
Citation: Pandey, M.K. Exploring

Pro-Inflammatory Immunological

Mediators: Unraveling the

Mechanisms of Neuroinflammation

in Lysosomal Storage Diseases.

Biomedicines 2023, 11, 1067.

https://doi.org/10.3390/

biomedicines11041067

Academic Editor: Jian Luo

Received: 28 February 2023

Revised: 17 March 2023

Accepted: 22 March 2023

Published: 1 April 2023

Copyright: © 2023 by the author.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

biomedicines

Review

Exploring Pro-Inflammatory Immunological Mediators:
Unraveling the Mechanisms of Neuroinflammation in
Lysosomal Storage Diseases
Manoj Kumar Pandey 1,2

1 Cincinnati Children’s Hospital Medical Center, Division of Human Genetics, Cincinnati, OH 45229-3026, USA;
manoj.pandey@cchmc.org

2 Department of Pediatrics, University of Cincinnati College of Medicine, Cincinnati, OH 45267-0515, USA

Abstract: Lysosomal storage diseases are a group of rare and ultra-rare genetic disorders caused by
defects in specific genes that result in the accumulation of toxic substances in the lysosome. This
excess accumulation of such cellular materials stimulates the activation of immune and neurological
cells, leading to neuroinflammation and neurodegeneration in the central and peripheral nervous
systems. Examples of lysosomal storage diseases include Gaucher, Fabry, Tay–Sachs, Sandhoff,
and Wolman diseases. These diseases are characterized by the accumulation of various substrates,
such as glucosylceramide, globotriaosylceramide, ganglioside GM2, sphingomyelin, ceramide, and
triglycerides, in the affected cells. The resulting pro-inflammatory environment leads to the generation
of pro-inflammatory cytokines, chemokines, growth factors, and several components of complement
cascades, which contribute to the progressive neurodegeneration seen in these diseases. In this
study, we provide an overview of the genetic defects associated with lysosomal storage diseases and
their impact on the induction of neuro-immune inflammation. By understanding the underlying
mechanisms behind these diseases, we aim to provide new insights into potential biomarkers and
therapeutic targets for monitoring and managing the severity of these diseases. In conclusion,
lysosomal storage diseases present a complex challenge for patients and clinicians, but this study
offers a comprehensive overview of the impact of these diseases on the central and peripheral nervous
systems and provides a foundation for further research into potential treatments.

Keywords: mental health; neuroinflammation; accumulation of toxic substances; immune checkpoint
pathways; therapeutic targets

1. Introduction

Lysosomal storage diseases are characterized by a deficiency in lysosomal enzymes
that are responsible for breaking down and recycling cellular waste. This enzyme defi-
ciency leads to the accumulation of toxic substances in the lysosomes, causing cellular
damage and dysfunction, particularly in the nervous system [1]. This damage, in turn,
drives the development of neuroinflammation, leading to the progression of symptoms and
functional decline in lysosomal storage diseases [2–4]. The genetic defects underlying lyso-
somal storage diseases result in the excessive production of specific substrates, including
glucosylceramide (GC), globotriaosylceramide (Gb3), globotriaosylsphingosine (lyso-Gb3),
ganglioside GM1 (GM1), ganglioside GM2 (GM2), sphingosine (Sph), glycosphingolipids
(GlycSph), sphingomyelin (Sm), cholesterol (Ch), ceramide (Cer), galactosylceramide (Gal-
Cer), galactosylsphingosine (GalSph), cholesteryl esters (CEs), and triglycerides (TGs), as
listed in Table 1. These substrates drive the disease process in several lysosomal storage
diseases, including Gaucher disease, Fabry disease, GM1 gangliosidosis, GM2 gangliosi-
dosis, Tay–Sachs disease, Sandhoff disease, Niemann–Pick type C disease, Farber disease,
Krabbe disease, and Wolman disease (Table 1).
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Table 1. The clinical symptoms of lysosomal storage diseases caused by genetic defects and en-
zyme deficiencies.

Lysosomal
Storage Disease Gene Defects

Enzyme or
Protein

Deficiency

Substrate
Accumulation

Affected Organs and
Cells Clinical Symptoms Reference

Gaucher disease GBA1(in human)/
Gba1(in mouse) GCase GC,

GS

Central nervous system
tissues, microglial cells,
neurons, liver, spleen,

lung, kidney MO,
Mφ, DC

Seizure, abnormal eye
movements,

developmental delay,
hepatosplenomegaly,

pulmonary
inflammation, skeletal

weakness, hypergamma
globulinemia, B-cell

malignancies, anemia,
and thrombocytopenia

[5–7]

Fabry disease
GLA (in

human)/Gla
(in mouse)

α Gal A Gb3 and lyso-Gb3

Central nervous system
tissue, and their cells,
liver, spleen, kidney,

blood vessel walls, renal
epithelial cell,

endothelial cell, pericyte
podocytes, tubular cell
of the loops of Henle

and the thick ascending
limb of the distal tubule,
vascular smooth muscle
cell, and cardiomyocyte

Stroke, burning pain in
the arms and legs,

cardiomegaly, renal
failure, gastrointestinal
difficulties, decreased
sweating, fever, and

angiokeratomas

[8–16]

GM1
gangliosidosis

GLB1 (in
Human)/

Glb1(in mouse)
β gal GM1

Central and peripheral
nervous system tissue,

spleen, bone,
and muscle

Dementia, seizures,
hyperekplexia,

abnormal gait, ataxia,
stuttering, apraxia,

dysarthria, coarse facies,
muscle atrophy,

dystonia,
angiokeratoma, skeletal

irregularities, joint
stiffness, abdominal
distension, muscle

weakness, and
hepatosplenomegaly

[17–19]

GM2
gangliosidosis:

Tay–Sachs disease

HEXA (in
human)/Hexa

(in mouse)

α subunit of
the β hex GM2 Central nervous

system tissue

Dementia, paralysis,
seizures decreased eye

contact, increased
startle response to noise,

deafness, dysphagia,
blindness, cherry-red

spots in the retina

[20–23]

GM2
gangliosidosis:

Sandhoff disease

HEXB (in
human)/Hexb

(in mouse)

β subunit of
the β hex GM2

Central nervous system
tissues, liver, spleen,

lung, and heart

Motor weakness, early
blindness, startle

response to sound,
spasticity, myoclonus,

seizures, macrocephaly,
cherry red spots in the

eye, doll-like facies,
frequent respiratory

infections, heart
murmurs, and

hepatosplenomegaly

[20–25]

Niemann–Pick
type C disease

NPC1/NPC2(in
human)/Npc1/
Npc2(in mouse)

NPC1 and
NPC2

Sph, GlycSph, Sm,
and Ch

Peripheral nervous
system tissue, nerve cell,

liver, spleen, lymph
node, hard lump under

the skin

Progressive dementia,
difficulty in walking,

dysphagia, progressive
loss of hearing,

hepatosplenomegaly,
anemia, and susceptible

to recurring infection

[26]
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Table 1. Cont.

Lysosomal
Storage Disease Gene Defects

Enzyme or
Protein

Deficiency

Substrate
Accumulation

Affected Organs and
Cells Clinical Symptoms Reference

Farber disease
ASAH1 (in

human/
Asah1(in mouse)

ACDase Cer

Central nervous system
tissue, liver, heart,

kidney, lymph node,
and joints

Increased sleep and
tiredness, dysphagia,

dysphonia,
arthrogryposis,

vomiting, and arthritis

[27,28]

Krabbe disease GALC (in human/
Galc (in mouse) GALCERase

GalCer and
GalSph or

psychosine
Myelin sheath

Dyspraxia, myoclonic
seizures, deafness,

blindness, paralysis,
dysphagia, muscle

weakness, hypertonia,
spasticity, and weight

loss

[29,30]

Wolman disease LIPA (in human)/
Lipa (in mouse) LAL CEs and TGs

Liver, spleen, blood,
lymph, adrenal gland,

MO, and Mφ

Mental deterioration,
Hepatomegaly,

abdominal distension,
gastrointestinal

problems, jaundice,
anemia, vomiting, and
calcium deposits in the

adrenal glands

[31,32]

GBA1/Gba1, glucosylceramidase beta 1; GCase, β-glucocerebrosidase; GC, glucosylceramide; GS, glucosphin-
gosine; GLA/Gla, galactosidase alpha; α-Gal A, alpha-galactosidase A; Gb3, globotriaosylceramide; lyso-Gb3,
globotriaosylsphingosine; GLB1/Glb1, galactosidase beta 1; β gal, β galactosidase; GM1, ganglioside GM1; GM2,
ganglioside GM2; HEXA/Hexa, hexosaminidase A; HEXB/Hexb, hexosaminidase B; β hex, β hexosaminidase;
NPC1/Npc1, Niemann–Pick type C1; NPC2/Npc2, Niemann–Pick type C2; Sph, sphingosine; GlycSph, glycosph-
ingolipid; Sm, sphingomyelin; Ch, cholesterol; ASAH1/Asah1, N-acylsphingosine amidohydrolase 1; ACDase,
acid ceramidase; Cer, ceramide; GALC/Galc, galactosylceramidase; GALCERase, galactosylceramidase; GalCer,
galactosyl ceramide; GalSph, galactosylsphingosine; LIPA/Lipa, lysosomal acid lipase; LAL, lysosomal acid lipase;
CEs, cholesteryl esters; TGs, triglycerides; MO, monocyte; Mφ, macrophage; DC, dendritic cell.

The excessive accumulation of substrates in lysosomal storage diseases has been
shown to have significant impacts on several types of cells, including microglial cells, astro-
cytes, oligodendrocytes, neurons, Schwann cells, monocytes (MO), macrophages (Mφs),
dendritic cells (DCs), natural killer (NK), T, and B cells [33–39]. These cells respond to the
substrate accumulation by generating an enormous amount of pro-inflammatory cytokines,
including interferon gamma (IFNγ), tumor necrosis factor alpha (TNFα), interleukin 1 beta
(IL1β), IL6, IL17, C-C motif ligand 2 (CCL2), CCL4, CCL5, C-X-C motif ligand 10 (CXCL 10),
complement proteins such as complement component 1q (C1q), C3, and C5a, and autoan-
tibodies to certain glycolipids [5,36,40–43]. This massive generation of pro-inflammatory
cytokines, complement proteins, and autoantibodies has been linked to cellular damage
and dysfunction, particularly in the central and peripheral nervous systems, leading to the
development of neuroinflammation and the progression of disease symptoms in lysosomal
storage disease [5,36,40–43].

There are several pro-inflammatory mediators, including IFNγ, IL1β, TNFα, IL6, IL17,
CCL2, CCL4, CCL5, CXCL10, autoantibodies, and complement proteins, that have shown
to cause damage to the blood–brain barrier and the blood–nerve barrier, which are essential
for maintaining the homeostasis of the central and peripheral nervous systems [44–46]. The
blood–brain barrier is a highly selective semipermeable barrier that separates the circulating
blood from the brain’s extracellular fluid. It regulates the entry of substances, such as
nutrients and waste products, into the brain and prevents the entry of potentially harmful
substances, including pathogens and toxins. Disruption of the blood–brain barrier can
lead to the entry of inflammatory cells and mediators into the brain, which can contribute
to neuroinflammation and neurological dysfunction [47–49]. Similarly, the blood–nerve
barrier is a specialized barrier that separates the peripheral nerve tissue from the circulating
blood. It plays a crucial role in maintaining the extracellular environment of the peripheral
nerve tissue, regulating the entry of nutrients and waste products, and preventing the
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entry of harmful substances. Damage to the blood–nerve barrier can lead to the entry of
pro-inflammatory mediators and immune cells into the peripheral nerve tissue, which can
cause peripheral neuropathy and other nerve-related disorders [50–53].

The accumulation of substrates in lysosomal storage diseases has a far-reaching impact
and can profoundly affect the immune system and neurological function of the body. This
excess accumulation can generate pro-inflammatory cytokines, chemokines, complement
proteins, and autoantibodies, which could contribute to the development of neuroinflam-
mation and the progression of disease symptoms by affecting the blood–brain barrier and
blood–nerve barrier. Understanding these disease mechanisms is crucial for identifying
potential biomarkers, accurately diagnosing disease stages, targeting specific areas for
treatment, and developing clinical trials aimed at curing neuroinflammation and neurode-
generation in lysosomal storage diseases.

2. Gaucher-Disease-Associated Neuroinflammation: Deciphering the Complex
Interactions between Neurological and Immune Systems

Gaucher disease is a rare, autosomal recessive genetic disorder, which affects 1/40,000
to 1/60,000 live births [43,54,55]. Gaucher disease occurs due to the mutations in GBA1
(in human)/Gba1 (in mouse) which leads to the functional disruption of the enzyme, Acid
β-glucosidase (GCase; EC 4.2.1.25) responsible for the biochemical degradation of GC
and GS that are essential for the proper function of skin, cell survival, and embryonal
development [56–59]. The genetic deficiency of GCase and consequent excess Mφs and
microglial cell accumulation of GC and GS affect both visceral organs and the brain in
Gaucher disease [36,60].

Gaucher disease can be classified into three types. Type 1 primarily affects the in-
ternal organs, such as the liver, spleen, lung, lymph node, bone, and kidney. The symp-
toms associated with type 1 Gaucher disease include anemia, thrombocytopenia, hyper-
gammaglobulinemia, splenomegaly, hepatomegaly, skeletal weakness, B cell malignancies,
and mild brain inflammation [42,60,61].

On the other hand, type 2 and type 3 Gaucher diseases mainly affect the central nervous
system tissues, leading to the development of neurological symptoms. These symptoms
may include myoclonus with selective dentate abnormalities, generalized epilepsy, seizures,
slowing of horizontal saccadic eye movements, ataxia, spasticity, oculomotor abnormali-
ties, hypertonia of neck muscles, extreme arching of the neck, bulbar signs, limb rigidity,
occasional choreoathetoid movements, and progressive dementia [62–73].

The Gba1-prone mouse model of type 1 Gaucher disease, specifically the D409V/null;
9V/null; Gba19V/− strain, has provided valuable insights into the pathophysiology of
this disorder. This model has shown an excessive accumulation of GC in various tissues,
including the liver, spleen, lymph nodes, and lungs(5,7,36,61). Furthermore, elevated
levels of GC-specific immunoglobulin G (IgG) autoantibodies have been observed in the
circulatory system autoantibodies [36,74].

In addition, this mouse model has demonstrated a significant increase in the generation
of pro-inflammatory cytokines, such as IFNγ, TNFα, IL1β, IL6, IL12, IL17, IL21, and
IL23, as well as chemokines, including CCL2, CCL3, CCL4, CCL5, CCL6, CCL9, CCL17,
CCL18, CCL22, CXCL1, CXCL2, CXCL8, CXCL9, CXCL10, CXCL11, CXCL12, and CXCL13
(5,6,7,36). The research has also revealed that the Gba19V/− mice mouse model of Gaucher
type 1 disease exhibits elevated levels of growth factors, such as transforming growth factor-
beta 1 (TGFβ1), hepatocyte growth factor (HGF), Mφ-colony-stimulating factor (MCSF),
granulocyte-colony-stimulating factor (GCSF), and granulocyte-Mφ colony-stimulating
factor (GMCSF), as well as an increase in the recruitment of diverse immune cells, such
as DCs, Mφs, T cells, and B cells [6,7,36]. These results provide us with a more in-depth
comprehension of the immunological transformations that transpire in type 1 Gaucher
disease. Moreover, these studies also point towards several potential biomarkers and targets
for curative interventions. Furthermore, Gba19V/− mice showed higher lung expression of
activating Fc gamma (Fcγ) receptors (e.g., FcγRI, FcγRIII, and FcγRIV), inhibitory FcγR
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(e.g., FcγRIIB), C1q subcomponent, alpha polypeptide (C1qa), C-type lectin domain family
4 member n (Clec4n), C-type lectin domain family 5, member a (Clec5a), C3a receptor1
(C3aR1), and C5a receptor1 (C5aR1), as well as increased liver expression of C-type lectin
domain family 7, member a (Clec7a) [75]. Mφs and DCs of the Gba1 9V/− mouse model of
type 1 Gaucher disease have shown higher expression of C5a and C5aR1 [36]. Liver, spleen,
and lung and these tissues-derived CD4+ T cells that were stimulated with anti-CD3 and
CD28, as well as GC-stimulated liver, spleen, and lung-derived DCs and CD4+ T cells, were
found to produce a significant amount of pro-inflammatory cytokines. These cytokines
include IFNγ, TNFα, IL1β, IL6, IL12, IL17, IL21, and IL23 in Gba1 9V/− mouse model of
type 1 Gaucher disease [6,7,36,74–80].

Type 1 Gaucher disease patients have been observed to have elevated levels of GC-
specific IgG immune complexes (GC-ICs) in their serum and/or plasma [8,47]. In a model
of human Gaucher disease using conduritol B epoxide (CBE)-induced GCase-targeted
Mφs stimulated with GC-ICs, there was an increase in the production of pro-inflammatory
cytokines, including IFNγ, TNFα, IL1β, IL6, IL12, IL17, IL21, and IL23 [5,7,76]. In both type
1 Gaucher disease mouse models and human patients with Gaucher disease, GC-induced
innate and adaptive immune inflammation could impact the brain and cause neurological
abnormalities. However, further studies are needed to confirm this.

Type 2 and type 3 Gaucher diseases are the acute and chronic neurological forms of
the disease, also referred to as neuronopathic Gaucher disease [81–83]. In these forms,
there is an excess accumulation of GC in the brain, which impacts several regions, such
as the substantia nigra reticulata, the reticulotegmental nucleus of the pons, the cochlear
nucleus, and the somatosensory system. This leads to MO differentiation into microglial
cells, proliferation and activation of microglial cells and astrocytes, and massive generation
of pro-inflammatory cytokines (IFNγ, TNFα, IL1α, IL1β, and IL6), chemokines (CCL2,
CCL3, and CCL5), reactive oxygen species (ROS), nitric oxide (NO), and growth factors
(MCSF and TGFβ). Additionally, downregulation of brain-derived neurotrophic factor
(BDNF) and nerve growth factor (NGF) has been observed, which collectively leads to neu-
ron loss and early death. These effects have been observed in several Gba1 prone models,
such as Gbaflox/flox; Nestin-Cre mice, K14-lnl/lnl mice, 4L; C*, C57BL/6J-Gbatm1Nsb,
as well as Conduritol B epoxide-induced chemical model of neuronopathic Gaucher dis-
ease [78,84–94].

Patients with neuronopathic Gaucher disease exhibit brain accumulation of cytotoxic
glycosphingolipids, which leads to microglial cell activation and upregulation of pro-
inflammatory cytokines, such as TNFα, IL1β, and IL6. These events have been linked
to the development of severe and chronic brain inflammation, resulting in the loss of
neurons and early death [78,92,93,95–100]. Recent studies using induced pluripotent stem
cell (iPSC)-derived mφs and lymph nodes from patients with type 2 and type 3 Gaucher
diseases have demonstrated that the C5a-C5aR1 axis triggers the induction of TNFα and
TGFβ signaling [101,102]. The observed events, such as the induction of TNFα and TGFβ
signaling triggered by the C5a-C5aR1 axis, have the potential to cause significant harm to
patients with neuronopathic Gaucher disease. Inflammation in tissues and organ failure
can have a profound impact on the body and can lead to significant morbidity and even
mortality. As such, further research on the mechanisms underlying these events is critical
in the development of effective treatments and therapies for patients with neuronopathic
Gaucher disease.

Several of these studies suggest that mutations in the GBA1/Gba1 gene lead to the
accumulation of glucocerebroside (GC) in the brain, triggering the activation of microglial
cells and resulting in excessive generation of pro-inflammatory cytokines, including IL1β,
TNFα, and IL6. Similarly, in peripheral organs such as the liver, spleen, and lung, the excess
accumulation of GC leads to the recruitment and activation of immune cells, overproduc-
tion of IgG, IgM, and IgA autoantibodies to various protein and glycolipid antigens, and
the overproduction of pro-inflammatory cytokines, chemokines, growth factors, and com-
plement cascade proteins (e.g., C3, C3a, C5, and C5a). The complex interactions between
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such genetic mutations and a cascade of cellular processes and immune system activation
in both the central nervous system and peripheral organs can affect the blood–brain barrier,
potentially leading to brain inflammation and neuronal cell death in Gaucher disease.
These findings provide insight into the disease mechanism and may offer new avenues for
research and treatment.

3. Fabry-Disease-Associated Neuroinflammation: Deciphering the Complex
Interactions between Neurological and Immune Systems

Fabry disease is an X-linked recessive inborn error of glycosphingolipid metabolism,
which affects 1/40,000–1/117,000 live births [103,104]. Fabry disease occurs due to GLA (in
human)/Gla (in mouse) defect and the resultant deficiency of the lysosomal enzyme α Gal A
(E.C. 3.2.1.22) and the excess accumulation of glycosphingolipids, mainly Gb3 and lyso-Gb3
in the affected cells and body fluids [8–16,105]. Gb3 and lyso-Gb3 are critical for controlling
cellular activation, cell proliferation, and microbial growth [106–109]. However, GLA/Gla
defect and the resultant excess accumulation of Gb3 and lyso-Gb3 affect blood vessel walls,
renal epithelial cells, endothelial cells, pericytes, podocytes, tubular cells of the distal tubule
and loop of Henle, vascular smooth muscle cells, cardiomyocytes, and neurons of the
peripheral and autonomic nervous system and develop several of the disease symptoms,
i.e., heart enlargement, renal failure, stroke, gastrointestinal difficulties, decreased sweating,
fever, angiokeratomas, and burning pain in the arms and legs [8–16,107,110,111].

The plasma and or renal biopsy samples from the mouse model of Fabry disease
showed higher levels of Gb3, complement components (e.g., C3 and iC3b) [112], and
IFNγ [76,112]. Similarly, excess accumulation of Gb3 has been observed in plasma, pe-
ripheral blood mononuclear cells (PBMCs), conjunctival biopsies, central nervous system
tissues, and neurons of the autonomic and peripheral nervous system of patients with Fabry
disease [112–115]. Elevated levels of several components of the complement system, i.e.,
C1qc, C3, iC3b, C4, and C4b, complement factor B precursors (C3/C5 convertase) have been
observed in the serum, plasma, and brain of patients with Fabry disease [14,112]. Serum,
plasma, PBMCs, and several of the immune cells that include MOs, DCs, and NK cells have
shown massive production of pro-inflammatory cytokines (e.g., IFNγ, TNF α, IL1β, and
IL6) in patients with Fabry disease [11,76,113]. The progressive accumulation of Gb3 in the
neurons of the autonomic and peripheral nervous system has been linked to the increased
production of pro-inflammatory cytokines and oxidative stress and development of the
cerebrovascular complications, organ failure, and premature death in Fabry disease [8–15].

The results of this study indicate that mutations in the GLA/Gla gene lead to the
accumulation of Gb3/Lyso-Gb3 in central nervous system tissues, triggering the activation
of microglial cells and resulting in increased production of pro-inflammatory cytokines,
such as IFNγ, TNFα, IL1β, and IL6, in Fabry disease. In peripheral organs, such as the
liver, spleen, lung, kidney, and heart, the accumulation of Gb3/Lyso-Gb3 leads to massive
activation and recruitment of immune cells, including NK cells, MOs, and DCs. The effec-
tor function of these immune cells results in the excess production of pro-inflammatory
cytokines and complement proteins, which contribute to organ damage in Fabry disease.
The development of such a pro-inflammatory environment in the central nervous system
and peripheral organs can damage the blood–brain barrier and lead to neuronal cell death.
These findings can contribute to a better understanding of the disease processes and the
development of effective therapies to improve the prognosis of patients with Fabry disease.

4. GM1-Gangliosidosis-Associated Neuroinflammation: Deciphering the Complex
Interactions between Neurological and Immune Systems

GM1 gangliosidosis is an inherited neurodegenerative disorder, which affects 1 in
100,000–200,000 live births [116]. GM1 gangliosidosis occurs due to the GLB1 (in hu-
man)/Glb1 (in mouse) gene defects, which is critical for encoding an enzyme β gal (E.C.
3.2.1.23) responsible for the hydrolysis of the GM1, oligosaccharides, and keratan sulfate,
all of which are critical for performing many of the cellular signaling and the proper func-
tions of the brain and visceral organs [117,118]. The GLB1/Glb1 defects and the resultant
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deficiency of β gal cause the excessive accumulation of GM1 in the central nervous system
tissues and lead to the development of severe progressive neurological deficits, whereas the
excess accumulation of the keratan sulfate and oligosaccharide in peripheral organs (e.g.,
liver, spleen, heart, and bone) develops the systemic sickness [17–19]. GM1 gangliosidosis
has been classified into three clinical forms, i.e., type 1, type 2, and type 3. Type 1 GM1
gangliosidosis is an infantile form of the disease that involves rapid cognitive decline,
visceromegaly, skeletal abnormalities, and death within 2 years of age. Type 2 GM1 gan-
gliosidosis is the late-infantile or juvenile form of the disease, which exhibits additional
wide-ranging phenotypes, such as slow systematic neurological defects and less skeletal
vicissitudes. Type 3 GM1 gangliosidosis is a lesser adult and chronic phenotype, which
appears with moderate cognitive deterioration and progressive ataxia [119,120]. Cerebral
cortex neurons, astrocytes, and microglial cells of Glb1−/− and Glb1+/− mouse models of
GM1 gangliosidosis have shown excess accumulation of GM1 [121]. The brains of Glb1−/−

and Glb1+/− mouse models of GM1 gangliosidosis have shown activated subsets of Mφs
and microglial cells and the massive production of IL1β and TNFα [122,123].

The neurons, oligodendrocytes, fibroblasts, and iPSCs from patients with GM1 gan-
gliosidosis have shown excess accumulation of GM1 [19]. The neuroprogenator cells
(NPSCs) from patients with GM1 gangliosidosis have shown higher levels of TNF α, IL1β,
and IL6, Additionally, GLB1 gene defects and the resultant excess accumulation of GM1
have been linked to the microglial cells activation, excess generation of pro-inflammatory
cytokines, and chemokines that lead to the neurodegeneration, motor function defects, and
the hind limb paralysis in GM1 gangliosidosis [121,122,124]. However, the exact mecha-
nisms by which GM1 propagates the neuroinflammation in GM1 gangliosidosis are still
unclear. Studies have observed IgG antibodies against GM1 and their link to acute motor
axonal, acute motor–sensory axonal, and acute sensory ataxic neuropathies [125–130]. Fur-
thermore, IgG antibodies against GM1-injected animal models have shown the involvement
of complement activation in the induction of motor and sensory nerve damage [131,132].

The findings of this study suggest that defects in the GLB1/Glb1 gene cause the accu-
mulation of GM1 in the central nervous system, leading to the activation of microglial cells
and excessive generation of pro-inflammatory cytokines, such as TNFα, IL1β, and IL6. This
pro-inflammatory environment can contribute to neuronal cell death in GM1 gangliosidosis.
In peripheral organs, such as the liver, spleen, heart, and bone, the accumulation of keratan
sulfate and oligosaccharides results in the overproduction of pro-inflammatory cytokines,
including TNFα, IL1β, and IL6, which lead to damage to the visceral tissues. These results
provide valuable insight into the underlying mechanisms of GM1-induced inflammation
in both the central nervous system and peripheral tissues. This information may serve
as a basis for developing more effective treatments and therapies for these conditions in
the future.

5. GM2-Gangliosidosis-Associated Neuroinflammation: Deciphering the Complex
Interactions between Neurological and Immune Systems

Tay–Sachs and Sandhoff diseases are classical examples of GM2 gangliosidosis [133].
The worldwide prevalence of Tay–Sachs disease is ~1 in 320,000 and Sandhoff disease is
~1 in 1,000,000 live births [134]. Sandhoff disease occurs due to mutations in the HEXB (in
human)/Hexb (in mouse) gene and the resulting deficiency of the β subunit of the enzyme
hexosaminidase and the resulting excess central nervous system tissue accumulation of
GM2, whereas Tay–Sachs disease occurs due to mutations in the HEXA (in human)/Hexa
(in mouse) gene and the resulting deficiency of the α subunit of the hexosaminidase and
the resulting excess central nervous system tissue accumulation of GM2 [24]. The GM2 is a
glycosphingolipid (composed of a ceramide linked to oligosaccharide and specific numbers
of sialic acids), which plays an integral role in cell signaling and metabolism [135,136].
However, the genetic deficiency of the α/β hexosaminidase in Tay–Sachs/Sandhoff disease
leads to microglial cell activation, increased production of IL1α, IL1β, and TNFα in the
brain, as well as neurodegeneration and death at the age of 3–5 years [137].
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Sandhoff disease affects both the central nervous system and visceral organs and
presents with a range of symptoms, including but not limited to hepatosplenomegaly, motor
weakness, early-onset blindness, spasticity, myoclonic seizures, macrocephaly, cherry-red
spots in the eye, recurrent respiratory infections, heart murmurs, and doll-like facial
features [20–25]. In contrast, Tay–Sachs disease primarily affects the central nervous system
and is characterized by symptoms, such as dementia, reduced eye contact, heightened
startle response to noise, deafness, difficulty swallowing, blindness, cherry-red spots in
the retina, paralysis, seizures, and progressive loss of mental capacity [20–23]. The exact
mechanisms by which excess tissue accumulation of GM2 triggers neuroinflammation and
neurodegeneration in Sandhoff and Tay–Sachs diseases are unclear.

Sera and central nervous system neurons from mouse models of Sandhoff disease
(Hexb−/−) and Tay–Sachs disease (Hexa−/−) have shown increased central nervous system
levels of GM2 as well as the IgG antibodies to GM2 [24,138]. The spinal cords of Hexb−/−

mice have shown elevated levels of IgG, low-affinity FcγRIII, and C1qc [23]. Hexb−/− mice
brain regions (e.g., parenchyma, brainstem, thalamus, and spinal cord) have shown in-
creased levels of the F4/80+ CD68+, CD11b+ Gr1+ CD68+ Iba1+ CD68+ subsets of microglial
cells and Mφs [23,24]. The brain tissue and the neurological cells (e.g., microglial cells and
astrocytes) of Hexb−/− mice have shown increased production of TNF α, IL1β, and TGFβ1
and CCL3 [23,139]. Thalamus, brainstem, cortices, and spinal cord of these mouse models
of GM2 gangliosidosis have also shown neuron loss and strogliosis [21,24,140]. Similarly,
human patients with such GM2 gangliosidosis exhibited excess brain accumulation of GM2,
microglial cell activation, upregulation of the genes responsible for the production of com-
plement proteins (e.g., C1q, C3, and C4b), and increased production of pro-inflammatory
cytokines (e.g., IL1α, IL1β, and TNFα), as well as the neurodegeneration and death at the
age of 3–5 years [20–25,141].

The results of this study suggest that defects in the HEXB/Hexb and HEXA/Hexa
genes lead to the accumulation of GM2 in the brain and spinal cord, which can activate
microglial and/or neuronal cells and result in the overproduction of pro-inflammatory
cytokines, such as TNFα, IL1β, and IL6. This pro-inflammatory environment can cause
damage to the blood–brain barrier, leading to neuronal cell death and cognitive defects in
GM2 gangliosidosis. In addition to the effects in the central nervous system, peripheral
organs can also be affected by the accumulation of GM2. The infiltration of immune cells
and the massive generation of complement proteins can lead to an excessive inflammatory
response, further exacerbating the damage to tissues and organs. The complex interactions
between genetic mutations and the resulting cascade of cellular processes and immune
system activation contribute to the development of a pro-inflammatory environment that
affects both the central nervous system and peripheral organs in GM2 gangliosidosis.
Understanding the underlying mechanisms of the pro-inflammatory environment in GM2
gangliosidosis is critical for the development of effective treatments and therapies. By
deepening our knowledge of the disease processes, studies can identify new targets for
intervention and improve the prognosis of patients with GM2 gangliosidosis.

6. Niemann–Pick Type C-Disease-Associated Neuroinflammation: Deciphering the
Complex Interactions between Neurological and Immune Systems

Niemann–Pick type C (NPC) disease is a rare progressive genetic disorder that affects
~1 in 100,000–120,000 live births [26,142]. NPC disease is caused by mutations in NPC1
and NPC2 (in human)/Npc1 and Npc2 (in mouse) genes [143,144]. NPC1/Npc1 encodes a
large transmembrane protein of the late endosome/lysosome known as Niemann–Pick C1
protein (NPC1), which help trafficking of Ch and GlycSph from lysosomes to other mem-
brane compartments, including the endoplasmic reticulum, plasma membrane, trans-golgi
network, and mitochondria, to meet their Ch/GlycSph requirements [145–147]. Similarly,
NPC2/Npc2 encodes a soluble lysosomal Ch-binding protein termed as NPC2 protein,
which transports Ch and GlycSph from inner lysosomal vesicles to the limiting membrane
of the lysosome [148–150]. However, NPC1/Npc1 and NPC2/Npc2 defects lead to the excess
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accumulation of Ch, Sph, GlycSph, and Sm in the lysosomes of both brain and visceral
organs (e.g., liver, spleen, and lung), whereas NPC1/Npc1 defects account for ~95% of all
clinical cases and NPC2/Npc2 defects are accountable for the remainder [151–154]. It is
interesting to note that there are some similarities that exist between NPC1/2 and NPC
A/B, which is also known as acid sphingomyelinase deficiency (ASMD) that affects ~1 in
250,000 [155]. The deficiency of the sphingomyelinase and the resulting excess tissue ac-
cumulation of the Sm and chitinase-like protein Ym1/2 have been linked to the increased
tissue recruitment and activation of several of the innate and adaptive immune cells, such
as Mφs, DCs, NK cells, NK-T cells, B cells, and T cells, which cause visceral and brain tissue
inflammation in NPCA/B disease [155,156].

NPC1 and NPC2 diseases are characterized by their impact on various organs, such
as the liver, spleen, lung, lymph nodes, brain, and neurons, leading to symptoms such as
hepatosplenomegaly, anemia, susceptibility to recurring infections, difficulty in walking
and swallowing, progressive loss of hearing, and progressive development of dementia [26].
Elevated levels of C3, CR3, inactivated C3b (iC3b), complement receptor 4 (CR4), and
mitogen-activated protein kinase kinase kinase 1 (MAP3K1) have been linked to liver
damage in a mouse model of NPC1 (Npc1−/−) [157,158]. Cerebellum and cerebellar
Purkinje neurons, microglial cells, and CD68+ cells of Npc1−/− mice have shown elevated
levels of C1qa, C1qb, C1qc, C1r, C3, and C3aR [159–161]. The cerebella and cerebral cortex
of Npc1−/− mice have shown elevated levels of IFNα, IFNβ, TNFα, IL1α, IL1β, and the
loss of Purkinje cells [157,161–164]. The plasma of patients with Niemann–Pick type C
disease showed the presence of IgG and IgM antibodies to GM1, GM2, and GM3 [165].
The postmortem brain tissue (e.g., frontal cortex and cerebellum) from patients with NPC1
disease showed elevated levels of C3 and C4 [163]. The cerebrospinal fluid, frontal cortex,
cerebellum, and fibroblasts from the patients with NPC1 have shown increased levels of
TNFα, IL6, IL8, and IL17 [163,166].

Overall, these findings indicate that defects in the NPC1/Npc1 gene lead to the excessive
accumulation of various molecules, such as Sp1, GlycSph, Sm, and Ch, in the brain. This
accumulation activates microglial cells and results in the generation of pro-inflammatory
cytokines, including IFNα, IFNβ, TNFα, IL1α, and IL1β. In peripheral organs such as the
liver, spleen, lung, and lymph nodes, NPC1/Npc1 defects cause the activation of innate
and adaptive immune cells, resulting in the production of GM1, GM2, and GM3-specific
IgG and IgM autoantibodies and the generation of several pro-inflammatory cytokines,
including IFNα, IFNβ, IL1α, IL1β, TNFα, IL6, IL8, and IL17.

The accumulation of such pro-inflammatory mediators may penetrate the blood–brain
barrier, leading to neuronal cell death and the development of neurodegeneration and
dementia in Niemann–Pick type C disease. These findings provide important insights into
the disease mechanism and highlight multiple targets for the development of effective
therapies to control central nervous system inflammation in Niemann–Pick type C disease.
Further research in this area is crucial for the development of effective treatments for this
devastating disorder.

7. Farber-Disease-Associated Neuroinflammation: Deciphering the Complex
Interactions between Neurological and Immune Systems

Ultra-rare diseases are illnesses that affect <1 per 50,000–100,000 live births [4,167].
With this given definition, Farber disease is an ultra-rare autosomal recessive lysosomal
disorder, which affects ~<1/1,000,000 live births [27]. Farber disease is caused by muta-
tions in the ASAH1 (in human)/Ash1 (in mouse) gene and the resultant deficiency of the
ACDase, EC 3.5.1.23 [168]. ACDase is a lipid hydrolase, which catalyzes the lysosomal
degradation of Cer to Sph and free fatty acid [169]. Cer is important for performing several
of cellular functions, such as apoptosis and inflammation [170,171]. ASAH1/Asah1 defect
and the resulting excess tissue accumulation of Cer affect joint tissues, liver, heart, kid-
neys, lymph nodes, and central nervous system and are characterized by the symptoms
of painful swelling of joints, arthritis, subcutaneous nodules, and hoarseness by laryngeal
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involvement, hepatosplenomegaly, nervous system dysfunction, and the increased lethargy
and sleepiness [27,28,172].

Based on the excess tissue storage of Cer and its impact on the severity of the symp-
toms, Farber disease has been classified into types 1, 2, 3, 4, 5, 6, and 7. Types 1, 2, 3, 4,
5, and 6 Farber diseases are associated with the mutations in the ASAH1 gene and the
resulting deficiency of AC, whereas type 7 Farber disease is caused by the deficiency of
the prosaposin, which is critical for regulating the function of lysosomal enzymes and the
development of the neuroprotection [173]. Type 1 Farber disease exhibits lung involve-
ment, neurological defects, and death at ~2 years of age. Type 4 Farber disease exhibits
hepatosplenomegaly and death at ~2 years of age. Types 2, 3, 5, 6, and 7 Farber diseases
show a less severe phenotype and survived up to adulthood [174,175]. The plasma and the
Mφs of the Asah1P361R/P361R Farber disease mouse model exhibited elevated levels of
Cers, gangliosides, and their link to the higher levels of pro-inflammatory cytokines (e.g.,
IL1α, IL6, IL10, and IL12), chemokines (e.g., CCL2, CCL3, CCL12, CXCL1, CXCL9, and
CXCL10), and the growth factor (e.g., VEGF) [176]. Plasma, lymph nodes, liver, kidney,
lung, retina, hepatocytes, endothelial cells, epithelial cells, fibroblasts, sweat gland, and
the Schwann cells of patients with Farber disease showed elevated levels of Cer and gan-
glioside [176–181]. Additionally, increased plasma levels of IL6, IL10, IL12, CCL2, CCL3,
CXCL1, and VEGF and substantial central nervous system defects have been observed in
patients with Farber disease [176,182].

The results of these studies suggest that the accumulation of Cer in the central and
peripheral nervous systems can lead to the activation of microglial cells and excessive pro-
duction of pro-inflammatory cytokines, particularly IL1α and IL6. This pro-inflammatory
environment can contribute to the death of the central nervous system and peripheral
nervous system cells, such as neurons and Schwann cells, and the development of neu-
rodegeneration and cognitive defects in Farber disease. In addition to the effects in the
central nervous system and peripheral nervous system, excess Cer accumulation in periph-
eral tissues can also lead to the recruitment of immune cells and the overproduction of
pro-inflammatory cytokines, chemokines, and growth factors. This can result in damage
to the blood–brain barrier and blood–nerve barrier, further exacerbating the effects of
Cer accumulation in the central nervous system and peripheral nervous system. These
findings provide important insights into the disease mechanisms underlying Farber disease
and the role of Cer accumulation in the development of the central nervous system and
peripheral nervous system inflammation. These findings also suggest potential targets
for the development of new therapies to control the pro-inflammatory environment and
improve the prognosis for patients with Farber disease.

8. Krabbe-Disease-Associated Neuroinflammation: Deciphering the Complex
Interactions between Neurological and Immune Systems

Krabbe disease is also known as galactosylceramide lipidosis or globoid cell leukodys-
trophy, which is also an ultra-rare disease that affects ~1/100,000–1/250,000 live births [183].
Krabbe disease is caused by the mutations in the GALC (in human)/Galc (in mouse) gene,
which encodes an enzyme known as GALCERase (EC 3.2.1.46) critical for catabolism of
GalCer, which is present in myelin, kidney, epithelial cells of the small intestine and the
colon and responsible for the maintenance of proper structure and stability of myelin and
differentiation of oligodendrocytes [57,184]. GALCERase is involved in the normal turnover
of myelin by hydrolyzing GalCer, a major sphingolipid in the myelin composition [185].
GALC/Galc defects mainly lead to the deficiency of GALCERase and the progressive ac-
cumulation of GalCer and GalSph/psychosine that causes the complete disappearance of
myelin in myelin-forming cells, i.e., oligodendrocytes in the central nervous system and
the Schwann cells in the peripheral nervous system [39,186].

Krabbe disease is fatal and death occurs before the age of 5 in most cases with symp-
toms onset in early infancy [187]. Psychosine-induced in vitro and in vivo cell stimulation
have shown increased production of pro-apoptotic factors, reactive astrocytic gliosis, and
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infiltration of the multinucleated Mφs (globoid cells) which propagate the disease by caus-
ing the death of oligodendrocytes, Schwann cells, and neurons [188–191]. The GALCERase
defect and the resultant excess tissue accumulation of GalCer have not been observed
in Krabbe disease tissues. However, the excess accumulation of the minor substrate of
GALCERase, i.e., GalSph, triggers extensive demyelination in Krabbe disease [186]. Krabbe
disease is classified into infantile, juvenile, and adult-onset forms. More than 85% of
patients with Krabbe disease exhibit the rapidly progressive infantile-onset form of the
disease, which leads to death by 2 years of age [192]. Children affected with infantile
Krabbe disease display worsening mental and motor skills, muscle weakness, hypertonia,
spasticity, myoclonic seizures, irritability, unexplained fever, deafness, blindness, paralysis,
difficulty in swallowing, and weight loss [29,30].

The Twither (Twi) mouse model of Krabbe disease has shown elevated brain levels of
GalSph. The brain and their different regions (e.g., brain stem, cerebellum, cortex, forebrain,
and hindbrain) of these mice have shown activated subsets of CD68+ Iba1+ microglial cells
and GFAP+ astrocytes, and the pro-inflammatory cytokines (e.g., IFNγ, TNFα, IL1α, IL1β,
IL6, and IL10) and chemokines (e.g., CCL2, CCL3, CCL11, CCL12, CXCL1, CXCL9, and
CXCL10) [193]. Similarly, the brains of the humanized mouse model and patients with
globoid cell leukodystrophy have shown the excess accumulation of GalSph and they are
linked to the presence of activated subsets of CD68+ Iba1+ microglial cells and GFAP+

astrocytes, and the pro-inflammatory cytokines [186,194].
These research findings indicate that defects in the GALC/Galc gene cause an excess

accumulation of GalCer and/or GalSph in both the central nervous system and peripheral
nervous system. This accumulation triggers the activation of microglial cells and Schwann
cells, which leads to the massive production of pro-inflammatory cytokines, such as IFNγ,
TNFα, IL1α, IL1β, IL6, and IL10, as well as chemokines, such as CCL2, CCL3, CCL11,
CCL12, CXCL1, CXCL9, and CXCL10. Similarly, the accumulation of GalCer and/or GalSph
in peripheral tissues also results in the activation of macrophages and the overproduction of
pro-inflammatory cytokines and chemokines in Krabbe disease. The development of such
a pro-inflammatory environment in the central nervous system, peripheral nervous system,
and peripheral organs can disrupt the blood–brain barrier/blood–nerve barrier, causing
neuronal, oligodendrocyte, and Schwann cell death. This can lead to severe neurological
symptoms, such as developmental delay, seizures, loss of motor function, and cognitive
defects in Krabbe disease. These insights provide a better understanding of the disease
mechanism and the critical targets that can be used to develop effective therapies for
Krabbe disease.

9. Wolman Disease—Associated Neuroinflammation: Deciphering the Complex
Interactions between Neurological and Immune Systems

Wolman disease is also known as cholesteryl ester storage disease, which affects
~1/350,000 live births [195]. Wolman disease is an autosomal recessive lysosomal storage
disorder caused by mutations in LIPA (in human)/Lipa (in mouse) gene that encodes the
enzyme called LAL (EC 3.1.1.13) responsible for the hydrolysis of CEs and TGs [196]. This
enzyme contributes to the homoeostatic control of plasma lipoprotein levels and to the
prevention of cellular lipid overload in the liver, spleen, and their Mφs [197]. The Cer and
TGs are involved in various cellular processes, which regulate lipid–protein interactions and
the cell signaling events critical for the proper function of the organs [198–201]. However,
LIPA/Lipa defect and resulting deficiency of LAL cause progressive lysosomal accumulation
of CEs and TGs, which can affect multiple organs, such as the liver, spleen, adrenal gland,
and intestine, as well as a variety of cells including neuronal stem cells, hepatocytes, MOs,
and Mφs.

The Wolman disease symptoms include mental deterioration, enlarged liver and
spleen, distended abdomen, gastrointestinal problems, jaundice, anemia, vomiting, cal-
cium deposition in adrenal glands, and hypothyroidism [31,32,202]. Clinically, LAL defi-
ciency results in two major phenotypes, i.e., infantile-onset Wolman disease and later-onset
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cholesteryl ester disease, and correlates with higher residual LAL activity relative to Wol-
man disease. Patients with cholesteryl ester disease presentation occur later in life with
hepatomegaly, hyperlipoproteinemia, and premature atherosclerosis. LAL-prone (LAL−/−)
and the conditional transgenic mouse model of Wolman disease have shown the elevated
tissues (e.g., liver, spleen, and small intestine) and their cells (e.g., Mφs) level of CE and the
TGs [197,203]. Additionally, plasma, liver, and hepatocytes of LAL-prone (LAL−/−) and the
conditional transgenic mouse model of Wolman disease have shown increased production
of pro-inflammatory cytokines (e.g., IFNγ, TNFα, IL2, IL4, and IL6), chemokines (e.g.,
CCL2, CCL3, CCL4, CCL5, and CXCL10), and growth factors, i.e., MCSF and GMCSF [203].
The liver, hepatocytes, adrenal glands, intestine, and cells of the MO–Mφs system of the
patients with Wolman disease have shown elevated liver, adrenal glands, intestines, and
the Mφs–monocyte level of CEs and the TGs [204].

The findings of these studies suggest that LIPA/Lipa gene defects and the resulting
excess tissue accumulation of CEs and/or TGs lead to microglial cells and Mφs activation
and cause increased production of pro-inflammatory cytokines in the brain. Similarly, the
accumulation of CEs and/or TGs in peripheral tissues (e.g., liver, spleen, and small intestine)
causes the overproduction of chemokines and growth factors, leading to tissue recruitment
of T cells, MO-differentiated Mφs, and DCs, and causes the increased production of
pro-inflammatory cytokines. The development of such pro-inflammatory environment
in the central nervous system and peripheral organs affects the blood–brain barrier and
causes neuronal cell death, resulting in the development of neurodegeneration in Wolman
disease. These findings provide valuable insights into the disease mechanism and potential
therapeutic targets for controlling inflammation in both the central nervous system and
peripheral organs in Wolman disease.

10. Discussion

This research highlights the connection between genetic defects and inflammatory
conditions, specifically the accumulation of excess tissue substrates. This accumulation
leads to the activation of immune and neurological cells, resulting in the production
of various pro-inflammatory substances, including cytokines, chemokines, complement
components, autoantibodies, and growth factors. The end result is tissue destruction in
lysosomal storage disease. Studies have demonstrated a comprehensive understanding of
current approaches (e.g., gene therapy, enzyme replacement therapy, substrate reduction
therapy, hematopoietic stem cell transplantation, pharmacological chaperone therapy, and
the proteostasis regulators) for the management of complications of lysosomal storage
diseases [205–209]. However, the current treatment experiences difficulty targeting the
pathologic organs, including the CNS, PNS, retina, and skeletal system. Additionally, these
treatments are very expensive, do not provide a complete cure, and risk of developing
cancer, graft rejection, and immune inflammation leading to potentially life-threatening
reactions [205–208,210–216]. Overall, further research is needed to identify new therapeutic
targets that can resolve the issues, where current therapies are not effective controlling the
immune inflammation that leads to the tissue destruction in lysosomal storage diseases.

One potential avenue for developing new treatments is the identification of pro-
inflammatory mediators in the CSF/bloodstream, which could serve as therapeutic biomark-
ers for these diseases. Identification and monitoring of these biomarkers may be able to
develop targeted therapies that can more effectively combat the underlying inflammation
and tissue destruction associated with lysosomal storage diseases. Overall, this research
underscores the complex relationship between genetics, inflammation, and disease and
highlights the ongoing need for further study and innovation in the field of lysosomal
storage disease research.

Certain inflammatory conditions cause accelerated migration of immunological cell
precursors out of the bone marrow and into the circulation and from the bone marrow and
circulation to the sites of inflammation for the generation of pro-inflammatory cytokines that
lead to tissue destruction [217–228]. A similar condition is thought to occur in lysosomal
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storage disease due to the genetic defects and the resultant excess peripheral organs (e.g.,
liver, spleen, lung, heart, kidneys, and lymph nodes) accumulation of distinct substrates
(e.g., GC in Gaucher, Gb3 and Lyso Gb3 in Fabry, GM1 in GM1gangliosidosis, GM2 in
Tay–Sachs and Sandhoff, Sph, GlycSph, Sm, and Ch in Niemann–Pick type C, Cer in
Farber, GalSph in Krabbe, and CEs and TGs in Wolman diseases), which lead to the cellular
activation and increased production of the growth factors, such as MCSF, GCSF, and GMCSF,
which mobilize hematopoietic progenitors into the peripheral circulation [229–232]. This is
supported here by the elevated level of growth factors (e.g., MCSF, GCSF, and GMCSF),
chemoattractants (C3a, C5a, CCL2, CCL3, CCL4, CCL5, CCL10, CCL11, CCL12, CXCL1,
CXCL9, CXCL10, CXCL11, and CXCL13), and the increased presence of MOs, granulocytes,
MOs-differentiated Mφs and DCs, T cells, NK cells, NKT cells, antibodies producing
plasma B cells in circulation and the peripheral organs of the different lysosomal storage
diseases [6,7,11,36,76,112,113,157,158,165,176,186,194,203,204,222,233–244]. The increased
migration of several of such pro-inflammatory mediators into circulation may serve as
a new set of biomarkers for diagnosing lysosomal storage diseases and evaluating the
effectiveness of novel medications in clinical trials.

The blood–brain barrier and blood–nerve barrier are highly selective semipermeable
barriers that control the exchange between the blood and the nerve tissues. The blood–
brain barrier is made up of specialized microvascular endothelial cells with tight junctions
(TJs) proteins composed of transmembrane and peripheral proteins, such as claudin 5, 3,
and 12, while the blood–nerve barrier has a similar structure but is more permeable than
the blood–brain barrier [245–253]. The blood–brain barrier separates the central nervous
system from the peripheral tissues and controls the transfer of nutrients and cells from
the blood to the brain and from the brain to the blood and protects the central nervous
system [251,254–258]. These are important for restricting the paracellular flow of ions and
molecules into the endoneurial milieu [252,253]. The blood–nerve barrier prevents access
to cellular and humoral factors and cells from the circulation [252,253].

Increased neural and visceral tissue expression of several of the inflammatory me-
diators, such as matrix metalloproteinases 2 (MMP2) and MMP-9 [259–261], oxidative
stress [262], pro-inflammatory cytokines, such as IFNγ [263], IL1β [264,265], TNFα [266,267],
IL6 [266], and IL17 [268–270], chemokines, i.e., CCL2 [271,272], CCL4 [273], CCL5 [274],
CXCL10 [275], autoantibodies, C5a [276–287], and their effector functions are critical for
blood–brain barrier damage, death of the central nervous system cells (e.g., astrocytes,
microglial cells, and oligodendrocytes), neuronal dysfunction, neurodegeneration, and
cognitive impairment in several mouse models and human brain diseases, i.e., intracerebral
hemorrhage, traumatic brain injury, systemic lupus erythematosus, myasthenia gravis,
amyotrophic lateral sclerosis, neuromyelitis optica spectrum, ischemic stroke, epilepsy,
major depression, mood disorders, psychosis, autism spectrum disorder, chronic sleep
disorder, Alzheimer, Parkinson, and Huntington’s illnesses [251,262,266,275–313].

Upon axonal injury or acute demyelination, the blood–nerve barrier becomes leaky
and circulating cellular and humoral immune components such as complement activation
products and the pro-inflammatory cytokines enter the nerve in several peripheral neu-
ropathies [314–323]. Elevated levels of IL17-producing cells, IL17 cytokine, and MMPs
have been linked to the marked reduction in the level of TJs proteins of the blood–brain
barrier in a mouse model of lysosomal storage disease known as infantile neuronal ceroid
lipofuscinosis or the Batten disease [324]. It is possible that the integration of immune
cells and the resulting generation of pro-inflammatory cytokines in the periphery can alter
the integrity of both the blood–brain barrier and blood–nerve barrier. This can create a
situation in which pro-inflammatory cytokines are able to enter the blood–brain barrier
and blood–nerve barrier, potentially leading to damage in the central nervous system and
peripheral nervous system. This can result in neuronal cell loss and the development of
neurodegeneration in lysosomal storage disease.

The precise mechanisms of alterations in the blood–brain barrier and blood–nerve
barrier in lysosomal storage disease are not yet clear and require further investigation.
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However, current findings indicate that genetic defects and subsequent excess accumulation
of specific substrates in the central nervous system and peripheral nervous system tissues
activate microglial cells, astrocytes, oligodendrocytes, and Schwann cells. This leads to
a massive generation of pro-inflammatory cytokines, such as IFNα, IFNβ, IFNγ, TNFα,
IL1α, IL1β, and IL6, resulting in cellular death in the central nervous system and peripheral
nervous system cells. Similarly, the genetic defect and excess accumulation of substrates
in peripheral tissues, such as the liver, spleen, lung, lymph nodes, and intestine, lead to
the overproduction of growth factors and chemokines, triggering mobilization of bone
marrow and activation of both innate and adaptive immune cells. This results in a massive
generation of various pro-inflammatory cytokines, which penetrate the blood–brain barrier
and blood–nerve barrier and cause the death of the central nervous system and peripheral
nervous system cells and the development of neurodegeneration in lysosomal storage
diseases (Figure 1A–J).

The activation of mTOR (mechanistic target of rapamycin), LAT (linker for activation
of T cells), PI3K (phosphoinositide 3-kinase), AKT (protein kinase B), JNK (c-Jun N-terminal
kinases), RIP3K (receptor-interacting protein kinase 3), ERK (extracellular signal-regulated
kinase), and p38-MAPK (p38 mitogen-activated protein kinases) signaling causes the
massive production of IFN-α, IFN-β, IFN-γ, IL1 α, IL1 β, TNF α, IL6, IL12, IL17, and
C5a [325–337]. Studies have demonstrated the involvement of several of the signaling cas-
cades in lysosomal storage diseases, particularly in the context of disease pathogenesis and
potential therapeutic targets. In particular, the mTOR, LAT, PI3K, AKT, JNK, RIPK3, ERK,
MAP3K1, and p38MAP signaling has been implicated in the regulation of lysosomal bio-
genesis, autophagy, and complement activation, which are key cellular processes involved
in the tissue damage in GM2 gangliosidosis, mucopolysaccharidosis, Niemann–Pick type C,
Gaucher, and Fabry diseases [36,157,158,338–349]. These findings suggest that inhibition of
mTOR, LAT, PI3K, AKT, JNK, RIP3K, ERK, MAP3K1, and p38MAPK- signaling can stop the
neuroinflammation in lysosomal storage diseases. However, while the study of signaling
cascades in lysosomal storage diseases is a promising area of research, many questions
remain unanswered. It is not yet clear how different signaling pathways interact with one
another and how their dysregulation contributes to disease pathogenesis. Additionally, the
potential side effects of targeting these pathways in vivo remain to be fully understood.
The study of signaling cascades in lysosomal storage disorders represents a promising
avenue for the development of novel therapies for these disturbing diseases.

Although current research has shed some light on the potential interplay between
signaling pathways and pro-inflammatory mediators in lysosomal storage diseases, it is
crucial to recognize the complexity of this relationship. There are still many unanswered
questions, including how lysosomal defects, enzyme and protein alterations, lipid dysregu-
lation, and autoimmune responses contribute to disease progression. To better understand
the mechanistic connection between signaling pathways and pro-inflammatory mediators
in lysosomal storage diseases, both human and animal studies are necessary. Such studies
will help identify the role of immune responses in the pathogenesis of these diseases and
uncover the most effective therapeutic targets.
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Figure 1. Model of neuroimmune inflammation induced by genetic defects and excess 
substrate accumulation in lysosomal storage diseases. Genetic defects can lead to the 
excessive accumulation of substrates associated with lysosomal storage diseases. In the 
central nervous system, microglial cells (MGCs) and, in the peripheral nervous system, 
Schwann cells (SWCs) are particularly affected. This accumulation of substrates can cause 
the local production of pro-inflammatory cytokines, including interferon alfa (IFNα), in-
terferon beta (IFNβ), interferon gamma (IFNγ), tumor necrosis factor alfa (TNFα), inter-
leukin (IL)1α, IL1β, and IL6, resulting in the death of neurons (NEU), astrocytes (ASC), 
oligodendrocytes (ODC), and SWCs in lysosomal storage diseases (Figure 1A,B). Simi-
larly, the excess accumulation and continuous release of substrates from macrophages 
(Mϕ) in peripheral tissues can cause the massive generation of growth factors, such as 
Mϕ-colony-stimulating factor (MCSF), granulocyte-colony-stimulating factor (GCSF), 
and granulocyte-Mϕ colony-stimulating factor (GMCSF), C-C motif ligand chemokines 
(e.g., CCL2, CCL3, CCL4, CCL5, CCL10, CCL11, and CCL12), and C-X-C motif ligand 
chemokines (e.g., CXCL1, CXCL9, CXCL10, CXCL11, and CXCL13), leading to the bone 
marrow mobilization of immunological cell precursors and the excess peripheral tissue 
recruitment of T, B, and natural killer (NK) cells, granulocytes (GRC), monocyte (MO), 
MO-differentiated Mϕ and dendritic cell (DC), and massive circulatory release of pro-
inflammatory cytokines in lysosomal storage diseases (Figure 1C,D). Furthermore, in ly-
sosomal storage diseases, the excessive accumulation and continuous release of substrates 
from tissue Mϕ result in cellular activation, plasma B-cell formation, and the massive pro-
duction of substrate-specific IgG autoantibodies (Figure 1E,F). These IgG autoantibodies 
react with activating Fcγ receptors present on Mϕ and causes the formation of the en-
zymes C3 convertase, i.e., C4b + C2a = C4b2a and/or C5 convertase, i.e., C3b + C3b + C2a + 
C4b + C3b + C3b = C4b2a (C3b) n. The activation of the C3 convertase results in the down-
stream cleavage of C3 into C3a and C3b, whereas the activation of the C5 convertase leads 
to the production of C5a (Figure 1G). The interaction of C5a with the C5aR1 receptor up-
regulates the expression of costimulatory molecules (e.g., CD40, CD80, and CD86) on an-
tigen presenting cells such as DCs and stimulatory molecules (e.g., CD69 and CD40L) on 
CD4+ T cells, eventually leading to the massive generation of pro-inflammatory cytokines 
in lysosomal storage diseases (Figure 1H). These pro-inflammatory cytokines affect the 
blood-brain barrier (BBB) and blood-nerve barrier (BNB), promoting their interaction with 
the central nervous and peripheral nervous system residential cells, i.e., NEU, ASC, ODC 

Figure 1. Model of neuroimmune inflammation induced by genetic defects and excess substrate
accumulation in lysosomal storage diseases. Genetic defects can lead to the excessive accumulation of
substrates associated with lysosomal storage diseases. In the central nervous system, microglial cells
(MGCs) and, in the peripheral nervous system, Schwann cells (SWCs) are particularly affected. This
accumulation of substrates can cause the local production of pro-inflammatory cytokines, including
interferon alfa (IFNα), interferon beta (IFNβ), interferon gamma (IFNγ), tumor necrosis factor alfa
(TNFα), interleukin (IL)1α, IL1β, and IL6, resulting in the death of neurons (NEU), astrocytes (ASC),
oligodendrocytes (ODC), and SWCs in lysosomal storage diseases (A,B). Similarly, the excess accumu-
lation and continuous release of substrates from macrophages (Mφ) in peripheral tissues can cause
the massive generation of growth factors, such as Mφ-colony-stimulating factor (MCSF), granulocyte-
colony-stimulating factor (GCSF), and granulocyte-Mφ colony-stimulating factor (GMCSF), C-C
motif ligand chemokines (e.g., CCL2, CCL3, CCL4, CCL5, CCL10, CCL11, and CCL12), and C-X-C
motif ligand chemokines (e.g., CXCL1, CXCL9, CXCL10, CXCL11, and CXCL13), leading to the bone
marrow mobilization of immunological cell precursors and the excess peripheral tissue recruitment
of T, B, and natural killer (NK) cells, granulocytes (GRC), monocyte (MO), MO-differentiated Mφ

and dendritic cell (DC), and massive circulatory release of pro-inflammatory cytokines in lysosomal
storage diseases (C,D). Furthermore, in lysosomal storage diseases, the excessive accumulation and
continuous release of substrates from tissue Mφ result in cellular activation, plasma B-cell formation,
and the massive production of substrate-specific IgG autoantibodies (E,F). These IgG autoantibodies
react with activating Fcγ receptors present on Mφ and causes the formation of the enzymes C3
convertase, i.e., C4b + C2a = C4b2a and/or C5 convertase, i.e., C3b + C3b + C2a + C4b + C3b + C3b
= C4b2a (C3b) n. The activation of the C3 convertase results in the downstream cleavage of C3 into
C3a and C3b, whereas the activation of the C5 convertase leads to the production of C5a (G). The
interaction of C5a with the C5aR1 receptor upregulates the expression of costimulatory molecules
(e.g., CD40, CD80, and CD86) on antigen presenting cells such as DCs and stimulatory molecules (e.g.,
CD69 and CD40L) on CD4+ T cells, eventually leading to the massive generation of pro-inflammatory
cytokines in lysosomal storage diseases (H). These pro-inflammatory cytokines affect the blood-brain
barrier (BBB) and blood-nerve barrier (BNB), promoting their interaction with the central nervous
and peripheral nervous system residential cells, i.e., NEU, ASC, ODC and SWC, and cause their
death, leading to the development of neurodegeneration in lysosomal storage diseases (I,J).
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204. Hůlková, H.; Elleder, M. Distinctive histopathological features that support a diagnosis of cholesterol ester storage disease in
liver biopsy specimens. Histopathology 2012, 60, 1107–1113. [CrossRef] [PubMed]

205. Parenti, G.; Andria, G.; Ballabio, A. Lysosomal storage diseases: From pathophysiology to therapy. Annu. Rev. Med. 2015, 66,
471–486. [CrossRef]

206. Mohamed, F.E.; Al-Gazali, L.; Al-Jasmi, F.; Ali, B.R. Pharmaceutical Chaperones and Proteostasis Regulators in the Therapy of
Lysosomal Storage Disorders: Current Perspective and Future Promises. Front. Pharmacol. 2017, 8, 448. [CrossRef] [PubMed]

207. Edelmann, M.J.; Maegawa, G.H.B. CNS-Targeting Therapies for Lysosomal Storage Diseases: Current Advances and Challenges.
Front. Mol. Biosci. 2020, 7, 559804. [CrossRef] [PubMed]

208. Fernández-Pereira, C.; San Millán-Tejado, B.; Gallardo-Gómez, M.; Pérez-Márquez, T.; Alves-Villar, M.; Melcón-Crespo, C.;
Fernández-Martín, J.; Ortolano, S. Therapeutic Approaches in Lysosomal Storage Diseases. Biomolecules 2021, 11, 1775. [CrossRef]
[PubMed]

209. Kido, J.; Sugawara, K.; Nakamura, K. Gene therapy for lysosomal storage diseases: Current clinical trial prospects. Front. Genet.
2023, 14, 1064924. [CrossRef]

210. Sahasrabudhe, S.A.; Terluk, M.R.; Rudser, K.D.; Cloyd, J.C.; Kartha, R.V. Biological Variation in Peripheral Inflammation and
Oxidative Stress Biomarkers in Individuals with Gaucher Disease. Int. J. Mol. Sci. 2022, 23, 9189. [CrossRef]

211. Katsigianni, E.I.; Petrou, P. A systematic review of economic evaluations of enzyme replacement therapy in Lysosomal storage
diseases. Cost Eff. Resour. Alloc. 2022, 20, 51. [CrossRef]

212. Limgala, R.P.; Goker-Alpan, O. Effect of Substrate Reduction Therapy in Comparison to Enzyme Replacement Therapy on
Immune Aspects and Bone Involvement in Gaucher Disease. Biomolecules 2020, 10, 526. [CrossRef] [PubMed]

213. Wraith, J.E. Limitations of enzyme replacement therapy: Current and future. J. Inherit. Metab. Dis. 2006, 29, 442–447. [CrossRef]
[PubMed]

214. Concolino, D.; Deodato, F.; Parini, R. Enzyme replacement therapy: Efficacy and limitations. Italy J. Pediatr. 2018, 44, 120.
[CrossRef]

215. Lowenstein, P.R.; Castro, M.G. Inflammation and adaptive immune responses to adenoviral vectors injected into the brain:
Peculiarities, mechanisms, and consequences. Gene Ther. 2003, 10, 946–954. [CrossRef] [PubMed]

216. Cotter, M.J.; Muruve, D.A. The induction of inflammation by adenovirus vectors used for gene therapy. Front. Biosci.-Landmark
2005, 10, 1098–1105. [CrossRef] [PubMed]

217. Ueda, Y.; Yang, K.; Foster, S.J.; Kondo, M.; Kelsoe, G. Inflammation controls B lymphopoiesis by regulating chemokine CXCL12
expression. J. Exp. Med. 2004, 199, 47–58. [CrossRef] [PubMed]

218. Nagaoka, H.; Gonzalez-Aseguinolaza, G.; Tsuji, M.; Nussenzweig, M.C. Immunization and infection change the number of
recombination activating gene (RAG)-expressing B cells in the periphery by altering immature lymphocyte production. J. Exp.
Med. 2000, 191, 2113–2120. Available online: http://www.ncbi.nlm.nih.gov/pubmed/10859336 (accessed on 28 February 2023).
[CrossRef]

219. Nadazdin, O.; Abrahamian, G.; Boskovic, S.; Smith, R.N.; Schoenfeld, D.A.; Madsen, J.C.; Colvin, R.B.; Sachs, D.H.; Cosimi, A.B.;
Kawai, T. Stem cell mobilization and collection for induction of mixed chimerism and renal allograft tolerance in cynomolgus
monkeys. J. Surg. Res. 2011, 168, 294–300. [CrossRef]

220. Ripa, R.S. Granulocyte-colony stimulating factor therapy to induce neovascularization in ischemic heart disease. Dan. Med. J.
2012, 59, B4411.

221. Zohlnhofer, D.; Ott, I.; Mehilli, J.; Schomig, K.; Michalk, F.; Ibrahim, T.; Meisetschlager, G.; von Wedel, J.; Bollwein, H.; Seyfarth, M.;
et al. Stem cell mobilization by granulocyte colony-stimulating factor in patients with acute myocardial infarction: A randomized
controlled trial. JAMA 2006, 295, 1003–1010. [CrossRef]

222. Zhang, H.; Bai, H.; Yi, Z.; He, X.; Mo, S. Effect of stem cell factor and granulocyte-macrophage colony-stimulating factor-induced
bone marrow stem cell mobilization on recovery from acute tubular necrosis in rats. Ren. Fail. 2012, 34, 350–357. [CrossRef]
[PubMed]

http://doi.org/10.1016/j.plipres.2014.01.004
http://www.ncbi.nlm.nih.gov/pubmed/24513486
http://doi.org/10.3390/ijms20020411
http://www.ncbi.nlm.nih.gov/pubmed/30669371
http://doi.org/10.1016/j.amjcard.2016.04.004
http://doi.org/10.1002/hup.2694
http://doi.org/10.1186/s13023-019-1129-y
http://doi.org/10.1016/j.ajpath.2015.05.021
http://www.ncbi.nlm.nih.gov/pubmed/26212911
http://doi.org/10.1111/j.1365-2559.2011.04164.x
http://www.ncbi.nlm.nih.gov/pubmed/22621222
http://doi.org/10.1146/annurev-med-122313-085916
http://doi.org/10.3389/fphar.2017.00448
http://www.ncbi.nlm.nih.gov/pubmed/28736525
http://doi.org/10.3389/fmolb.2020.559804
http://www.ncbi.nlm.nih.gov/pubmed/33304924
http://doi.org/10.3390/biom11121775
http://www.ncbi.nlm.nih.gov/pubmed/34944420
http://doi.org/10.3389/fgene.2023.1064924
http://doi.org/10.3390/ijms23169189
http://doi.org/10.1186/s12962-022-00369-w
http://doi.org/10.3390/biom10040526
http://www.ncbi.nlm.nih.gov/pubmed/32244296
http://doi.org/10.1007/s10545-006-0239-6
http://www.ncbi.nlm.nih.gov/pubmed/16763916
http://doi.org/10.1186/s13052-018-0562-1
http://doi.org/10.1038/sj.gt.3302048
http://www.ncbi.nlm.nih.gov/pubmed/12756415
http://doi.org/10.2741/1603
http://www.ncbi.nlm.nih.gov/pubmed/15769609
http://doi.org/10.1084/jem.20031104
http://www.ncbi.nlm.nih.gov/pubmed/14707114
http://www.ncbi.nlm.nih.gov/pubmed/10859336
http://doi.org/10.1084/jem.191.12.2113
http://doi.org/10.1016/j.jss.2010.02.027
http://doi.org/10.1001/jama.295.9.1003
http://doi.org/10.3109/0886022X.2011.647340
http://www.ncbi.nlm.nih.gov/pubmed/22260331


Biomedicines 2023, 11, 1067 25 of 30

223. Rapoport, A.P.; Abboud, C.N.; DiPersio, J.F. Granulocyte-macrophage colony-stimulating factor (GM-CSF) and granulocyte
colony-stimulating factor (G-CSF): Receptor biology, signal transduction, and neutrophil activation. Blood Rev. 1992, 6, 43–57.
[CrossRef] [PubMed]

224. Lieschke, G.J.; Grail, D.; Hodgson, G.; Metcalf, D.; Stanley, E.; Cheers, C.; Fowler, K.J.; Basu, S.; Zhan, Y.F.; Dunn, A.R. Mice lacking
granulocyte colony-stimulating factor have chronic neutropenia, granulocyte and macrophage progenitor cell deficiency, and
impaired neutrophil mobilization. Blood 1994, 84, 1737–1746. Available online: http://www.ncbi.nlm.nih.gov/pubmed/7521686
(accessed on 28 February 2023). [CrossRef]

225. Avigan, D.; Wu, Z.; Gong, J.; Joyce, R.; Levine, J.; Elias, A.; Richardson, P.; Milano, J.; Kennedy, L.; Anderson, K.; et al. Selective
in vivo mobilization with granulocyte macrophage colony-stimulating factor (GM-CSF)/granulocyte-CSF as compared to G-CSF
alone of dendritic cell progenitors from peripheral blood progenitor cells in patients with advanced breast cancer undergoing
autologous transplantation. Clin. Cancer Res. 1999, 5, 2735–2741. Available online: http://www.ncbi.nlm.nih.gov/pubmed/1053
7336 (accessed on 28 February 2023). [PubMed]

226. Charo, I.F.; Ransohoff, R.M. The many roles of chemokines and chemokine receptors in inflammation. N. Engl. J. Med. 2006, 354,
610–621. [CrossRef]

227. Mantovani, A.; Bonecchi, R.; Locati, M. Tuning inflammation and immunity by chemokine sequestration: Decoys and more. Nat.
Rev. Immunol. 2006, 6, 907–918. [CrossRef] [PubMed]

228. Geissmann, F.; Manz, M.G.; Jung, S.; Sieweke, M.H.; Merad, M.; Ley, K. Development of monocytes, macrophages, and dendritic
cells. Science 2010, 327, 656–661. [CrossRef] [PubMed]

229. Haas, R.; Ho, A.D.; Bredthauer, U.; Cayeux, S.; Egerer, G.; Knauf, W.; Hunstein, W. Successful autologous transplantation of blood
stem cells mobilized with recombinant human granulocyte-macrophage colony-stimulating factor. Exp. Hematol. 1990, 18, 94–98.
Available online: http://www.ncbi.nlm.nih.gov/pubmed/1968009 (accessed on 28 February 2023).

230. Socinski, M.A.; Cannistra, S.A.; Elias, A.; Antman, K.H.; Schnipper, L.; Griffin, J.D. Granulocyte-macrophage colony stimulating
factor expands the circulating haemopoietic progenitor cell compartment in man. Lancet 1988, 1, 1194–1198. Available online:
http://www.ncbi.nlm.nih.gov/pubmed/2897009 (accessed on 28 February 2023). [CrossRef]

231. Brugger, W.; Bross, K.; Frisch, J.; Dern, P.; Weber, B.; Mertelsmann, R.; Kanz, L. Mobilization of peripheral blood progenitor cells by
sequential administration of interleukin-3 and granulocyte-macrophage colony-stimulating factor following polychemotherapy
with etoposide, ifosfamide, and cisplatin. Blood 1992, 79, 1193–1200. Available online: http://www.ncbi.nlm.nih.gov/pubmed/
1371415 (accessed on 28 February 2023). [CrossRef]

232. Henon, P.R.; Becker, M. Cytokine enhancement of peripheral blood stem cells. Stem Cells 1993, 11, 65–71. [CrossRef]
233. Luyckx, A.; Schouppe, E.; Rutgeerts, O.; Lenaerts, C.; Fevery, S.; Devos, T.; Dierickx, D.; Waer, M.; Van Ginderachter, J.A.; Billiau,

A.D. G-CSF stem cell mobilization in human donors induces polymorphonuclear and mononuclear myeloid-derived suppressor
cells. Clin. Immunol. 2012, 143, 83–87. [CrossRef]

234. Yamamoto, J.; Adachi, Y.; Onoue, Y.; Adachi, Y.S.; Okabe, Y.; Itazawa, T.; Toyoda, M.; Seki, T.; Morohashi, M.; Matsushima, K.;
et al. Differential expression of the chemokine receptors by the Th1- and Th2-type effector populations within circulating CD4+
T cells. J. Leukoc. Biol. 2000, 68, 568–574. Available online: http://www.ncbi.nlm.nih.gov/pubmed/11037980 (accessed on 28
February 2023). [CrossRef] [PubMed]

235. Vicente-Manzanares, M.; Montoya, M.C.; Mellado, M.; Frade, J.M.; del Pozo, M.A.; Nieto, M.; de Landazuri, M.O.; Martinez,
A.C.; Sanchez-Madrid, F. The chemokine SDF-1alpha triggers a chemotactic response and induces cell polarization in human B
lymphocytes. Eur. J. Immunol. 1998, 28, 2197–2207. [CrossRef]

236. Rainey-Barger, E.K.; Rumble, J.M.; Lalor, S.J.; Esen, N.; Segal, B.M.; Irani, D.N. The lymphoid chemokine, CXCL13, is dispensable
for the initial recruitment of B cells to the acutely inflamed central nervous system. Brain Behav. Immun. 2011, 25, 922–931.
[CrossRef] [PubMed]

237. Pranzatelli, M.R.; Tate, E.D.; McGee, N.R.; Travelstead, A.L.; Ransohoff, R.M.; Ness, J.M.; Colliver, J.A. Key role of CXCL13/CXCR5
axis for cerebrospinal fluid B cell recruitment in pediatric OMS. J. Neuroimmunol. 2012, 243, 81–88. [CrossRef] [PubMed]

238. Schall, T.J.; Bacon, K.; Toy, K.J.; Goeddel, D.V. Selective attraction of monocytes and T lymphocytes of the memory phenotype by
cytokine RANTES. Nature 1990, 347, 669–671. [CrossRef]

239. Neote, K.; DiGregorio, D.; Mak, J.Y.; Horuk, R.; Schall, T.J. Molecular cloning, functional expression, and signaling characteristics
of a C-C chemokine receptor. Cell 1993, 72, 415–425. [CrossRef]

240. Murphy, W.J.; Tian, Z.G.; Asai, O.; Funakoshi, S.; Rotter, P.; Henry, M.; Strieter, R.M.; Kunkel, S.L.; Longo, D.L.; Taub, D.D.
Chemokines and T lymphocyte activation: II. Facilitation of human T cell trafficking in severe combined immunodeficiency mice.
J. Immunol. 1996, 156, 2104–2111. Available online: http://www.ncbi.nlm.nih.gov/pubmed/8690898 (accessed on 28 February
2023). [CrossRef]

241. Sozzani, S.; Luini, W.; Borsatti, A.; Polentarutti, N.; Zhou, D.; Piemonti, L.; D’Amico, G.; Power, C.A.; Wells, T.N.; Gobbi, M.
Receptor expression and responsiveness of human dendritic cells to a defined set of CC and CXC chemokines. J. Immunol. 1997,
159, 1993–2000. Available online: http://www.ncbi.nlm.nih.gov/pubmed/9257866 (accessed on 28 February 2023). [CrossRef]

242. Heine, S.J.; Olive, D.; Gao, J.L.; Murphy, P.M.; Bukrinsky, M.I.; Constant, S.L. Cyclophilin A cooperates with MIP-2 to augment
neutrophil migration. J. Inflamm. Res. 2011, 4, 93–104. [CrossRef] [PubMed]

http://doi.org/10.1016/0268-960X(92)90007-D
http://www.ncbi.nlm.nih.gov/pubmed/1375123
http://www.ncbi.nlm.nih.gov/pubmed/7521686
http://doi.org/10.1182/blood.V84.6.1737.1737
http://www.ncbi.nlm.nih.gov/pubmed/10537336
http://www.ncbi.nlm.nih.gov/pubmed/10537336
http://www.ncbi.nlm.nih.gov/pubmed/10537336
http://doi.org/10.1056/NEJMra052723
http://doi.org/10.1038/nri1964
http://www.ncbi.nlm.nih.gov/pubmed/17124512
http://doi.org/10.1126/science.1178331
http://www.ncbi.nlm.nih.gov/pubmed/20133564
http://www.ncbi.nlm.nih.gov/pubmed/1968009
http://www.ncbi.nlm.nih.gov/pubmed/2897009
http://doi.org/10.1016/S0140-6736(88)92012-0
http://www.ncbi.nlm.nih.gov/pubmed/1371415
http://www.ncbi.nlm.nih.gov/pubmed/1371415
http://doi.org/10.1182/blood.V79.5.1193.1193
http://doi.org/10.1002/stem.5530110811
http://doi.org/10.1016/j.clim.2012.01.011
http://www.ncbi.nlm.nih.gov/pubmed/11037980
http://doi.org/10.1189/jlb.68.4.568
http://www.ncbi.nlm.nih.gov/pubmed/11037980
http://doi.org/10.1002/(SICI)1521-4141(199807)28:07&lt;2197::AID-IMMU2197&gt;3.0.CO;2-F
http://doi.org/10.1016/j.bbi.2010.10.002
http://www.ncbi.nlm.nih.gov/pubmed/20933590
http://doi.org/10.1016/j.jneuroim.2011.12.014
http://www.ncbi.nlm.nih.gov/pubmed/22264765
http://doi.org/10.1038/347669a0
http://doi.org/10.1016/0092-8674(93)90118-A
http://www.ncbi.nlm.nih.gov/pubmed/8690898
http://doi.org/10.4049/jimmunol.156.6.2104
http://www.ncbi.nlm.nih.gov/pubmed/9257866
http://doi.org/10.4049/jimmunol.159.4.1993
http://doi.org/10.2147/JIR.S20733
http://www.ncbi.nlm.nih.gov/pubmed/22096373


Biomedicines 2023, 11, 1067 26 of 30

243. Sarafi, M.N.; Garcia-Zepeda, E.A.; MacLean, J.A.; Charo, I.F.; Luster, A.D. Murine monocyte chemoattractant protein (MCP)-5: A
novel CC chemokine that is a structural and functional homologue of human MCP-1. J. Exp. Med. 1997, 185, 99–109. Available
online: http://www.ncbi.nlm.nih.gov/pubmed/8996246 (accessed on 28 February 2023). [CrossRef] [PubMed]

244. Young, E.P.; Patrick, A.D. Deficiency of acid esterase activity in Wolman’s disease. Arch. Dis. Child. 1970, 45, 664–668. [CrossRef]
245. Nitta, T.; Hata, M.; Gotoh, S.; Seo, Y.; Sasaki, H.; Hashimoto, N.; Furuse, M.; Tsukita, S. Size-selective loosening of the blood-brain

barrier in claudin-5–deficient mice. J. Cell Biol. 2003, 161, 653–660. [CrossRef] [PubMed]
246. Wolburg, H.; Wolburg-Buchholz, K.; Kraus, J.; Rascher-Eggstein, G.; Liebner, S.; Hamm, S.; Duffner, F.; Grote, E.-H.; Risau,

W.; Engelhardt, B. Localization of claudin-3 in tight junctions of the blood-brain barrier is selectively lost during experimental
autoimmune encephalomyelitis and human glioblastoma multiforme. Acta Neuropathol. 2003, 105, 586–592. [CrossRef] [PubMed]

247. Lal-Nag, M.; Morin, P.J. The claudins. Genome Biol. 2009, 10, 1–7. [CrossRef] [PubMed]
248. Reinhold, A.; Rittner, H. Barrier function in the peripheral and central nervous system—A review. Pflügers Arch.-Eur. J. Physiol.

2017, 469, 123–134. [CrossRef] [PubMed]
249. Møllgård, K.; Saunders, N.R. The Development of the Human Blood-Brain and Blood-Csf Barriers. Neuropathol. Appl. Neurobiol.

1986, 12, 337–358. [CrossRef] [PubMed]
250. Bell, R.D.; Winkler, E.A.; Sagare, A.P.; Singh, I.; LaRue, B.; Deane, R.; Zlokovic, B.V. Pericytes control key neurovascular functions

and neuronal phenotype in the adult brain and during brain aging. Neuron 2010, 68, 409–427. [CrossRef]
251. Zlokovic, B.V. The Blood-Brain Barrier in Health and Chronic Neurodegenerative Disorders. Neuron 2008, 57, 178–201. [CrossRef]
252. Runkle, E.A.; Mu, D. Tight junction proteins: From barrier to tumorigenesis. Cancer Lett. 2013, 337, 41–48. [CrossRef] [PubMed]
253. Pummi, K.P.; Heape, A.M.; Grénman, R.A.; Peltonen, J.T.; Peltonen, S.A. Tight junction proteins ZO-1, occludin, and claudins in

developing and adult human perineurium. J. Histochem. Cytochem. 2004, 52, 1037–1046. [CrossRef] [PubMed]
254. Lo, E.H.; Rosenberg, G.A. The Neurovascular Unit in Health and Disease. Stroke 2009, 40, S2–S3. [CrossRef]
255. Segura, I.; De Smet, F.; Hohensinner, P.J.; Almodovar CRd Carmeliet, P. The neurovascular link in health and disease: An update.

Trends Mol. Med. 2009, 15, 439–451. [CrossRef]
256. Daneman, R. The blood–brain barrier in health and disease. Ann. Neurol. 2012, 72, 648–672. [CrossRef]
257. Abbott, N.J.; Rönnbäck, L.; Hansson, E. Astrocyte–endothelial interactions at the blood–brain barrier. Nat. Rev. Neurosci. 2006, 7,

41–53. [CrossRef]
258. Winkler, E.A.; Bell, R.D.; Zlokovic, B.V. Central nervous system pericytes in health and disease. Nat. Neurosci. 2011, 14, 1398–1405.

[CrossRef]
259. Roe, K.; Kumar, M.; Lum, S.; Orillo, B.; Nerurkar, V.R.; Verma, S. West Nile virus-induced disruption of the blood-brain barrier in

mice is characterized by the degradation of the junctional complex proteins and increase in multiple matrix metalloproteinases.
J. Gen. Virol. 2012, 93, 1193–1203. [CrossRef]

260. Chang, C.Y.; Li, J.R.; Chen, W.Y.; Ou, Y.C.; Lai, C.Y.; Hu, Y.H.; Wu, C.C.; Chang, C.J.; Chen, C.J. Disruption of in vitro endothelial
barrier integrity by Japanese encephalitis virus-Infected astrocytes. Glia 2015, 63, 1915–1932. [CrossRef]

261. Lischper, M.; Beuck, S.; Thanabalasundaram, G.; Pieper, C.; Galla, H.J. Metalloproteinase mediated occludin cleavage in the
cerebral microcapillary endothelium under pathological conditions. Brain Res. 2010, 1326, 114–127. [CrossRef] [PubMed]

262. Araki, E.; Nishikawa, T. Oxidative stress: A cause and therapeutic target of diabetic complications. J. Diabetes Investig. 2010, 1,
90–96. [CrossRef] [PubMed]

263. Chai, Q.; He, W.Q.; Zhou, M.; Lu, H.; Fu, Z.F. Enhancement of blood-brain barrier permeability and reduction of tight junction
protein expression are modulated by chemokines/cytokines induced by rabies virus infection. J. Virol. 2014, 88, 4698–4710.
[CrossRef] [PubMed]

264. Wang, Y.; Jin, S.; Sonobe, Y.; Cheng, Y.; Horiuchi, H.; Parajuli, B.; Kawanokuchi, J.; Mizuno, T.; Takeuchi, H.; Suzumura, A.
Interleukin-1β induces blood-brain barrier disruption by downregulating Sonic hedgehog in astrocytes. PLoS ONE 2014, 9,
e110024. [CrossRef] [PubMed]

265. Sadowska, G.B.; Chen, X.; Zhang, J.; Lim, Y.P.; Cummings, E.E.; Makeyev, O.; Besio, W.G.; Gaitanis, J.; Padbury, J.F.; Banks, W.A.;
et al. Interleukin-1β transfer across the blood-brain barrier in the ovine fetus. J. Cereb. Blood Flow Metab. 2015, 35, 1388–1395.
[CrossRef] [PubMed]

266. Geng, J.; Wang, L.; Zhang, L.; Qin, C.; Song, Y.; Ma, Y.; Chen, Y.; Chen, S.; Wang, Y.; Zhang, Z.; et al. Blood-Brain Barrier
Disruption Induced Cognitive Impairment Is Associated with Increase of Inflammatory Cytokine. Front. Aging Neurosci. 2018, 10,
129. [CrossRef]

267. Pan, W.; Kastin, A.J. TNFalpha transport across the blood-brain barrier is abolished in receptor knockout mice. Exp. Neurol. 2002,
174, 193–200. [CrossRef] [PubMed]

268. Chen, H.; Tang, X.; Li, J.; Hu, B.; Yang, W.; Zhan, M.; Ma, T.; Xu, S. IL-17 crosses the blood–brain barrier to trigger neuroinflamma-
tion: A novel mechanism in nitroglycerin-induced chronic migraine. J. Headache Pain 2022, 23, 1. [CrossRef] [PubMed]

269. Setiadi, A.F.; Abbas, A.R.; Jeet, S.; Wong, K.; Bischof, A.; Peng, I.; Lee, J.; Bremer, M.; Eggers, E.L.; DeVoss, J.; et al. IL-17A is
associated with the breakdown of the blood-brain barrier in relapsing-remitting multiple sclerosis. J. Neuroimmunol. 2019, 332,
147–154. [CrossRef]

270. Kebir, H.; Kreymborg, K.; Ifergan, I.; Dodelet-Devillers, A.; Cayrol, R.; Bernard, M.; Giuliani, F.; Arbour, N.; Becher, B.; Prat, A.
Human TH17 lymphocytes promote blood-brain barrier disruption and central nervous system inflammation. Nat. Med. 2007, 13,
1173–1175. [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/8996246
http://doi.org/10.1084/jem.185.1.99
http://www.ncbi.nlm.nih.gov/pubmed/8996246
http://doi.org/10.1136/adc.45.243.664
http://doi.org/10.1083/jcb.200302070
http://www.ncbi.nlm.nih.gov/pubmed/12743111
http://doi.org/10.1007/s00401-003-0688-z
http://www.ncbi.nlm.nih.gov/pubmed/12734665
http://doi.org/10.1186/gb-2009-10-8-235
http://www.ncbi.nlm.nih.gov/pubmed/19706201
http://doi.org/10.1007/s00424-016-1920-8
http://www.ncbi.nlm.nih.gov/pubmed/27957611
http://doi.org/10.1111/j.1365-2990.1986.tb00146.x
http://www.ncbi.nlm.nih.gov/pubmed/3534622
http://doi.org/10.1016/j.neuron.2010.09.043
http://doi.org/10.1016/j.neuron.2008.01.003
http://doi.org/10.1016/j.canlet.2013.05.038
http://www.ncbi.nlm.nih.gov/pubmed/23743355
http://doi.org/10.1369/jhc.3A6217.2004
http://www.ncbi.nlm.nih.gov/pubmed/15258179
http://doi.org/10.1161/STROKEAHA.108.534404
http://doi.org/10.1016/j.molmed.2009.08.005
http://doi.org/10.1002/ana.23648
http://doi.org/10.1038/nrn1824
http://doi.org/10.1038/nn.2946
http://doi.org/10.1099/vir.0.040899-0
http://doi.org/10.1002/glia.22857
http://doi.org/10.1016/j.brainres.2010.02.054
http://www.ncbi.nlm.nih.gov/pubmed/20197061
http://doi.org/10.1111/j.2040-1124.2010.00013.x
http://www.ncbi.nlm.nih.gov/pubmed/24843413
http://doi.org/10.1128/JVI.03149-13
http://www.ncbi.nlm.nih.gov/pubmed/24522913
http://doi.org/10.1371/journal.pone.0110024
http://www.ncbi.nlm.nih.gov/pubmed/25313834
http://doi.org/10.1038/jcbfm.2015.134
http://www.ncbi.nlm.nih.gov/pubmed/26082012
http://doi.org/10.3389/fnagi.2018.00129
http://doi.org/10.1006/exnr.2002.7871
http://www.ncbi.nlm.nih.gov/pubmed/11922661
http://doi.org/10.1186/s10194-021-01374-9
http://www.ncbi.nlm.nih.gov/pubmed/34979902
http://doi.org/10.1016/j.jneuroim.2019.04.011
http://doi.org/10.1038/nm1651


Biomedicines 2023, 11, 1067 27 of 30

271. Roberts, T.K.; Eugenin, E.A.; Lopez, L.; Romero, I.A.; Weksler, B.B.; Couraud, P.-O.; Berman, J.W. CCL2 disrupts the adherens
junction: Implications for neuroinflammation. Lab. Investig. 2012, 92, 1213–1233. [CrossRef]

272. Guo, F.; Xu, D.; Lin, Y.; Wang, G.; Wang, F.; Gao, Q.; Wei, Q.; Lei, S. Chemokine CCL2 contributes to BBB disruption via the p38
MAPK signaling pathway following acute intracerebral hemorrhage. FASEB J. 2020, 34, 1872–1884. [CrossRef] [PubMed]

273. Estevao, C.; Bowers, C.E.; Luo, D.; Sarker, M.; Hoeh, A.E.; Frudd, K.; Turowski, P.; Greenwood, J. CCL4 induces inflammatory
signalling and barrier disruption in the neurovascular endothelium. Brain Behav. Immun. Health 2021, 18, 100370. [CrossRef]
[PubMed]

274. Ubogu, E.E.; Callahan, M.K.; Tucky, B.H.; Ransohoff, R.M. Determinants of CCL5-driven mononuclear cell migration across
the blood-brain barrier. Implications for therapeutically modulating neuroinflammation. J. Neuroimmunol. 2006, 179, 132–144.
[CrossRef] [PubMed]

275. Wang, K.; Wang, H.; Lou, W.; Ma, L.; Li, Y.; Zhang, N.; Wang, C.; Li, F.; Awais, M.; Cao, S. IP-10 Promotes Blood-Brain Barrier
Damage by Inducing Tumor Necrosis Factor Alpha Production in Japanese Encephalitis. Front. Immunol. 2018, 9, 1148. [CrossRef]
[PubMed]

276. Mahajan, S.D.; Parikh, N.U.; Woodruff, T.M.; Jarvis, J.N.; Lopez, M.; Hennon, T.; Cunningham, P.; Quigg, R.J.; Schwartz, S.A.;
Alexander, J.J. C5a alters blood-brain barrier integrity in a human in vitro model of systemic lupus erythematosus. Immunology
2015, 146, 130–143. [CrossRef] [PubMed]

277. Jacob, A.; Hack, B.; Chen, P.; Quigg, R.J.; Alexander, J.J. C5a/CD88 signaling alters blood-brain barrier integrity in lupus through
nuclear factor-kappaB. J. Neurochem. 2011, 119, 1041–1051. [CrossRef]

278. Jacob, A.; Hack, B.; Chiang, E.; Garcia, J.G.; Quigg, R.J.; Alexander, J.J. C5a alters blood-brain barrier integrity in experimental
lupus. FASEB J. 2010, 24, 1682–1688. [CrossRef]

279. Flierl, M.A.; Stahel, P.F.; Rittirsch, D.; Huber-Lang, M.; Niederbichler, A.D.; Hoesel, L.M.; Touban, B.M.; Morgan, S.J.; Smith, W.R.;
Ward, P.A.; et al. Inhibition of complement C5a prevents breakdown of the blood-brain barrier and pituitary dysfunction in
experimental sepsis. Crit. Care 2009, 13, R12. [CrossRef]

280. Landlinger, C.; Oberleitner, L.; Gruber, P.; Noiges, B.; Yatsyk, K.; Santic, R.; Mandler, M.; Staffler, G. Active immunization against
complement factor C5a: A new therapeutic approach for Alzheimer’s disease. J. Neuroinflammation 2015, 12, 150. [CrossRef]

281. Woodruff, T.M.; Crane, J.W.; Proctor, L.M.; Buller, K.M.; Shek, A.B.; de Vos, K.; Pollitt, S.; Williams, H.M.; Shiels, I.A.; Monk, P.N.
Therapeutic activity of C5a receptor antagonists in a rat model of neurodegeneration. FASEB J. 2006, 20, 1407–1417. [CrossRef]

282. Farkas, I.; Takahashi, M.; Fukuda, A.; Yamamoto, N.; Akatsu, H.; Baranyi, L.; Tateyama, H.; Yamamoto, T.; Okada, N.; Okada, H.
Complement C5a receptor-mediated signaling may be involved in neurodegeneration in Alzheimer’s disease. J. Immunol. 2003,
170, 5764–5771. [CrossRef]

283. Yuan, B.; Fu, F.; Huang, S.; Lin, C.; Yang, G.; Ma, K.; Shi, H.; Yang, Z. C5a/C5aR Pathway Plays a Vital Role in Brain Inflammatory
Injury via Initiating Fgl-2 in Intracerebral Hemorrhage. Mol. Neurobiol. 2017, 54, 6187–6197. [CrossRef] [PubMed]

284. Kim, G.H.; Mocco, J.; Hahn, D.K.; Kellner, C.P.; Komotar, R.J.; Ducruet, A.F.; Mack, W.J.; Connolly, E.S., Jr. Protective effect of C5a
receptor inhibition after murine reperfused stroke. Neurosurgery 2008, 63, 122–125; discussion 125–126. [CrossRef]

285. Lee, J.D.; Kumar, V.; Fung, J.N.; Ruitenberg, M.J.; Noakes, P.G.; Woodruff, T.M. Pharmacological inhibition of complement
C5a-C5a1 receptor signalling ameliorates disease pathology in the hSOD1(G93A) mouse model of amyotrophic lateral sclerosis.
Br. J. Pharmacol. 2017, 174, 689–699. [CrossRef] [PubMed]

286. Piatek, P.; Domowicz, M.; Lewkowicz, N.; Przygodzka, P.; Matysiak, M.; Dzitko, K.; Lewkowicz, P. C5a-Preactivated Neutrophils
Are Critical for Autoimmune-Induced Astrocyte Dysregulation in Neuromyelitis Optica Spectrum Disorder. Front. Immunol.
2018, 9, 1694. [CrossRef]

287. Dhillon, S. Eculizumab: A Review in Generalized Myasthenia Gravis. Drugs 2018, 78, 367–376. [CrossRef]
288. Leal, E.C.; Martins, J.; Voabil, P.; Liberal, J.; Chiavaroli, C.; Bauer, J.; Cunha-Vaz, J.; Ambrósio, A.F. Calcium Dobesilate Inhibits the

Alterations in Tight Junction Proteins and Leukocyte Adhesion to Retinal Endothelial Cells Induced by Diabetes. Diabetes 2010,
59, 2637–2645. [CrossRef] [PubMed]

289. Wang, J.; Li, G.; Wang, Z.; Zhang, X.; Yao, L.; Wang, F.; Liu, S.; Yin, J.; Ling, E.A.; Wang, L.; et al. High glucose-induced expression
of inflammatory cytokines and reactive oxygen species in cultured astrocytes. Neuroscience 2012, 202, 58–68. [CrossRef]

290. van Vliet, E.A.; da Costa Araújo, S.; Redeker, S.; van Schaik, R.; Aronica, E.; Gorter, J.A. Blood-brain barrier leakage may lead to
progression of temporal lobe epilepsy. Brain A J. Neurol. 2007, 130, 521–534. [CrossRef]

291. Raabe, A.; Schmitz, A.K.; Pernhorst, K.; Grote, A.; von der Brelie, C.; Urbach, H.; Friedman, A.; Becker, A.J.; Elger, C.E.;
Niehusmann, P. Cliniconeuropathologic correlations show astroglial albumin storage as a common factor in epileptogenic
vascular lesions. Epilepsia 2012, 53, 539–548. [CrossRef]

292. Baeten, K.M.; Akassoglou, K. Extracellular matrix and matrix receptors in blood-brain barrier formation and stroke. Dev. Neurobiol.
2011, 71, 1018–1039. [CrossRef] [PubMed]

293. Kim, S.Y.; Buckwalter, M.; Soreq, H.; Vezzani, A.; Kaufer, D. Blood–brain barrier dysfunction–induced inflammatory signaling in
brain pathology and epileptogenesis. Epilepsia 2012, 53, 37–44. [CrossRef] [PubMed]

294. Réus, G.Z.; Fries, G.R.; Stertz, L.; Badawy, M.; Passos, I.C.; Barichello, T.; Kapczinski, F.; Quevedo, J. The role of inflammation and
microglial activation in the pathophysiology of psychiatric disorders. Neuroscience 2015, 300, 141–154. [CrossRef] [PubMed]

295. Allan, S.M.; Rothwell, N.J. Cytokines and acute neurodegeneration. Nat. Rev. Neurosci. 2001, 2, 734–744. [CrossRef] [PubMed]

http://doi.org/10.1038/labinvest.2012.80
http://doi.org/10.1096/fj.201902203RR
http://www.ncbi.nlm.nih.gov/pubmed/31914700
http://doi.org/10.1016/j.bbih.2021.100370
http://www.ncbi.nlm.nih.gov/pubmed/34755124
http://doi.org/10.1016/j.jneuroim.2006.06.004
http://www.ncbi.nlm.nih.gov/pubmed/16857269
http://doi.org/10.3389/fimmu.2018.01148
http://www.ncbi.nlm.nih.gov/pubmed/29910805
http://doi.org/10.1111/imm.12489
http://www.ncbi.nlm.nih.gov/pubmed/26059553
http://doi.org/10.1111/j.1471-4159.2011.07490.x
http://doi.org/10.1096/fj.09-138834
http://doi.org/10.1186/cc7710
http://doi.org/10.1186/s12974-015-0369-6
http://doi.org/10.1096/fj.05-5814com
http://doi.org/10.4049/jimmunol.170.11.5764
http://doi.org/10.1007/s12035-016-0141-7
http://www.ncbi.nlm.nih.gov/pubmed/27709492
http://doi.org/10.1227/01.NEU.0000313581.36723.8D
http://doi.org/10.1111/bph.13730
http://www.ncbi.nlm.nih.gov/pubmed/28128456
http://doi.org/10.3389/fimmu.2018.01694
http://doi.org/10.1007/s40265-018-0875-9
http://doi.org/10.2337/db09-1421
http://www.ncbi.nlm.nih.gov/pubmed/20627932
http://doi.org/10.1016/j.neuroscience.2011.11.062
http://doi.org/10.1093/brain/awl318
http://doi.org/10.1111/j.1528-1167.2012.03405.x
http://doi.org/10.1002/dneu.20954
http://www.ncbi.nlm.nih.gov/pubmed/21780303
http://doi.org/10.1111/j.1528-1167.2012.03701.x
http://www.ncbi.nlm.nih.gov/pubmed/23134494
http://doi.org/10.1016/j.neuroscience.2015.05.018
http://www.ncbi.nlm.nih.gov/pubmed/25981208
http://doi.org/10.1038/35094583
http://www.ncbi.nlm.nih.gov/pubmed/11584311


Biomedicines 2023, 11, 1067 28 of 30

296. Hassan, W.; Noreen, H.; Castro-Gomes, V.; Mohammadzai, I.; da Rocha, J.B.; Landeira-Fernandez, J. Association of Oxidative
Stress with Psychiatric Disorders. Curr. Pharm. Des. 2016, 22, 2960–2974. [CrossRef] [PubMed]

297. Sen, S.; Duman, R.; Sanacora, G. Serum Brain-Derived Neurotrophic Factor, Depression, and Antidepressant Medications:
Meta-Analyses and Implications. Biol. Psychiatry 2008, 64, 527–532. [CrossRef] [PubMed]

298. Kronfol, Z.; Remick, D.G. Cytokines and the brain: Implications for clinical psychiatry. Am. J. Psychiatry 2000, 157, 683–694.
[CrossRef]

299. Pollak, T.A.; Drndarski, S.; Stone, J.M.; David, A.S.; McGuire, P.; Abbott, N.J. The blood–brain barrier in psychosis. Lancet
Psychiatry 2018, 5, 79–92. [CrossRef]

300. Shlosberg, D.; Benifla, M.; Kaufer, D.; Friedman, A. Blood–brain barrier breakdown as a therapeutic target in traumatic brain
injury. Nat. Rev. Neurol. 2010, 6, 393–403. [CrossRef]

301. Rapoport, B.; Adams, R.J. Induction of refractoriness to thyrotropin stimulation in cultured thyroid cells. Dependence on new
protein synthesis. J. Biol. Chem. 1976, 251, 6653–6661. [CrossRef]

302. Grimm, A.; Friedland, K.; Eckert, A. Mitochondrial dysfunction: The missing link between aging and sporadic Alzheimer’s
disease. Biogerontology 2016, 17, 281–296. [CrossRef] [PubMed]

303. Flegal, K.M.; Kruszon-Moran, D.; Carroll, M.D.; Fryar, C.D.; Ogden, C.L. Trends in Obesity Among Adults in the United States,
2005 to 2014. JAMA 2016, 315, 2284–2291. [CrossRef] [PubMed]

304. Dantzer, R.; Kelley, K.W. Twenty years of research on cytokine-induced sickness behavior. Brain Behav. Immun. 2007, 21, 153–160.
[CrossRef] [PubMed]

305. Gutierrez, E.G.; Banks, W.A.; Kastin, A.J. Murine tumor necrosis factor alpha is transported from blood to brain in the mouse.
J. Neuroimmunol. 1993, 47, 169–176. [CrossRef]

306. David, S.; Kroner, A. Repertoire of microglial and macrophage responses after spinal cord injury. Nat. Rev. Neurosci. 2011, 12,
388–399. [CrossRef]

307. Devanney, N.A.; Stewart, A.N.; Gensel, J.C. Microglia and macrophage metabolism in CNS injury and disease: The role of
immunometabolism in neurodegeneration and neurotrauma. Exp. Neurol. 2020, 329, 113310. [CrossRef] [PubMed]

308. Subhramanyam, C.S.; Wang, C.; Hu, Q.; Dheen, S.T. Microglia-mediated neuroinflammation in neurodegenerative diseases.
Semin. Cell Dev. Biol. 2019, 94, 112–120. [CrossRef]

309. Ruckh, J.M.; Zhao, J.W.; Shadrach, J.L.; van Wijngaarden, P.; Rao, T.N.; Wagers, A.J.; Franklin, R.J. Rejuvenation of regeneration in
the aging central nervous system. Cell Stem Cell 2012, 10, 96–103. [CrossRef]

310. Kotter, M.R.; Li, W.W.; Zhao, C.; Franklin, R.J. Myelin impairs CNS remyelination by inhibiting oligodendrocyte precursor cell
differentiation. J. Neurosci. 2006, 26, 328–332. [CrossRef]

311. Kotter, M.R.; Zhao, C.; van Rooijen, N.; Franklin, R.J. Macrophage-depletion induced impairment of experimental CNS remyeli-
nation is associated with a reduced oligodendrocyte progenitor cell response and altered growth factor expression. Neurobiol. Dis.
2005, 18, 166–175. [CrossRef]

312. Persidsky, Y.; Ghorpade, A.; Rasmussen, J.; Limoges, J.; Liu, X.J.; Stins, M.; Fiala, M.; Way, D.; Kim, K.S.; Witte, M.H. Microglial
and astrocyte chemokines regulate monocyte migration through the blood-brain barrier in human immunodeficiency virus-1
encephalitis. Am. J. Pathol. 1999, 155, 1599–1611. [CrossRef]

313. De Bock, M.; Wang, N.; Decrock, E.; Bol, M.; Gadicherla, A.K.; Culot, M.; Cecchelli, R.; Bultynck, G.; Leybaert, L. Endothelial
calcium dynamics, connexin channels and blood-brain barrier function. Prog. Neurobiol. 2013, 108, 1–20. [CrossRef] [PubMed]

314. Rinaldi, S.; Bennett, D.L. Pathogenic mechanisms in inflammatory and paraproteinaemic peripheral neuropathies. Curr. Opin.
Neurol. 2014, 27, 541–551. [CrossRef] [PubMed]

315. Anghelescu, D.L.; Goldberg, J.L.; Faughnan, L.G.; Wu, J.; Mao, S.; Furman, W.L.; Santana, V.M.; Navid, F. Comparison of pain
outcomes between two anti-GD2 antibodies in patients with neuroblastoma. Pediatr. Blood Cancer 2015, 62, 224–228. [CrossRef]
[PubMed]

316. Brennan, P.C.; Graham, M.A.; Triano, J.J.; Hondras, M.A.; Anderson, R.J. Lymphocyte profiles in patients with chronic low back
pain enrolled in a clinical trial. J. Manip. Physiol. Ther. 1994, 17, 219–227.

317. Brück, W.; Friede, R. The role of complement in myelin phagocytosis during PNS wallerian degeneration. J. Neurol. Sci. 1991, 103,
182–187. [CrossRef]

318. Ren, K.; Dubner, R. Interactions between the immune and nervous systems in pain. Nat. Med. 2010, 16, 1267–1276. [CrossRef]
319. Calvo, M.; Dawes, J.M.; Bennett, D.L. The role of the immune system in the generation of neuropathic pain. Lancet Neurol. 2012,

11, 629–642. [CrossRef]
320. Fregnan, F.; Muratori, L.; Simões, A.R.; Giacobini-Robecchi, M.G.; Raimondo, S. Role of inflammatory cytokines in peripheral

nerve injury. Neural. Regen. Res. 2012, 7, 2259–2266. [CrossRef]
321. Hung, A.L.; Lim, M.; Doshi, T.L. Targeting cytokines for treatment of neuropathic pain. Scand J. Pain 2017, 17, 287–293. [CrossRef]
322. Magrinelli, F.; Briani, C.; Romano, M.; Ruggero, S.; Toffanin, E.; Triolo, G.; Peter, G.C.; Praitano, M.; Lauriola, M.F.; Zanette, G.;

et al. The Association between Serum Cytokines and Damage to Large and Small Nerve Fibers in Diabetic Peripheral Neuropathy.
J. Diabetes Res. 2015, 2015, 547834. [CrossRef]

323. Palladino, S.P.; Helton, E.S.; Jain, P.; Dong, C.; Crowley, M.R.; Crossman, D.K.; Ubogu, E.E. The human blood-nerve barrier
transcriptome. Sci. Rep. 2017, 7, 17477. [CrossRef]

http://doi.org/10.2174/1381612822666160307145931
http://www.ncbi.nlm.nih.gov/pubmed/26951103
http://doi.org/10.1016/j.biopsych.2008.05.005
http://www.ncbi.nlm.nih.gov/pubmed/18571629
http://doi.org/10.1176/appi.ajp.157.5.683
http://doi.org/10.1016/S2215-0366(17)30293-6
http://doi.org/10.1038/nrneurol.2010.74
http://doi.org/10.1016/S0021-9258(17)32995-2
http://doi.org/10.1007/s10522-015-9618-4
http://www.ncbi.nlm.nih.gov/pubmed/26468143
http://doi.org/10.1001/jama.2016.6458
http://www.ncbi.nlm.nih.gov/pubmed/27272580
http://doi.org/10.1016/j.bbi.2006.09.006
http://www.ncbi.nlm.nih.gov/pubmed/17088043
http://doi.org/10.1016/0165-5728(93)90027-V
http://doi.org/10.1038/nrn3053
http://doi.org/10.1016/j.expneurol.2020.113310
http://www.ncbi.nlm.nih.gov/pubmed/32289316
http://doi.org/10.1016/j.semcdb.2019.05.004
http://doi.org/10.1016/j.stem.2011.11.019
http://doi.org/10.1523/JNEUROSCI.2615-05.2006
http://doi.org/10.1016/j.nbd.2004.09.019
http://doi.org/10.1016/S0002-9440(10)65476-4
http://doi.org/10.1016/j.pneurobio.2013.06.001
http://www.ncbi.nlm.nih.gov/pubmed/23851106
http://doi.org/10.1097/WCO.0000000000000137
http://www.ncbi.nlm.nih.gov/pubmed/25159930
http://doi.org/10.1002/pbc.25280
http://www.ncbi.nlm.nih.gov/pubmed/25382742
http://doi.org/10.1016/0022-510X(91)90162-Z
http://doi.org/10.1038/nm.2234
http://doi.org/10.1016/S1474-4422(12)70134-5
http://doi.org/10.3969/j.issn.1673-5374.2012.29.003
http://doi.org/10.1016/j.sjpain.2017.08.002
http://doi.org/10.1155/2015/547834
http://doi.org/10.1038/s41598-017-17475-y


Biomedicines 2023, 11, 1067 29 of 30

324. Saha, A.; Sarkar, C.; Singh, S.P.; Zhang, Z.; Munasinghe, J.; Peng, S.; Chandra, G.; Kong, E.; Mukherjee, A.B. The blood-brain
barrier is disrupted in a mouse model of infantile neuronal ceroid lipofuscinosis: Amelioration by resveratrol. Hum. Mol. Genet.
2012, 21, 2233–2244. [CrossRef] [PubMed]

325. Cho, Y.C.; Lee, I.S.; Seo, H.; Ju, A.; Youn, D.; Kim, Y.; Choun, J.; Cho, S. Methanol extracts of Euphorbia cooperi inhibit the
production of inflammatory mediators by inhibiting the activation of c-Jun N-terminal kinase and p38 in murine macrophages.
Mol. Med. Rep. 2014, 10, 2663–2668. [CrossRef] [PubMed]

326. Gajanayaka, N.; Dong, S.X.M.; Ali, H.; Iqbal, S.; Mookerjee, A.; Lawton, D.A.; Caballero, R.E.; Cassol, E.; Cameron, D.W.;
Angel, J.B.; et al. TLR-4 Agonist Induces IFN-γ Production Selectively in Proinflammatory Human M1 Macrophages through the
PI3K-mTOR- and JNK-MAPK-Activated p70S6K Pathway. J. Immunol. 2021, 207, 2310–2324. [CrossRef]

327. Wang, X.; Li, G.-J.; Hu, H.-X.; Ma, C.; Ma, D.-H.; Liu, X.-L.; Jiang, X.-M. Cerebral mTOR signal and pro-inflammatory cytokines in
Alzheimer’s disease rats. Transl. Neurosci. 2016, 7, 151–157. [CrossRef] [PubMed]

328. Li, Y.; Fan, H.; Han, X.; Sun, J.; Ni, M.; Zhang, L.; Fang, F.; Zhang, W.; Ma, P. PR-957 Suppresses Th1 and Th17 Cell Differentiation
via Inactivating PI3K/AKT Pathway in Alzheimer’s Disease. Neuroscience 2023, 510, 82–94. [CrossRef] [PubMed]

329. Liu, L.L.; Li, F.H.; Zhang, Y.; Zhang, X.F.; Yang, J. Tangeretin has anti-asthmatic effects via regulating PI3K and Notch signaling
and modulating Th1/Th2/Th17 cytokine balance in neonatal asthmatic mice. Braz. J. Med. Biol. Res. 2017, 50, e5991. [CrossRef]

330. Nasso, M.; Fedele, G.; Spensieri, F.; Palazzo, R.; Costantino, P.; Rappuoli, R.; Ausiello, C.M. Genetically detoxified pertussis
toxin induces Th1/Th17 immune response through MAPKs and IL-10-dependent mechanisms. J. Immunol. 2009, 183, 1892–1899.
[CrossRef]

331. Chen, X.; Guo, Y.; Han, R.; Liu, H.; Ding, Y.; Shi, Y.; Kong, D.; Ma, X. Class I PI3K inhibitor ZSTK474 attenuates experimental
autoimmune neuritis by decreasing the frequency of Th1/Th17 cells and reducing the production of proinflammatory cytokines.
Cell Immunol. 2018, 329, 41–49. [CrossRef]

332. Koga, T.; Hedrich, C.M.; Mizui, M.; Yoshida, N.; Otomo, K.; Lieberman, L.A.; Rauen, T.; Crispín, J.C.; Tsokos, G.C. CaMK4-
dependent activation of AKT/mTOR and CREM-α underlies autoimmunity-associated Th17 imbalance. J. Clin. Investig. 2014,
124, 2234–2245. [CrossRef] [PubMed]

333. Orozco, S.L.; Daniels, B.P.; Yatim, N.; Messmer, M.N.; Quarato, G.; Chen-Harris, H.; Cullen, S.P.; Snyder, A.G.; Ralli-Jain, P.; Frase,
S.; et al. RIPK3 Activation Leads to Cytokine Synthesis that Continues after Loss of Cell Membrane Integrity. Cell Rep. 2019, 28,
2275–2287.e5. [CrossRef] [PubMed]

334. Winzen, R.; Kracht, M.; Ritter, B.; Wilhelm, A.; Chen, C.-Y.A.; Shyu, A.-B.; Müller, M.; Gaestel, M.; Resch, K.; Holtmann, H. The
p38 MAP kinase pathway signals for cytokine-induced mRNA stabilization via MAP kinase-activated protein kinase 2 and an
AU-rich region-targeted mechanism. EMBO J. 1999, 18, 4969–4980. [CrossRef] [PubMed]

335. Syed, S.N.; Konrad, S.; Wiege, K.; Nieswandt, B.; Nimmerjahn, F.; Schmidt, R.E.; Gessner, J.E. Both FcgammaRIV and FcgammaRIII
are essential receptors mediating type II and type III autoimmune responses via FcRgamma-LAT-dependent generation of C5a.
Eur. J. Immunol. 2009, 39, 3343–3356. [CrossRef] [PubMed]

336. Hao, J.; Meng, L.-Q.; Xu, P.-C.; Chen, M.; Zhao, M.-H. p38MAPK, ERK and PI3K signaling pathways are involved in C5a-primed
neutrophils for ANCA-mediated activation. PLoS ONE 2012, 7, e38317. [CrossRef] [PubMed]

337. Konrad, S.; Ali, S.; Wiege, K.; Syed, S.N.; Mueller-Engling, L.; Piekorz, R.; Hirsch, E.; Nürnberg, B.; Schmidt, R.; Gessner, J.
Phosphoinositide 3-Kinases γ and δ, Linkers of Coordinate C5a Receptor-Fcγ Receptor Activation and Immune Complex-induced
Inflammation. J. Biol. Chem. 2008, 283, 33296–33303. [CrossRef]

338. Davis, O.B.; Shin, H.R.; Lim, C.-Y.; Wu, E.Y.; Kukurugya, M.; Maher, C.F.; Perera, R.M.; Ordonez, M.P.; Zoncu, R. NPC1-mTORC1
Signaling Couples Cholesterol Sensing to Organelle Homeostasis and Is a Targetable Pathway in Niemann-Pick Type C. Dev. Cell
2021, 56, 260–276.e7. [CrossRef]

339. Castellano, B.M.; Thelen, A.M.; Moldavski, O.; Feltes, M.; van der Welle, R.E.N.; Mydock-McGrane, L.; Jiang, X.; van Eijkeren, R.J.;
Davis, O.B.; Louie, S.M.; et al. Lysosomal cholesterol activates mTORC1 via an SLC38A9–Niemann-Pick C1 signaling complex.
Science 2017, 355, 1306–1311. [CrossRef]

340. Brown, R.A.; Voit, A.; Srikanth, M.P.; Thayer, J.A.; Kingsbury, T.J.; Jacobson, M.A.; Lipinski, M.M.; Feldman, R.A.; Awad, O. mTOR
hyperactivity mediates lysosomal dysfunction in Gaucher’s disease iPSC-neuronal cells. Dis. Model Mech. 2019, 12, dmm038596.
[CrossRef]

341. Bartolomeo, R.; Cinque, L.; De Leonibus, C.; Forrester, A.; Salzano, A.C.; Monfregola, J.; De Gennaro, E.; Nusco, E.; Azario, I.;
Lanzara, C. mTORC1 hyperactivation arrests bone growth in lysosomal storage disorders by suppressing autophagy. J. Clin.
Investig. 2017, 127, 3717–3729. [CrossRef]

342. Zhang, Z.; Wang, X.; Lin, Y.; Pan, D. A multifaceted evaluation of microgliosis and differential cellular dysregulation of
mammalian target of rapamycin signaling in neuronopathic Gaucher disease. Front. Mol. Neurosci. 2022, 15, 944883. [CrossRef]
[PubMed]

343. Vitner, E.B.; Vardi, A.; Cox, T.M.; Futerman, A.H. Emerging therapeutic targets for Gaucher disease. Expert Opin. Ther. Targets
2015, 19, 321–334. [CrossRef] [PubMed]

344. Sural-Fehr, T.; Singh, H.; Cantuti-Catelvetri, L.; Zhu, H.; Marshall, M.S.; Rebiai, R.; Jastrzebski, M.J.; Givogri, M.I.; Rasenick, M.M.;
Bongarzone, E.R. Inhibition of the IGF-1-PI3K-Akt-mTORC2 pathway in lipid rafts increases neuronal vulnerability in a genetic
lysosomal glycosphingolipidosis. Dis. Model Mech. 2019, 12, dmm036590. [CrossRef] [PubMed]

http://doi.org/10.1093/hmg/dds038
http://www.ncbi.nlm.nih.gov/pubmed/22331300
http://doi.org/10.3892/mmr.2014.2560
http://www.ncbi.nlm.nih.gov/pubmed/25216192
http://doi.org/10.4049/jimmunol.2001191
http://doi.org/10.1515/tnsci-2016-0022
http://www.ncbi.nlm.nih.gov/pubmed/28123835
http://doi.org/10.1016/j.neuroscience.2022.10.021
http://www.ncbi.nlm.nih.gov/pubmed/36581132
http://doi.org/10.1590/1414-431x20175991
http://doi.org/10.4049/jimmunol.0901071
http://doi.org/10.1016/j.cellimm.2018.04.011
http://doi.org/10.1172/JCI73411
http://www.ncbi.nlm.nih.gov/pubmed/24667640
http://doi.org/10.1016/j.celrep.2019.07.077
http://www.ncbi.nlm.nih.gov/pubmed/31461645
http://doi.org/10.1093/emboj/18.18.4969
http://www.ncbi.nlm.nih.gov/pubmed/10487749
http://doi.org/10.1002/eji.200939884
http://www.ncbi.nlm.nih.gov/pubmed/19795417
http://doi.org/10.1371/journal.pone.0038317
http://www.ncbi.nlm.nih.gov/pubmed/22675451
http://doi.org/10.1074/jbc.M804617200
http://doi.org/10.1016/j.devcel.2020.11.016
http://doi.org/10.1126/science.aag1417
http://doi.org/10.1242/dmm.038596
http://doi.org/10.1172/JCI94130
http://doi.org/10.3389/fnmol.2022.944883
http://www.ncbi.nlm.nih.gov/pubmed/36204141
http://doi.org/10.1517/14728222.2014.981530
http://www.ncbi.nlm.nih.gov/pubmed/25416676
http://doi.org/10.1242/dmm.036590
http://www.ncbi.nlm.nih.gov/pubmed/31036560


Biomedicines 2023, 11, 1067 30 of 30

345. Kitatani, K.; Wada, M.; Perry, D.; Usui, T.; Sun, Y.; Obeid, L.M.; Yaegashi, N.; Grabowski, G.A.; Hannun, Y.A. Activation of p38
Mitogen-Activated Protein Kinase in Gaucher’s Disease. PLoS ONE 2015, 10, e0136633. [CrossRef]
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