder	 (NMOD)	 is	 a	 demyelinating	 auto-
immune disease mediated by specific antibodies, with astrocytes 
representing the main immune target.51,52 It is characterized by 
long- segment transverse myelitis, severe optic neuritis, and in-
tractable vomiting. It has high morbidity, recurrence, and fatality 
rates, and is the main cause of severe disability in adults.51,53,54 
NMOD	was	once	considered	a	subtype	of	multiple	sclerosis	(MS)55 
and was not separated until the discovery of the specific patho-
genic	antibody	aquaporin	4	(aquaporin	4	Antibody,	AQP4-	IgG)	in	
2004.56	 AQP4-	IgG	 in	 the	 serum,	 a	 highly	 specific	 biomarker	 for	
NMOD,	freely	penetrates	the	blood–brain	barrier	(BBB)	and	binds	
to	AQP4	on	the	foot	processes	of	astrocytes	to	activate	comple-
ment	 as	 well	 as	 natural	 killer	 cells	 and	 the	 Fc	 region	 of	 AQP4-	
IgG binding. This mediates antibody- dependent cell cytotoxicity 
(ADCC),	leading	to	astrocyte	degranulation	and	damage.57–59 The 
ability	of	AQP4	to	combine	with	AQP4-	IgG	to	cause	complement-	
dependent	cytotoxicity	(CDC)	and	ADCC	is	achieved	through	the	
IgG Fc region binding to complement protein C1q and effector 
cell receptor FcR, activating the classical complement pathway. 
This not only causes cellular damage through the formation of 
the	pore-	like	membrane	attack	complex	(MAC)	but	also	increases	
vascular permeability through the production of the complement 
activators C3a and C5a, upregulating the chemotactic inflamma-
tory response.60,61 In addition, the activation of complement and 
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damaged astrocytes can lead to IL- 6 and other cytokine secretion, 
further damaging the BBB and leading to the infiltration of inflam-
matory cells such as neutrophils and eosinophils.62 Simultaneously, 
oligodendrocytes are attacked, which eventually leads to myelina-
tion, axonal damage, and neuronal necrosis. Therefore, effectively 
reducing	AQP4-	IgG	penetration	of	the	BBB	and	resultant	inflam-
matory	 response,	 is	a	critical	measure	of	NMOD	prevention	and	
treatment.

IL- 38 has been shown to limit the inflammatory cascade re-
sponse in vivo, including the secretion of chemokines involved in the 
Th17	pathway.31	Th17	cells	are	key	drivers	of	autoimmune	diseases,	
including	NMOD.63,64	Several	studies	have	shown	that	AQP4	anti-
gen	stimulation	polarizes	the	immune	response	into	a	Th17	pool	and	
secretes	Th17-	associated	cytokines	such	as	IL-	6,	 IL-	17,	and	IL-	21.65 
The production of these proinflammatory cytokines can induce 
the differentiation of B cells into antibody- producing plasma cells, 
thereby	promoting	 the	production	of	 serum	AQP4	antibodies	 and	
interfering	with	neural	function.	Additionally,	Th17	cells,	specific	for	
the	expression	of	AQP4,	can	destroy	the	BBB,	allowing	anti-	AQP4	
autoantibodies and activated complement to accumulate at the foci 
of multinucleated cells through the BBB.66,67	 Th17	 cells	may	 thus	
serve	as	target	cells	for	NMOD	therapy,	highlighting	the	therapeutic	
potential of IL- 38.68

Previous	 studies	 have	 shown	 that	 IL-	38	 can	 block	 the	 differ-
entiation	and	 function	of	Th17	cells	by	 inhibiting	 the	NF-	κB and 
MAPK	signaling	pathways.69 In addition, IL- 38 can significantly in-
crease the expression of Sirtuin 1 (SIRT1) while reducing hypoxia- 
inducible factor (HIF)- 1α,	 AP-	1,	 and	 NF-	κB expression, thereby 
improving	 the	 Th17/Treg	 imbalance	 in	 the	 inflammatory	 re-
sponse.70	Although	the	role	of	IL-	38	in	NMOD	and	its	correspond-
ing molecular mechanism has not yet been reported, we speculate 
that SIRT1/HIF- 1α,	NF-	κB,	or	MAPK	signal	transduction	may	play	
a	role	in	IL-	38	regulation	of	Th17	cells,	thereby	protecting	against	
disease progression (Figure 2). Future studies are required to delin-
eate	the	specific	molecular	mechanism	of	IL-	38's	protective	effect	
in	NMOD	to	provide	a	reliable	basis	for	novel	therapeutic	develop-
ment in this domain.

3.2  |  IL- 38 and AD

AD	 is	 a	 neurodegenerative	 disease	 characterized	 by	 progressive	
memory loss and dementia.71,72 The hallmark pathological changes 
of	 AD	 include	 β-	amyloid	 (Aβ) deposition, neurofibrillary tangles, 
and neuronal loss.73,74	 Neuroinflammation	 plays	 an	 important	
role in the development and progression of amyloid plaques.75,76 
Effectively controlling the inflammatory response (i.e., inhibit-
ing the expression of pro- inflammatory cytokines and increasing 
that	 of	 anti-	inflammatory	 cytokines)	 can	 significantly	 reduce	 Aβ 
deposition; in contrast, a sustained or amplified pro- inflammatory 
response (e.g., chemokine expression and inflammatory cell in-
filtration)	 can	 aggravate	 Aβ deposition.77,78 Therefore, targeting 

neuroinflammation is currently a recognized effective strategy for 
treating	AD	patients.

The novel cytokine IL- 38 exerts anti- inflammatory effects in 
most	 diseases,	 including	 AD.79–81 Yahya et al. found that the ex-
pression	level	of	IL-	38	in	the	serum	of	newly	diagnosed	AD	patients	
was pronouncedly increased compared with that in the serum of 
healthy	 control	 subjects.	 Notably,	 serum	 IL-	38	 expression	 levels	
were	 further	 increased	 in	 elderly	 male	 AD	 patients	 treated	 with	
anti- inflammatory drugs (memantine), while this phenomenon was 
not observed in elderly women, indicating that IL- 38 mediates the 
anti-	inflammatory	protective	 function	of	memantine	 in	AD	and	 is	
sex- dependent.79 The results of this study provide a theoretical 
basis for IL- 38 as a new biological marker for diagnosis, treatment, 
and	prognosis	 assessment	 of	AD	patients.	Due	 to	 the	 lack	 of	 re-
search	on	IL-	38	in	the	treatment	of	AD,	the	potential	mechanism	of	
IL-	38	in	AD	remains	unclear.

When	AD	occurs,	a	large	number	of	microglia	and	astrocytes	
in brain tissue are activated, expressing and releasing a large num-
ber of pro- inflammatory cytokines (i.e., IL- 1β,	 TNF-	α, and IL- 6), 
which aggravates the neurological deficits.82	 Previous	 studies	
have	shown	that	 IL-	38	can	 largely	downregulate	LPS-	stimulated	
IL- 1β	and	TNF-	α,83	two	key	triggers	of	AD	pathogenesis	and	pro-
gression.84,85 On the one hand, in the brain tissue of β-	APP	trans-
genic	mice,	Aβ activates microglia to overexpress IL- 1β, causing 
chronic inflammatory damage to the cranial nerves.86,87 IL- 1β in-
duces synaptic loss by increasing prostaglandin E2 production, 
which leads to presynaptic glutamate release and postsynap-
tic	 N-	methyl-	d-	aspartate	 (NMDA)	 receptor	 activation.88 In the 
brains	 of	 AD	 patients,	 binding	 of	 IL-	1β to its receptor, which is 
widely expressed on the surface of astrocytes, induces the pro-
liferation and activation of more astrocytes and expression of a 
large amount of S100 protein, which in turn, promotes the over-
growth of atrophic axons. Moreover, it can promote astrocytes 
to	 express	 other	 Aβ- binding ligands, such as IL- 6, recombinant 
alpha- 1- antichymotrypsin (α1-	ACT),	apolipoprotein	E	(ApoE),	and	
complement, which can induce neural plaque formation and ex-
acerbate disease progression.7,89,90 Therefore, IL- 38 significantly 
alleviates IL- 1β-	induced	 Aβ deposition and reduces lysosomal 
damage-	activated	 Aβ	 fibril-	mediated	 NOD-	like	 receptor	 pyrin	
domain-	related	 protein	 3	 (NLRP3)	 inflammasome	 activation	 by	
inhibiting	microglial	polarization	following	AD.

In	 parallel,	 TNF-	α plays an important role in the pathogenesis 
and	 development	 of	 AD.91,92	 TNF-	α is expressed at low levels in 
healthy adult brains, whereas it is overexpressed in neurodegener-
ative brains.93	TNF-	α mediates neuronal apoptosis by binding to the 
receptors	 TNFR1	 and	 TNFR2.94,95	 Numerous	 studies	 have	 shown	
that	in	AD	brains,	the	levels	of	TNFR1	are	increased	and	TNFR2	is	
decreased,96–98	 indicating	that	TNFR1	 is	necessary	for	Aβ- induced 
neuronal	apoptosis.	TNF-	α	binds	to	TNFR1	on	neuronal	cell	mem-
branes, activates the death domain (DD), and triggers a signaling 
cascade	through	the	binding	of	nuclear	factor	NF-	κB	to	the	BACE1	
promoter, stimulating the formation of amyloid plaques.99 Therefore, 
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we	speculate	that	inhibiting	the	inflammatory	factor/NF-	κB signal-
ing	pathway	may	represent	a	promising	approach	to	AD	prevention	
and	treatment.	Specifically,	the	use	of	IL-	38	in	AD	to	reduce	the	ex-
pression of pro- inflammatory IL- 1β	 and	TNF-	α	 and	 inhibit	 the	NF-	
κB/BACE1	signaling	axis	is	an	interesting	direction	for	future	study	
(Figure 2).33

3.3  |  IL- 38 and ASD

ASD	 is	 a	pervasive	neurodevelopmental	disorder	 clinically	 charac-
terized by deficits in communication and social interactions, as well 
as the presence of stereotypic behaviors.100–102 The prevalence of 

ASD	 is	 estimated	 to	 be	 1	 in	 54	 children	 in	 the	United	 States	 and	
causes an enormous economic burden.103,104	 Although	 significant	
progress	has	been	made	in	elucidating	the	pathogenesis	of	ASD,	the	
exact etiology remains unclear. In recent years, immune dysfunction 
and brain inflammation have been considered in the pathogenesis 
of	neuropsychiatric	disorders,	including	ASD.105–108 Several inflam-
matory molecules, such as IL- 1β,	 TNF-	α,	 and	 CXCL8,	 have	 been	
identified in the brain and cerebrospinal fluid of people with au-
tism.	In	the	pathological	process	of	ASD,	stimulation	of	brain	mast	
cells (MCs) and activation of microglia causes the upregulation of 
the aforementioned pro- inflammatory cytokines expression. For 
instance, adrenocorticotropin- releasing factor (CRF) is secreted by 
the	hypothalamus	under	stress	and,	together	with	neurotensin	(NT),	

F I G U R E  2 The	putative	effects	and	mechanisms	of	IL-	38	in	NMOD	and	AD.	(A)	In	NMOD,	abnormally	elevated	AQP4-	specific	antibody	
IgG1	in	the	serum	crosses	the	BBB	disrupted	by	pro-	inflammatory	cytokines	and	enters	the	brain	parenchyma.	Subsequently,	AQP4-	specific	
antibodies	induce	AQP4	internalization	by	binding	to	AQP4	on	astrocyte	terminal	foot	processes,	thereby	reducing	astrocyte	surface	
AQP4	expression	and	activating	astrocytes.	Ultimately,	activation	of	the	complement	cascade	forms	the	MAC,	leading	to	astrocyte	lysis	
and	neuronal	necrosis.	Notably,	IL-	38	can	block	IL-	36/IL-	36R	signaling	by	competitively	antagonizing	IL-	36	receptor	(IL-	36R)	and	ILRAPL1	
on	Th17	cell	membranes,	thereby	inhibiting	pro-	inflammatory	cytokines	(i.e.,	IL-	17	and	IL-	6)	expression.	Downregulation	of	IL-	17	and	IL-	6	
expression	levels	reduced	plasma	cell	differentiation	and	antibody	production,	ultimately	alleviating	BBB	disruption	in	NMOD.	(B)	In	AD,	IL-	
38 inhibits Tau phosphorylation and neuronal plaque formation by competing with IL- 1β	and	TNF-	α	for	binding	to	IL-	1R1	and	TNFR1,	thereby	
reducing neuronal degeneration and necrosis.
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stimulates brain MCs to release inflammatory and neurotoxic media-
tors that disrupt the BBB.108,109 In the meanwhile, mediators from 
MCs can activate microglia, secreting IL- 1β	and	CXCL-	8	in	response	
to	NT	 and	CRF,	 causing	 local	 inflammation	 and	 abnormal	 connec-
tions	between	neurons	 in	the	amygdala,	ultimately	 leading	to	ASD	
symptoms.110,111 Thus, methods to inhibit inflammation in the amyg-
dala	may	constitute	a	new	strategy	for	the	treatment	of	ASD.

Treatments based on this premise may include anti- inflammatory 
molecules, such as IL- 38, which has been reported to inhibit the 
release of pro- inflammatory cytokines from MCs and microglia. 
Recently, Irene Tsilioni et al. found decreased expression of IL- 38 and 
its	receptor	IL-	36R	in	the	amygdala	of	children	with	ASD,	suggesting	
IL-	38	is	associated	with	ASD	pathogenesis.	Moreover,	IL-	38	inhibited	
the secretion of pro- inflammatory molecules in cultured human adult 
(IL- 1β	and	CXCL8)	and	embryonic	(CXCL8)	microglia	upon	NT	stim-
ulation,	especially	at	concentrations	up	to	100 ng/mL.32 This finding 
suggests that the IL- 38/IL- 36R axis may be an important pathway in 
the development of this disease. Specifically, IL- 38 may act as an an-
tagonist to bind to IL- 36R and prevent the activation of downstream 
microglia, thereby inhibiting the production of inflammatory factors. 
In	previous	experiments,	IL-	37	treatment	was	considered	to	inhibit	
the secretion and gene expression of IL- 1β	 and	CXCL8	 and	 repair	
the connections between microglia and neurons.112 IL- 38 was shown 
to	possess	similar	properties	to	IL-	37	with	regard	to	regulating	the	
activity of microglia and exerted even more of an effect. IL- 38 has 
an equally strong inhibitory effect on inflammatory mediators pro-
duced by MCs (such as IL- 36) and is effective in alleviating the focal 
inflammatory response in the amygdala,113 which contributes to the 
pathogenesis	of	ASD.	To	conclude,	the	present	study	indicates	the	
important role of IL- 38 in the inhibition of activation of MCs and mi-
croglia, thus reducing disruption of neuronal connectivity and syn-
aptic pruning in the amygdala by neuroinflammation, which supports 
its	development	as	a	potential	treatment	for	ASD	(Figure 3).

3.4  |  IL- 38 and IS

Stroke is characterized by high morbidity and mortality, and is the 
third leading risk factor leading to early death and disability.114 Stroke 
includes ischemic and hemorrhagic stroke types. IS is the most com-
mon	 type	 of	 stroke,	 accounting	 for	 79%	 of	 all	 strokes.115,116 The 
typical pathological basis of IS is atherosclerosis,117 and the main 
secondary	 pathological	 changes	 include	 bioenergetic	 failure,	Na+/
K+ imbalance across neuronal membranes, mitochondrial failure, ox-
idative stress, and neuroinflammation.118	Neuroinflammation	plays	
an essential role in the development of pathology post- IS.119,120 
Excessive or persistent inflammation aggravates secondary patho-
logical damage and functional deficits after IS by inducing a cascade 
reaction between pro- inflammatory cytokines. In contrast, effective 
inhibition of pro- inflammatory cytokines significantly attenuated 
IS-	induced	 neurological	 deficits.	 As	 a	 novel	 anti-	inflammatory	 cy-
tokine,	 IL-	38	has	been	shown	to	play	a	crucial	 role	 in	various	CNS	
diseases	including	but	not	limited	to	cerebrovascular	diseases.	After	

receiving	 tissue	 plasminogen	 activator	 (tPA)	 treatment,	 the	 symp-
toms of pathological damage in IS patients were effectively allevi-
ated, accompanied by a significant increase in serum IL- 38 levels,121 
which indicates that IL- 38 is negatively correlated with pathological 
damage after IS, and can be used as an early and reliable predictive 
marker for stroke prognosis. However, the specific role of IL- 38 after 
IS and its underlying molecular mechanisms remains unclear.

The main cause of IS is the formation of atherosclerosis. 
Atherosclerosis	 is	 essentially	 a	 chronic	 inflammatory	 disease,	 and	
many immune cells and inflammatory mediators are involved in the 
development of atherosclerosis.122,123 For instance, risk factors 
such as hyperlipidemia, hypertension, and diabetes can exacerbate 
inflammatory responses (like suppression of anti- inflammatory cy-
tokines and enhancement of pro- inflammatory cytokines) by in-
creasing and activating macrophages, dendritic cells (DCs), and 
nonspecific memory cells, which in turn promotes the occurrence 
of atherosclerosis, eventually leading to the occurrence of IS. IL- 38 
was shown to prevent atherosclerosis and reduce the incidence and 
risk of cardiovascular and cerebrovascular events.20,124–127 IL- 38 can 
suppress inflammation and reduce pathological damage by regulat-
ing innate and adaptive immunity.128 IL- 38 reduces the infiltration 
of monocyte- derived macrophages in the subvascular endothelium, 
promotes the transformation of pro- inflammatory M1 macrophages 
into anti- inflammatory M2 macrophages, and reduces the release of 
pro- inflammatory cytokines IL- 6 and IL- 23.24,31 Interestingly, IL- 38 
can	inhibit	the	activation	of	NLRP3	inflammasome	in	macrophages,	
thereby suppressing local inflammation.24 In addition, DCs play an 
important role in atherogenesis.129 Immature DCs are immune tol-
erant, while fully mature DCs are immunogenic. Mature DCs can ex-
acerbate endothelial inflammation and atherosclerosis by activating 
the	TNF-	α-	mediated	NF-	κB pathway.130 IL- 38 was shown to inhibit 
the	 maturation	 of	 DCs	 in	 atherosclerosis	 by	 blocking	 the	 NF-	κB 
pathway, thereby increasing the expression of the anti- inflammatory 
cytokine IL- 10 and reducing the expression of the pro- inflammatory 
cytokines	IL-	23,	TNF-	α,	and	IFN-	γ expression.126 Further, innate im-
mune system cells such as monocytes, macrophages, and DCs can 
establish nonspecific immune memory and modulate inflammatory 
phenotypes through previous exposure to microbial products, a 
process known as trained immunity. Trained immunity induces an 
enhanced pro- inflammatory state in cells, thereby promoting the 
induction of atherosclerosis.131	Activation	of	the	mammalian	target	
of rapamycin (mTOR) and hypoxia- inducible factor 1α (HIF- 1α) in-
creases glycolysis and promotes epigenetic reprogramming during 
innate	immune	memory	generation.	Numerous	studies	have	shown	
that IL- 38 can not only down- regulate HIF- 1α70 but also inhibit 
the expression of β- glucan- induced trained immune- related genes 
(Tnfa, Nrlp3, Hk2, and Pfkp) and inflammation by blocking the mTOR 
signaling pathway, thereby limiting the inflammatory response in 
atherosclerosis.132

In addition to anti- inflammatory effects, IL- 38 can increase the 
stability of atherosclerotic plaques by reducing cell death such as 
apoptosis	 and	necroptosis.	Among	 them,	 the	apoptosis	of	 smooth	
muscle cells and macrophages will gradually increase with the 
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F I G U R E  3 The	mechanisms	of	IL-	38	underpinning	in	ASD,	IS,	TBI,	and	SCI.	IL-	38	regulates	immune	and	inflammatory	responses	after	
ASD,	IS,	TBI,	and	SCI	by	competitively	binding	to	IL36R	with	IL-	36.	Briefly,	IL-	1R1	and	IL-	36R	are	activated	by	the	agonists	IL-	1	and	IL-	36	(α, γ 
and β),	respectively.	The	heterodimeric	receptor	complexes	composed	of	IL-	1R1	or	IL-	36R	and	IL-	1RAcP	contribute	to	myeloid	differentiation	
primary response 88 (MyD88) recruitment through the intracellular toll- interleukin 1 receptor (TIR) domain, and the downstream 
signaling	pathways	that	are	activated	include	NF-	κB	and	MAPK	pathways	by	extracellular	regulated	protein	kinases	(ERK),	p38	or	c-	Jun	
N-	terminal	kinase	(JNK),	which	stimulate	the	activator	protein-	1	(AP-	1).	NF-	κB	and	AP-	1	then	bind	DNA	and	stimulate	the	production	of	
proinflammatory	cytokines	and	chemokines.	Conversely,	IL-	38	acts	as	an	antagonist	to	IL-	1R1	and	IL-	36R,	inhibiting	IL-	1RAcP	recruitment	
and	agonist	binding,	similar	to	what	occurs	for	IL-	1Ra	and	IL-	36Ra.	In	addition,	IL-	38	selectively	recruits	MEK	or	upregulates	channel	protein-	
dependent	SIRT1	by	binding	to	IL1RAPL1,	thereby	reducing	NF-	κB,	AP-	1,	and	MAPK,	and	ultimately	regulating	the	expression	of	multiple	
cytokines	involved	in	the	pathological	process	of	ASD,	IS,	TBI,	and	SCI.
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progression of atherosclerosis, resulting in the expansion and vul-
nerability of atherosclerotic plaques, which in turn increases the risk 
of IS.133,134 The B- cell leukemia/lymphoma- 2 (Bcl- 2) protein family 
plays an important role in the intrinsic apoptotic pathway. Bcl- 2 is 
an anti- apoptotic protein, while Bax is an apoptotic protein.135,136 
IL- 38 has been shown to inhibit apoptosis by upregulating Bcl- 2 and 
downregulating Bax, thereby enhancing the survival of vascular en-
dothelial cells, reducing the apoptosis of smooth muscle cells and 
macrophages in the fibrous cap, and finally attenuating atherosclero-
sis.126,137 This suggests that IL- 38 can inhibit the progression of ath-
erosclerosis by reducing apoptosis through the Bcl- 2/Bax pathway.

In conclusion, IL- 38 may protect against atherosclerosis by reg-
ulating	 immune	 cells	 and	 inflammatory	 cytokines.	 Although	 the	
role and potential mechanism of IL- 38 after IS have not yet been 
reported, considering that atherosclerosis is the main cause of IS de-
velopment, combined with IL- 38 is negatively correlated with patho-
logical damage after IS, we speculate that IL- 38 is likely to affect 
pathological injury after IS by regulating immune cells, inflammatory 
response, and apoptosis, however, its specific mechanism remains to 
be elucidated (Figure 3).

3.5  |  IL- 38 and TBI

TBI is a disease resulting from the destruction and dysfunction 
of brain tissue caused by external violence.138,139 The pathologi-
cal mechanisms induced by TBI are complex and diverse, including 
oxidative stress, endoplasmic reticulum stress, cell death, and espe-
cially inflammatory response.140,141	 Appropriate	 inflammatory	 re-
sponses play a neuro- defensive effect, while abnormal or excessive 
inflammatory responses have a damaging effect. For instance, pro- 
inflammatory cytokines (i.e., IL- 1β,	 IL-	17,	and	 IL-	36)	are	 remarkably	
elevated after TBI, accompanied by severe cognitive impairment.142 
Conversely, inhibiting the expression of these pro- inflammatory cy-
tokines can markedly reduce oxidative stress and neuronal death, 
promote synaptic remodeling, and thereby alleviate neurological 
dysfunction. Therefore, targeted regulation of inflammatory cy-
tokine expression plays a crucial role in the intervention and treat-
ment of TBI patients. However, how these cytokines, individually 
and through their interactions, are involved in the pathogenesis of 
TBI is still not fully understood.

IL- 38, a new member of the IL- 1 family, plays an important role 
in various diseases by inhibiting the IL- 36/IL- 36R signaling pathway, 
and so does as an antagonist of IL- 36R.33,37,143 It is reported that 
TBI induces a significant increase in the expression levels of IL- 33, 
IL- 1β,	 IL-	38,	TNF-	α,	 IFN-	α,	 and	 IL-	19	 in	 the	hippocampus	3	h	after	
TBI.144 Ethanol intoxication (EI) accompanied by TBI can cause dose- 
dependent down- regulation of IL- 33, IL- 1β,	 IL-	38,	TNF-	α,	and	IL-	19	
(except	IFN-	α), as well as selective up- regulation of IL- 13 and IL- 12, 
suggesting that these cytokines, including IL- 38, may play an import-
ant role in the development of pathology post- TBI. Mechanistically, 
neuronal injury experiments in vitro show that ethanol can induce 
STAT6	phosphorylation	and	transcriptional	activation	in	acute	phase	

neurons	while	inhibiting	STAT6	expression	and	activity	can	prevent	
the	effects	of	EI	on	IL-	33	and	TNF-	α, but not on IL- 13. In addition, 
STAT6	 inhibition	 limited	 the	 effects	 of	 EI	 on	microglial	 activation	
and trogliosis and preserved synaptic density and baseline neuronal 
activity	on	day	7	post-	TBI.	EI	plays	a	significant	 immunoregulatory	
role in cytokine induction and microglial activation in patients with 
TBI,	 mainly	 through	 activation	 of	 the	 STAT6	 pathway,	 ultimately	
contributing to beneficial results.145,146 It has been clarified that 
the biological function of IL- 38 is equivalent to an antagonist of IL- 
36R, and it exerts corresponding biological activities by blocking 
IL- 36/IL- 36R.49,69	 IL-	36/IL-	36R	 signaling	 induces	 TH9	 differenti-
ation	dependent	on	 IL-	4	 signaling	 for	efficient	 induction	of	STAT6	
phosphorylation.147

Based on the findings mentioned above, we speculate that IL- 38 
is likely to play an important role after TBI, and part of the mech-
anism	may	be	realized	through	IL-	36/IL-	36R/IL-	4/STAT6	(Figure 3). 
However, more experimental data are still needed to verify the role 
and potential mechanism of IL- 38 after TBI.

3.6  |  IL- 38 and spinal cord injury

SCI is a temporary or permanent injury to the spinal cord, accom-
panied by motor and neurological dysfunction.148,149 SCI can be 
divided into primary and secondary injuries.150	 Among	 them,	 the	
causes and mechanisms of secondary injury are diverse, mainly in-
volving microglial activation, reactive oxygen species release, and 
neuroinflammation.151	Neuroinflammation	 is	 known	 to	play	 an	 es-
sential role in the pathological development of SCI.152 In the early 
stage after SCI, an appropriate inflammatory response can remove 
cellular debris and limit the spread of damage; in the late stage, an 
amplified or sustained inflammatory response can aggravate tis-
sue damage and delay the healing of brain tissue.153,154 Therefore, 
strengthening the regulation of the inflammatory environment of 
the spinal cord will help protect neurons from damage and reduce 
neurological dysfunction.

Cytokines, as important neuro- inflammatory mediators, play an 
essential role in the homeostasis of the inflammatory and immune 
microenvironment after SCI.151,155 For example, SCI induces the 
expression and release of a large number of pro- inflammatory cy-
tokines (i.e., IL- 1β,	 IL-	6,	and	TNF-	α), which not only aggravates the 
infiltration of inflammatory cells but also leads to amplified produc-
tion of cytokines, thereby inducing an inflammatory storm leading to 
multiple organ failure.153,156 In contrast, effectively inhibiting the ex-
pression and release of these pro- inflammatory cytokines not only 
protects neurons from damage but also accelerates the healing of 
damaged tissues.

It is understood that IL- 38 is highly expressed in the spinal cord 
and	mainly	originates	from	macrophages	and	microglia.	Arnaud	et	al.	
demonstrated that IL- 38 can promote the production of inflamma-
tory	 mediators	 (e.g.,	 TNF-	α or TGF- β1) in a cell- intrinsic manner 
in vitro, correlating with the inflammatory signature of SCI in vivo.17 
Considering that IL- 38 may have similar functions to IL- 33, a member 



10 of 16  |     GAO et al.

of the same family, it is very likely that IL- 38 also has the charac-
teristic of dual nucleocytoplasmic distribution, although there are 
still no research reports investigating this. There is evidence that 
IL- 38 expression is not detected in the supernatants of human mac-
rophages	 and	 keratinocytes	 stimulated	 by	 LPS/IFN-	γ,157–159 indi-
cating that the secretion of IL- 38 may be cell-  and stressor- specific. 
Notably,	IL-	38	knockdown	reduced	the	inflammatory	response	and	
improved the pathological changes of SCI after SCI by limiting the 
production	of	TNF-	α	and	IL-	17	by	macrophages.	Additionally,	IL-	38	
deficiency prevented the upregulation of pyruvate dehydrogenase 
kinase	isozyme	4	(Pdk4)	expression	in	bone	marrow-	derived	macro-
phage (BMDM).17	Pdk4	is	a	key	metabolic	checkpoint	in	macrophage	
polarization.160,161 Interestingly, the knockout of IL- 38 prevents 
LPS/IFN-	γ from stimulating the metabolic shift of microglia to the 
glycolytic	 pathway	 by	 regulating	 Pdk4	 transcription,	 blocking	 the	
transformation of M1 microglia, and enhancing M2 microglial trans-
formation, which in turn reduces peripheral monocyte recruitment, 
stabilizes local inflammatory storms, and promotes neuronal survival 
and synaptic remodeling, thereby ameliorating motor deficits after 
SCI (Figure 3).	An	in-	depth	exploration	of	the	molecular	mechanism	
of	IL-	38	regulating	Pdk4	transcription	and	affecting	macrophage	en-
ergy metabolism pathways will provide a theoretical basis for axo-
nal and myelin regeneration, synaptic remodeling, and neurological 
function repair in SCI.

4  |  IMPLIC ATIONS FOR IL- 38-  REL ATED 
THER APEUTIC STR ATEGIES

IL- 38, an IL- 36R antagonist, exerts potent anti- inflammatory ef-
fects	 and	 represents	 a	 promising	 therapeutic	 for	 CNS	 disease.	
IL-	38	 inhibits	 the	NF-	κB,	MAPK	 (p38,	ERK1/2,	MEK),	STAT1,	and	
STAT3	 signaling	 pathways	 by	 competitively	 binding	 to	 IL-	36R,	
IL-	1R,	and	 IL-	1RAPL1,	thereby	suppressing	the	expression	of	pro-
inflammatory	cytokines	and	chemokines.	Notably,	 in	both	 in	vivo	
and	 in	 vitro	 models	 of	 childhood	 ASD,	 IL-	38	 protein	 expression	
levels are markedly decreased in the amygdala and increased in 
the serum of patients.32 Exogenous administration of recombinant 
IL- 38 has furthermore been shown to exert anti- inflammatory ef-
fects by inhibiting IL- 1β	 and	 CXCL8	 released	 by	 microglia,	 lead-
ing to improved social and communication abilities. In addition to 
CNS	disorders,	IL-	38	inhibits	cytokine	Th17	(IL-	17,	IL-	23,	IL-	22)	and	
TNF-	ɑ	expression	in	rheumatoid	arthritis	by	reducing	macrophage	
infiltration.31,128,162 To date, although no clinical applications of IL- 
38 have been reported, functional and mechanistic studies of IL- 38 
in a large number of human and animal disease models have high-
lighted its clinical therapeutic and diagnostic value. For instance, 
when patients with chronic hepatitis B recovered after treatment, 
their serum IL- 38 levels were markedly elevated163; when patients 
with	 IS	had	been	 treated	with	 tPA,	 their	 serum	 IL-	38	 levels	were	
also dramatically elevated.121 It is thus suspected that IL- 38 expres-
sion may be a new biological marker for early diagnosis, treatment, 
and prognostic assessment of patients with hepatitis B, stroke, and 

various	 other	 diseases.	 Although	 the	 anti-	inflammatory	 function	
of IL- 38 in systemic tissue and organ disease has been proven, its 
mechanism of action and clinical application in neurological dis-
eases remain unclear. Given that IL- 38 is a seemingly important 
therapeutic	target	for	CNS	diseases,	selective	agonists	and	inhibi-
tors of IL- 38, as well as upstream signaling pathways need to be 
further explored.

Previous	studies	have	found	that	the	inflammatory	factors	IL-	17,	
IL- 22, IL- 36γ,	 and	 IFN	 inhibit	 terminal	differentiation	of	 keratino-
cytes, accompanied by a decrease in IL- 38 expression. This is likely 
due to the presence of elements in the IL- 38 promoter that bind to 
cAMP-	reactive	blockers	such	as	ICER.158 Thus, selective inhibitors 
of	IL-	17,	 IL-	22,	 IL-	36γ,	and	IFN	are	 likely	to	 indirectly	 increase	the	
effects of IL- 38 expression. (1) There are three main inhibitors of 
IL-	17:	 secukinumab,	 ixekizumab,	 and	 brodalumab.164–167 The for-
mer	two	are	anti-	IL-	17A	monoclonal	antibodies,	which	can	directly	
reduce	 the	 expression	 and	 activity	 of	 free	 IL-	17A	 by	 specifically	
binding	 to	 IL-	17A	 to	 form	 an	 antigen–antibody	 immune	 complex.	
The	latter	is	a	monoclonal	antibody	against	the	IL-	17A	receptor	that	
inhibits	the	physiological	function	of	IL-	17	by	targeting	IL-	17R	and	
blocking	 its	 signaling.	 The	 three	 listed	 IL-	17	 inhibitors	 are	mainly	
used in the treatment of psoriasis, and they are in phase I, II, and III 
clinical	trials.	A	previous	study	found	that	after	8 weeks	of	secuki-
numab treatment in patients with psoriasis, expression levels of IL- 
38	at	both	the	mRNA	and	protein	levels	were	significantly	increased	
in	skin	lesion	tissue.	This	indicates	that	IL-	17	inhibitors	can	regulate	
and potentially agonize IL- 38.158	Although	these	three	IL-	17A	inhib-
itors are expected to be potential IL- 38 agonists, the mechanism 
by which this occurs remains to be demonstrated. (2) There are 
two inhibitors of IL- 36, spesolimab, and imsidolimab, which target 
the IL- 36 receptor and block the binding of IL- 36γ mainly through 
competitive inhibition of the receptor.168,169	 Predictive	 analysis	
of potential transcription factor- binding sites on the IL- 38 and IL- 
36Ra promoter sequences revealed the presence of elements in 
the	 IL-	38	 promoter	 that	may	 bind	 to	 cAMP-	responsive	 blockers,	
including	ICER	and	Kruppel-	like	Factor	4	(KLF4).	These	are	known	
to be induced by inflammatory cytokines and are associated with 
keratinocyte differentiation.170,171	 ICER	 is	 a	 cAMP-	responsive	 el-
ement binding protein (CREB), the most potent transcriptional re-
pressor	that	blocks	CRE-	dependent	gene	transcription.	KLF4	is	also	
a restriction transcription factor induced by inflammatory factors, 
including IL- 36γ. IL- 36γ triggers IL- 38 downregulation in dediffer-
entiated keratin- forming cells by agonizing repressive transcription 
factors at the IL- 38 promoter. Consequently, inhibition of IL- 36γ 
relieves the antagonistic effect on IL- 38, thereby indirectly increas-
ing the IL- 38 expression and activity. Interestingly, the inhibitory 
effect of IL- 36γ on IL- 38 in keratinocytes was mild compared to 
IL-	17	and	IL-	22.	Considering	IL-	38	competitively	binds	to	IL-	36	re-
ceptors to inhibit the IL- 36/IL- 36R signaling pathway, this suggests 
the presence of a feedback regulation mechanism between the cy-
tokines.158 Therefore, how these two IL- 36 inhibitors specifically 
antagonize IL- 38 remains to be explored in depth. (3) The inhibi-
tors	of	IL-	22	and	IFN,	fezakinumab	and	emapalumab,	respectfully,	
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downregulate the expression of the corresponding cytokine by 
binding to and neutralizing them.172,173 Given that IL- 38 levels are 
also strongly downregulated by IL- 22 and, to a lesser extent, by 
IFN-	γ in keratinocytes, it is likely that inhibitors of both have an 
indirect role in agonizing IL- 38.

Collectively, excessive or persistent inflammation is a robust 
contributor to the deterioration and pathological changes associ-
ated	with	CNS	diseases.	Effectively	 increasing	the	expression	of	
anti- inflammatory cytokines or inhibiting the expression of pro- 
inflammatory cytokines is an ideal strategy for the prevention and 
treatment	of	CNS	diseases.	As	an	important	anti-	inflammatory	cy-
tokine,	IL-	38	plays	an	essential	role	in	CNS	diseases	(i.e.,	NMOD,	
AD,	ASD,	 IS,	TBI,	and	SCI).	For	 instance,	serum	IL-	38	expression	
levels are markedly decreased in patients with cerebral IS, ac-
companied	 by	 increased	 neurological	 deficits.	 After	 treatment	
with	tPA,	serum	IL-	38	levels	increased	dramatically,	while	neuro-
logical functioning improved. Given the negative correlation be-
tween IL- 38 and stroke- induced neurological deficits, IL- 38 may 
serve as a biomarker for early diagnosis of this disease.121,174 This 
is just one example of many that have been discussed in this re-
view,	highlighting	the	neuroprotective	role	IL-	38	may	play	in	CNS	
diseases. Despite the increasing clinical applications of IL- 38, the 
role	and	potential	mechanisms	of	IL-	38	in	CNS	diseases	are	incom-
pletely characterized due to an insufficient understanding of its 
biological	characteristics.	Although	some	regulators	of	IL-	38	and	
its upstream signaling pathways have been discovered, specific 
inhibitors or agonists are still lacking. Increased research in this 

domain will assist in better understanding the pathophysiologi-
cal function and molecular mechanism of IL- 38, which will further 
provide support for IL- 38 as a novel target for the treatment of 
CNS	diseases	(Table 1).

5  |  CONCLUSIONS AND FUTURE 
PERSPEC TIVES

IL- 38 is now generally accepted as playing a key anti- inflammatory 
protective role in a variety of diseases, including central nervous 
system	diseases.	As	 summarized	 in	 this	 review,	 a	 large	 amount	 of	
compelling evidence supports the notion that targeted regulation of 
IL- 38 expression can provide promising new options for the treat-
ment	 of	 many	 neuroinflammation-	related	 diseases.	 As	 our	 under-
standing	of	the	IL-	38-	regulating	pathway	(i.e.,	IL-	36/IL-	36R,	NF-	κB/
Th17/IL-	17,	 and	 IL-	1β/CXCL8)	 continues	 to	 uncover	 new	 drug	 tar-
gets, IL- 38 modulators may provide new opportunities for develop-
ing treatments for many currently incurable diseases. Thus far, most 
information has been obtained utilizing mouse models. To what de-
gree these observations are applicable to humans remains unknown. 
Clinical trials using antibody- targeting IL- 38 have recently been initi-
ated in pneumonia and autoimmune diseases, and treatment with re-
combinant	IL-	38	could	be	useful	in	other	diseases	(e.g.,	IS	and	ASD).	
In the future, fully elucidating the concentration, post- translationally 
modified cleavage sites, cleavage enzymes, mature forms, biological 
activities, and pathophysiological functions of IL- 38 would further 

TA B L E  1 The	potential	agonists	of	IL-	38.

Classification Compound Disease type Targets for molecules or pathways Efficiency References

IL-	17	inhibitors Secukinumab Ankylosing	spondylitis,	
psoriasis and psoriatic 
arthritis

The expression of IL- 38 is indirectly 
inhibited by specifically binding 
to	IL-	17A	to	form	an	antigen–
antibody immune complex

++ 157,163,164

Ixekizumab 157,163,165

Brodalumab By	blocking	the	IL-	17	receptor,	the	
inflammatory	cytokine	IL-	17A	
is down- regulated, and the 
expression of IL- 38 is indirectly 
inhibited

157,163,166

IL- 36γ inhibitors Spesolimab Palmoplantar	pustulosis,	
generalized pustular 
psoriasis, Ulcerative 
colitis,	Crohn's	disease	and	
hidradenitis supurativa

Block subsequent activation of the 
IL- 36 receptor, thereby blocking 
the IL- 38 signaling pathway

+ 157,167,169,170

Imsidolimab Acne	vulgaris,	hidradenitis	
supurativa and generalized 
pustular psoriasis

157,168–170

IL- 22 inhibitor Fezakinumab Atopic	dermatitis The expression of IL- 38 is indirectly 
inhibited through negative 
feedback by neutralizing IL- 22

++ 157,171

IFN-	γ Inhibitor Emapalumab Hemophagocytic 
lymphohistiocytosis

A	fully	human	immunoglobulin	
G1 monoclonal antibody that 
noncompetitively	inhibits	IFN-	γ, 
thereby inhibiting the expression 
of IL- 38

+ 157,172
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facilitate the development of therapies that modulate IL- 38/inflam-
mation	signaling	to	treat	CNS	diseases	(Table 2).
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