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Abstract

Sterile inflammatory processes are essential for the maintenance of central nervous
system homeostasis, but they also contribute to various neurological disorders, including
neurotrauma, stroke, and demyelinating or neurodegenerative diseases. Immune
mechanisms in the central nervous system and periphery are regulated by a diverse group
of endogenous proteins, which can be broadly divided into the pro-inflammatory damage-
associated molecular patterns (DAMPs) and anti-inflammatory resolution-associated
molecular patterns (RAMPs), even though there is notable overlap between the DAMP-
and RAMP-like activities for some of these molecules. Both groups of molecular patterns
were initially described in peripheral immune processes and pathologies; however, it

is now evident that at least some, if not all, of these immunomodulators also regulate
neuroimmune processes and contribute to neuroinflammation in diverse central nervous
system disorders. The review of recent literature demonstrates that studies on DAMPs
and RAMPs of the central nervous system still lag behind the much broader research
effort focused on their peripheral counterparts. Nevertheless, this review also reveals that
over the last five years, significant advances have been made in our understanding of the
neuroimmune functions of several well-established DAMPs, including high-mobility group
box 1 protein and interleukin 33. Novel neuroimmune functions have been demonstrated
for other DAMPs that previously were considered almost exclusively as peripheral immune
regulators; they include mitochondrial transcription factor A and cytochrome C. RAMPs

of the central nervous system are an emerging area of neuroimmunology with very high
translational potential since some of these molecules have already been used in preclinical
and clinical studies as candidate therapeutic agents for inflammatory conditions, such as
multiple sclerosis and rheumatoid arthritis. The therapeutic potential of DAMP antagonists
and neutralizing antibodies in central nervous system neuroinflammatory diseases is also
supported by several of the identified studies. It can be concluded that further studies of
DAMPs and RAMPs of the central nervous system will continue to be an important and
productive field of neuroimmunology.

Key Words: Alzheimer’s disease; astrocytes; DAMPs; HMGB1; microglia;
neurodegeneration; neuroimmune responses; neuroinflammation; neurotrauma;
oligodendrocytes; pattern-recognition receptors; RAMPs

Introduction

Damage-associated molecular patterns (DAMPs), also known
as danger-associated molecular patterns and alarmins,
are endogenous molecules that can be released into the
extracellular space upon cellular stress or damage. DAMPs are
an integral part of immune response; at low concentrations,
these molecules regulate homeostasis and correct altered
physiological states, but at high concentrations, they enhance
and propagate inflammatory reactions. Excessive release of
DAMPs as a result of trauma or inflammatory processes leads
to immune activation of surrounding cells and recruitment
of distant cells. This causes further tissue injury, thus
establishing vicious cycles of damage, which may lead to
chronic inflammation (Patel, 2018). The concept of DAMPs
as immunoregulators was introduced in the 1990s, and
since then the number of molecules included in this group
has been steadily increasing. Molecules that are normally

located intracellularly are most often considered DAMPs.
They originate from the nucleus (e.g., genomic DNA, high-
mobility group box 1 protein (HMGB1), interleukin (IL)-33),
cytosol (e.g., heat-shock proteins (HSPs), S100 proteins),
mitochondria (e.g., ATP, mitochondrial DNA, cytochrome C),
endoplasmic reticulum (e.g., calreticulin), or granules (e.g.,
defensins). Some researchers also consider extracellular
matrix components (e.g., heparan sulfate, fibrinogen) as
DAMPs due to their excessive release from tissues under
inflammatory conditions. Currently, more than 30 different
DAMPs have been described and this list will most likely
need to be expanded as more molecules are discovered and
characterized as DAMPs (Hauser and Otterbein, 2018; Mihm,
2018; Patel, 2018; Roh and Sohn, 2018; Gong et al., 2020).
DAMPs can activate and sustain immune responses in the
absence of infectious agents, making them critical to the
sterile inflammation seen in many pathologies (e.g., trauma,
ischemia, allergies, cancers, neurodegenerative diseases).
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Once released from damaged or inflamed tissues, DAMPs
activate innate immune cells, including neutrophils, tissue
macrophages, and dendritic cells, but they can also interact
with non-immune cells, such as endothelial cells, fibroblasts
and astrocytes, which are the non-neuronal support cells in
the central nervous system (CNS). The most established cellular
sensors of DAMPs are the pattern-recognition receptors
(PRRs) expressed by antigen-presenting cells, including several
different toll-like receptors (TLRs), C-type lectin receptors,
NOD-like receptors (NLRs), and absent in melanoma 2 (AIM2)-
like receptors, among others. In addition, several different
non-PRRs mediate interaction between DAMPs and their
target cells, such as triggering receptors expressed on myeloid
cells (e.g., TREM2), several G-protein-coupled receptors (e.g.,
N-formyl peptide receptors) and ion channels (e.g., purinergic
receptor P2X7R). Receptor for advanced glycation end
products (RAGE) is another prominent target of DAMPs, which
is considered a PRR by some researchers (Roh and Sohn, 2018;
Gong et al., 2020).

The initial studies of DAMPs were focused on peripheral
immune responses and pathologies with only recent
recognition that many of the same molecules also contribute
to sterile neuroinflammatory processes seen in such diverse
CNS pathologies as neurotrauma, demyelinating diseases, and
neurodegenerative disorders. Most of the recent CNS-focused
review articles list up to 20 different DAMPs as contributors to
various physiological and pathological processes. DAMPs most
commonly associated with neuroimmune responses are listed
in Table 1 together with the receptors they have been shown
to interact with. Some researchers consider CNS pathology-
specific structures, such as aggregates of amyloid § (AB)
protein and a-synuclein, as DAMPs; however, this view is not
universally shared (Gadani et al., 2015a; Venegas and Heneka,
2017; Earls et al., 2019; Gomes-Leal, 2019). Under physiological
conditions, and in pathologies with relatively intact blood-brain
barrier (BBB), the three glial cell types — microglia, astrocytes,
and oligodendrocytes — are the main CNS targets of DAMPs.
Microglia belong to the mononuclear phagocyte system and
are the main innate immune cell type in the nervous system
(Gomez Perdiguero et al., 2015). Astrocytes are the main non-
neuronal support cells of the CNS, while oligodendrocytes form
myelin sheaths critical for neurotransmission (Reemst et al.,
2016; Sung et al., 2019). Under pathological conditions where
the BBB is compromised, including neurotrauma, ischemic
stroke, and active multiple sclerosis lesions, peripheral immune
cells, including neutrophils, macrophages and lymphocytes,
can infiltrate brain parenchyma and become targets of some
DAMPs (Gharagozloo et al., 2017; Nakamura and Shichita,
2019). Over the last two decades, it has become apparent that
DAMPs play a central role in neuroinflammation present in a
wide range of CNS pathologies. The delayed start in studies
exploring DAMPs of the CNS has led to the current discrepancy
where a significantly larger number of DAMP-like molecules
have been characterized for peripheral immune responses
and pathologies, compared to neuroimmune processes. This
discrepancy has also created an opportunity for neurobiologists
to explore neuroimmune roles of DAMPs that have thus far
only been recognized as contributors to peripheral immune
mechanisms. This review illustrates the current trends in
neuroimmunology whereby over the last five years more in-
depth knowledge about already established CNS DAMPs (e.g.,
HMGB1, IL-33) has been generated. In addition, previously
unknown DAMP-like CNS functions have been discovered for
molecules thus far only recognized for their contribution to
peripheral inflammation (e.g., several mitochondrial DAMPs)
(Liew et al., 2016; Bajwa et al., 2019; Michetti et al., 2019;
Nishibori et al., 2019).

Search Strategy and Selection Criteria
The initial literature search was performed on March 20,
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Table 1 | DAMPs and RAMPs in neuroimmune responses*

Intracellular
location DAMPs Receptors RAMPs Receptors
Nucleus
HMGB1 TLR2, TLR4, prothymosin TLR4
RAGE a
IL-33 ST2 (IL-1RL1)
Genomic DNA  TLR9, AIM2
Cytosol
ATP P2Y2R, HSP10 TLR2, TLR3,
P2X7R TLR4, TLR6,
TLR7, TLR9
HSP27 TLR2, TLR4  HSP27 TLR2, TLR4
HSP70 (BiP) TLR2, TLR4, HSP70 (BiP) TLR4
S100 proteins ~ TLR2, TLR4, aB-Crystallin TLR1, TLR2,
RAGE CD14
Chromogranin A TLR, RAGE
Peroxiredoxins  TLR2, TLR4
(Prx-1, Prx-2,
Prx-4)
RNA TLR3
Mitochondria
ATP P2Y2R, Cardiolipin ~ TLR4, CD36
P2X7R
mtDNA TLRY, RAGE
Cytochrome C  TLR4
TFAM RAGE, Mac-1

Formyl peptides FPR1

*Table is based on recent reviews describing DAMPs and RAMPs associated
with the neuroimmune responses (Gadani et al., 2015a; Gelderblom et

al., 2015; Thundyil and Lim, 2015; Venegas and Heneka, 2017; Gulke et al.,
2018; Bajwa et al., 2019), as well as articles illustrating the cellular receptors
engaged by these signaling molecules (Shields et al., 2011; Schaefer, 2014;
Guisasola et al., 2018; Hauser and Otterbein, 2018; Mihm, 2018; Patel,
2018; Roh and Sohn, 2018; Gong et al., 2020). AIM2: Absent in melanoma 2;
BiP: binding immunoglobulin protein; CD: cluster of differentiation; DAMP:
damage-associated molecular pattern; FPR1: N-formyl peptide receptor 1;
HMGB1: high-mobility group box 1; HSP: heat-shock protein; IL: interleukin;
IL-1RL1: interleukin 1 receptor-like 1; Mac-1: macrophage-1 antigen; mtDNA:
mitochondrial DNA; P2X7R: purinergic P2X7 receptor; P2Y2R: purinergic
P2Y2 receptor; RAGE: receptor for advanced glycation end products; RAMP:
resolution-associated molecular pattern; TFAM: mitochondrial transcription
factor A; TLR: toll-like receptor.

2020 within OVID Medline (PubMed) databases using
the following combination of keywords: “microglia OR
microglial OR astrocyte OR astrocytic OR oligodendrocyte
OR oligodendroglia” AND “DAMP OR alarmin”. All fields were
included in the search, which was restricted to publications
from the last five years. The above search strategy identified
50 primary research articles and 29 reviews. More targeted
searches using the names of known resolution-associated
molecular patterns (RAMPs), including “cardiolipin”,
“prothymosin a”, “binding immunoglobulin protein OR BiP
OR GRP78 OR HSP70”, and “aB-crystallin OR HSPB5”, were
also performed. Abstracts of all primary research articles
were screened for relevance, which identified 60 significant
publications discussed in sections below.

High-Mobility Group Box 1 Protein

HMGB1 remains the most studied DAMP in the context of
CNS physiology and pathology. While the chosen search
strategy identified only 14 primary research articles focused
on HMGB1, a more targeted search discovers a significantly
greater number of publications, including recent reviews
describing the role of HMGB1 in CNS pathology (Richard
et al.,, 2017; Ye et al., 2019; Paudel et al., 2020). HMGB1 is
expressed in all nucleated animal cells. It is a non-histone
chromosome binding protein, which under physiological
circumstances is located within the nucleus, where it binds to
DNA stabilizing nucleosomes and assists with DNA replication

| NEURAL REGENERATION RESEARCH | Vol 16 | No.3 | March 2021



and transcription. HMGB1 is released into the extracellular
space by cells that die traumatically. In addition, cells that
are destined to die, stressed cells, and activated cells of the
innate immune system can secrete HMGB1 through several
different mechanisms (Bianchi, 2009). Extracellular HMGB1
acts as a prototypical DAMP by binding to a number of
different cellular receptors. Its most established interactions
are with TLR2 and TLR4 on peripheral immune cells and CNS
glial cells, as well as with RAGE, which is expressed by glia,
neurons, and endothelial cells (Ye et al., 2019). Binding of
HMGB1 to the cell surface receptors activates associated
intracellular signaling pathways, thereby triggering cellular
responses (Rosciszewski et al., 2019). In addition, recent
studies demonstrate intracellular DAMP-like effects of HMGB1
where its RAGE-mediated endocytosis leads to destabilization
of lysosomes (Andersson et al., 2018). It is important to note
that the oxidation-reduction (redox) and acetylation states
of HMGB1 play a critical role in its subcellular localization,
release mechanism and receptor binding. For example, it
has been demonstrated that the disulfide form of HMGB1,
which is formed when cysteines C23 and C45 are oxidized,
upregulates hippocampal pro-inflammatory mediators after its
intra-cisterna magna injection. Interestingly, this oxidised form
of HMGBL1 also primes the inflammatory response of isolated
primary microglia to subsequent challenge by bacterial
lipopolysaccharide. Meanwhile, the reduced form of HMGB1
has no effect in either of these two experimental systems
(Frank et al., 2016b).

Studies published within the last 5 years have further
established the central role of HMGB1 as a key
neuroinflammatory molecule associated with several
different physiological and pathological processes, as well as
pharmacological interventions. Studies with unmanipulated
aged rats demonstrate upregulated HMGB1 mRNA expression
and protein levels in the hippocampus as well as elevated
cerebrospinal fluid HMGB1 in 24-months old rats, compared
to young (3-months old) animals, which indicates increased
HMGB1 extracellular release with normal aging (Fonken et
al., 2016). Elevated expression of mRNA for HMGB1 and its
receptor RAGE can be detected in rat hippocampal microglia
after exposure of animals to chronic stress (Franklin et al.,
2018). These observations are consistent with data from other
studies that record increased hippocampal and amygdalar
HMGB1 protein levels immediately after exposure of animals
to acute stress (Frank et al., 2018, 2019). Hippocampal
HMGB1 protein levels are also elevated after hypoxia-
ischemia-induced brain injury in neonatal mice. HMGB1
translocation from the nucleus to the cytoplasm can be
demonstrated in hippocampal nerve cells indicating release
of HMGB1 from these neurons after hypoxia-ischemia insult
(Le et al., 2020). Elevated HMGB1 levels have been recorded
in sera of Alzheimer’s disease (AD) patients and subjects with
mild cognitive impairment (Festoff et al., 2016). Similarly,
increased plasma HMGB1 levels can be seen four hours after
pilocarpine-induced seizures in mice; since a corresponding
decrease of brain HMGB1 accompanies upregulated
peripheral levels of this protein, translocation of HMGB1 from
the brain into peripheral blood is implied (Fu et al., 2017).
Striatal levels of HMGB1 protein are also upregulated four
hours after intraperitoneal injection of methamphetamine
(Frank et al., 2016a).

Increased HMGB1 levels, and its extracellular release, generally
lead to detrimental effects, including upregulation of brain
pro-inflammatory cytokines (Fonken et al., 2016), immune
activation and priming of microglia and astrocytes (Fonken et
al., 2016; Das et al., 2019; Rosciszewski et al., 2019), neuronal
death (Rosciszewski et al., 2019), and disruption of BBB (Festoff
et al., 2016). Intraperitoneal administration of recombinant,
fully reduced HMGB1 for 7 days leads to neuroinflammation
and memory loss in mice (Das et al., 2019). Recent studies

have also replicated previously reported immune activation
of cultured primary microglia by HMGB1 through signaling
pathways associated with TLR2, TLR4, and RAGE. Interestingly,
HMGB1 is not directly toxic to cortical neurons, and microglial
activation is required for induction of neuronal death in mixed
neuron-glial cultures by recombinant HMGB1 (Rosciszewski et
al., 2019).

Since upregulated HMGB1 levels and increased extracellular
release could lead to primed and chronically exaggerated
inflammatory responses, as well as neuronal death, inhibiting
the DAMP activity of this protein has been explored as a
therapeutic strategy (Fonken et al., 2016). Anti-HMGB1
antibodies block the detrimental effects of this DAMP on the
integrity of the BBB in an in vitro model (Festoff et al., 2016);
they also lower BBB leakage and expression of inflammatory
mediators in a pilocarpine-induced mouse model of seizures,
which leads to a reduced number of apoptotic hippocampal
neurons in these animals (Fu et al., 2017). Glycyrrhizin, a
major active ingredient of the roots and rhizomes of licorice
(Glycyrrhiza glabra), has been used as a selective inhibitor of
HMGB1 translocation and secretion. Administration of this
compound after hypoxia-ischemia injury reduces HMGB1
nucleocytoplasmic translocation in hippocampal neurons and
their apoptosis as well as decreases inflammatory cytokine
levels in the hippocampus (Le et al., 2020). Intraperitoneal
administration of glycyrrhizin immediately after inducing
status epilepticus by pilocarpine significantly reduces reactive
microgliosis and neuronal loss in the piriform cortex of rats
(Rosciszewski et al., 2019). Interestingly, one of the HMGB1
protein domains, called box A, can be used as an HMGB1
antagonist to inhibit methamphetamine-induced upregulation
of IL-1B in three distinct areas of rat brains (Frank et al.,
2016a). Due to the perceived central role of HMGB1 as
the initiator of the neuroimmune reactions in a wide range
of neuropathologies, anti-HMGB1 monoclonal antibody
therapy has been proposed for diverse CNS and peripheral
nervous system disorders such as stroke, traumatic brain
injury, Parkinson’s disease, epilepsy, AD, and neuropathic pain
(Nishibori et al., 2019).

Interleukin-33

IL-33 is a nuclear DAMP, which belongs to the IL-1 family. It
binds to histones and chromatin in the nuclei of producing
cells (Cayrol and Girard, 2018). In the CNS, it is constitutively
expressed in mature oligodendrocytes and astrocytes. Upon
release from these cells, IL-33 binds to its receptor ST2 (also
known as IL-1 receptor-like 1, IL-1RL1) initiating intracellular
signaling involving myeloid differentiation primary response
protein 88, mitogen-activated protein kinases and nuclear
factor kappa-light-chain-enhancer of activated B cells (Gadani
et al., 2015b; Cayrol and Girard, 2018). Recent studies have
implicated IL-33 as a DAMP that is upregulated and released
in response to injury. In human patients and animal models
with traumatic brain injury, astrocytes and oligodendrocytes
are the main source of IL-33, which recruits microglia and
macrophages expressing ST2 to the sites of damage (Wicher
et al., 2017). Chronic constriction injury of the sciatic nerve
induces I1L-33 production and release by oligodendrocytes
in the spinal cords of mice, causing microglia and astrocyte
activation (Zarpelon et al., 2016). The same study uses IL-
33 receptor knockout animals (ST277) and administration
of soluble IL-33 decoy receptors to demonstrate that IL-33
contributes to development of hyperalgesia in this animal
model of neuropathic pain. Interestingly, mice fed a high fat
diet for 3 to 4 months exhibit increased hypothalamic IL-33
levels accompanied by myelin disruption and appearance
of reactive microglia and astrocytes (Huang et al., 2019);
based on the previous studies, it can be speculated that IL-33
released from oligodendrocytes is responsible for hippocampal
gliosis observed in these animals. Even though [L-33, as a
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typical DAMP, is involved in CNS injury and neuropathologies,
its role as a regulator of physiological processes is emerging.
Thus, studies with IL-33 knockout mice demonstrate that
this cytokine is critical for oligodendrocyte maturation (Sung
et al., 2019), and may also regulate the development and
maturation of neuronal circuits since animals lacking IL-33
exhibit multiple behavioural deficits (Dohi et al., 2017).

Mitochondrial Damage-Associated Molecular

Patterns

Several recent reviews describe a group of DAMPs that,
under physiological conditions, are located mainly within
mitochondria, including ATP, cytochrome C, heme,
mitochondrial transcription factor A (TFAM), cardiolipin,
succinate, N-formyl peptides, and mitochondrial DNA.
Mitochondrial DAMPs have been mainly studied in the context
of the peripheral immune responses, but their possible
contributions to various CNS pathologies are emerging (Dela
Cruz and Kang, 2018; Hauser and Otterbein, 2018; Bajwa et
al., 2019; Rodriguez-Nuevo and Zorzano, 2019).

ATP is among the molecules that are released by cell damage.
Within injured tissues, it can reach high local concentrations
and activate purinergic receptors (P2X or P2Y) on surrounding
cells. It has been recently demonstrated that ATP can
synergize with other DAMPs, which act through TLR4 and
are released after brain injury, to induce NOD-like receptor
protein 3 (NLRP3) inflammasome activation and caspase-1-
mediated IL-1B secretion by microglia (Gaikwad et al., 2017).
Activation and assembly of microglial NLRP3 inflammasomes is
one of the critical mechanisms engaged by not only ATP, likely
acting through the purinergic receptor P2X7R, but several
other DAMPs, including HMGB1, HSP70, and chromogranin
A, that are released from dying cells (Frank et al., 2016b;
Qu et al., 2017; Venegas and Heneka, 2019). Interestingly, it
has been suggested that high ATP concentration in the brain
parenchyma leads to NLRP3 inflammasome activation in
microglia, causing their release of other DAMPs (Ratajczak
et al., 2019). The role of ATP as a DAMP contributing to CNS
sterile inflammation in various neuropathologies is now well
established; however, recent studies have demonstrated
that ATP can also regulate several physiological functions of
microglia, including oxidative phosphorylation, glycolysis, and
production of intracellular reactive oxygen species (Hu et al.,
2020).

Cytochrome C is a soluble heme-containing mitochondrial
protein, which under physiological conditions functions as an
electron carrier in the electron transport chain. Under the
conditions of cellular stress, cytochrome C can be released
from the mitochondrial intermembrane space into the
cytosol, thereby initiating apoptosis. Extracellular release
of this protein from damaged neurons and glial cells has
been documented, as well as its elevated concentration in
cerebrospinal fluid after head trauma in children (Ahlemeyer
et al., 2002; Au et al.,, 2012; Wenzel et al., 2019). Recent in
vitro studies demonstrate TLR4-dependent pro-inflammatory
activation of microglia and astrocytes by extracellular
cytochrome C, leading to increased secretion of cytokines
and cytotoxins (Gouveia et al., 2017; Wenzel et al., 2019);
however, in vivo confirmation of the DAMP-like activity of
extracellular cytochrome Cis still required.

Heme contains iron ions coordinated to a porphyrin. Heme is
synthesized in the mitochondria and incorporated into dozens
of proteins, including cytochrome C and hemoglobin. Once
heme proteins are released into the extracellular space, heme
can escape from its protein enclosure and perform DAMP
functions by activating immune cells in a TLR4-dependent
manner (Hauser and Otterbein, 2018). Heme-dependent
activation of microglia has recently been demonstrated in
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a mouse model of spinal cord injury (Yoshizaki et al., 2019).
The same study demonstrates upregulated TLR4 and tumor
necrosis factor-a expression in primary microglia after their
exposure to extracellular heme.

TFAM belongs to the highly conserved HMGB family of DNA-
binding proteins. TFAM is localised to the inner mitochondrial
membrane, but it can also be released by damaged cells
into the extracellular environment, where it functions as a
DAMP. Stimulation of several different types of peripheral
immune cells by TFAM, alone or in combination with
mitochondrial N-formyl peptides, has been reported (Crouser
et al., 2009; Hauser and Otterbein, 2018; Bajwa et al., 2019).
Recently, studies of the DAMP-like properties of TFAM
have been extended by in vitro experiments showing that
extracellularly applied TFAM upregulates pro-inflammatory
cytokines in human and rat microglia as well as microglia-
like human monocytic cells. In the latter cells, the pro-
inflammatory activity of TFAM is partially mediated by RAGE
and macrophage antigen complex 1; both of these PRRs are
also known to mediate the effects of extracellular HMGB1. In
vivo experiments show that intra-cisterna magna injection of
TFAM upregulates the expression of several pro-inflammatory
cytokines in the hippocampus and the frontal cortex of rats
(Schindler et al., 2018).

Cardiolipin is a phospholipid of the inner mitochondrial
membrane of mammalian cells. Cardiolipin can also
redistribute to the outer mitochondrial membrane, which
is an essential step in mitophagy, a cellular process used to
destroy malfunctioning mitochondria (Pointer and Klegeris,
2017; Bajwa et al., 2019). The extracellular role of cardiolipin
as a DAMP has been suggested in peripheral tissues where it
upregulates the phagocytic activity of peripheral macrophages
(Balasubramanian et al., 2015; Chakraborty et al., 2017).
Recent studies with murine and human microglia indicate
that this phospholipid may inhibit the inflammatory activity
of these cells by downregulating the release of cytotoxins
and inflammatory mediators, such as tumor necrosis factor-a,
nitric oxide and reactive oxygen species. Extracellular
cardiolipin also upregulates phagocytic activity of murine
microglia in vitro (Pointer et al., 2019). Such anti-inflammatory
and inflammation-resolving properties make cardiolipin
similar to other members of an emerging group of molecules
termed RAMPs (Shields et al., 2011). Signaling molecules that
have been considered as RAMPs of the CNS, as well as the
receptors they interact with, are listed in Table 1.

Resolution-Associated Molecular Patterns

RAMPs are a heterogeneous group of molecules, which are
similar to DAMPs since they are released from damaged
cells and often interact with PRRs on neighbouring cells;
however, since their predominant cellular effect is inhibition
of the release of cytotoxins and pro-inflammatory mediators
by immune cells, most RAMPs contribute to immune
regulation and resolution of inflammation. RAMPs were
initially described in the context of the peripheral immune
system, but recent studies have implicated several of these
molecules as regulators of glial activation and inhibitors
of neuroimmune responses. In addition to cardiolipin, the
following molecules have been recently considered as RAMPs
of the CNS: prothymosin a, binding immunoglobulin protein
(BiP), and aB-crystallin. It is important to note that some
of these molecules have also been described as DAMPs
due to their interaction with TLRs, leading to upregulated
secretion of pro-inflammatory mediators by several different
types of immune cells. For example, prothymosin a induces
maturation of dendritic cells and elicits T-helper type 1
immune responses in vitro and in vivo (Birmpilis et al., 2019).
However, other studies have described anti-inflammatory
properties of prothymosin a, which has already been studied
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preclinically as a therapeutic agent in an animal model of
cerebral ischemia; intravenous administration of prothymosin
a increases survival of mice after transient middle cerebral
artery occlusion (Maeda et al., 2016). Anti-inflammatory
activity of BiP (also known as glucose-regulated protein 78
and HSP70), which is another RAMP, has also been confirmed
in a clinical study with rheumatoid arthritis patients; single
intravenous administration of BiP decreases serum levels
of C-reactive protein, IL-8, and vascular endothelial growth
factor (Kirkham et al., 2016). Even though a protective role
of BiP in stroke, including its anti-inflammatory activity, has
been suggested, studies with animal models of CNS trauma
or neurological diseases have not been performed yet, but
are clearly warranted (Mohammadi et al., 2018). aB-crystallin
is yet another RAMP whose anti-inflammatory properties
have been established by using cultured microglia as well
as animal models of demyelinating diseases (Holtman et al.,
2017). Intravenous administration of aB-crystallin has been
shown to induce a progressive decline in multiple sclerosis
lesion activity in a 48-week randomized, placebo-controlled,
double-blind Phase Ila clinical trial with patients suffering from
the relapsing-remitting form of the disease (van Noort et al.,
2015).

Figure 1 illustrates the key receptors and associated signaling
pathways regulated by RAMPs and DAMPs in microglia, which
are the main professional immune cells of the CNS known to
express PRRs, RAGE and purinergic receptors. This figure has
been derived from the reports referenced in previous sections
as well as several recent articles reviewing relevant signaling
mechanisms in microglia and other types of mononuclear
phagocytes (Collins et al., 2009; Schroder et al., 2012; Kierdorf
and Fritz, 2013; Freeman and Grinstein, 2014; Schaefer, 2014;
Banjara and Ghosh, 2017; Gulke et al., 2018; Hou et al., 2018;
Leitner et al., 2019; McKenzie et al., 2020).

TLR2 and TLR4 emerge to be critical for the interaction
between RAMP and DAMP signaling since multiple different
RAMPs and DAMPs bind to these PRRs (Table 1), which can
lead to competition at the receptor level. Furthermore,
the multiple parallel and sequential signaling pathways
triggered by TLR2 and TLR4 result in very complex changes in
secretory profile of cells, where binding of different DAMPs
and RAMPs could lead to either up- or down-regulation of
pro- and anti-inflammatory cytokines (Schroder et al., 2012).
Such a complexity of TLR2/4-dependent signaling most likely
also explains why certain molecules interacting with these
receptors, such as HSP27 and HSP70, have been considered
as both DAMPs and RAMPs depending on the experimental
and clinical outcomes in different studies. Furthermore, while
the TLR downstream signaling pathways are highly conserved
between species, expression of TLR4, for example, and the
signaling mechanisms engaged by its activation depend on
species, cell type, and cellular activation state (Schroder et al.,
2012; Vaure and Liu, 2014; Leitner et al., 2019).

Figure 1 demonstrates that formation of the NLRP3
inflammasomes is a pro-inflammatory signalling mechanism
that is relatively selectively induced in microglia by the DAMP
ATP acting on P2X7R (Schaefer, 2014; Gaikwad et al., 2017).
Activation of NLRP3 inflammasomes leads to secretion of the
mature forms of pro-inflammatory cytokines IL-1f and IL-18.
In addition, inflammasome activation promotes pyroptosis,
a specific form of pro-inflammatory cell death, which leads
to release of various DAMPs and RAMPs from all cellular
compartments further fuelling inflammatory responses
(Bortolotti et al., 2018; Frank and Vince, 2019; McKenzie et
al., 2020). Cytokine secretion is a critical immune function
of microglia that is regulated by most DAMPs and RAMPs
through interaction with multiple receptors (e.g., ST2, FPR1,
macrophage antigen complex 1, TLRs) and activation of the
associated intracellular signaling pathways. Phagocytosis
is another key immune function of microglia; upregulated

Figure 1 | Signaling mechanisms engaged by DAMPs and RAMPs in
microglia.

AP-1: Activator protein 1; CD: cluster of differentiation; DAMP: damage-
associated molecular pattern; FPR1: N-formyl peptide receptor 1; IL:
interleukin; IL-1RL1: interleukin 1 receptor-like 1; IRF3: interferon regulatory
factor 3; Mac-1: macrophage-1 antigen; MAPKs: mitogen-activated protein
kinases; MyD88: myeloid differentiation factor 88; NF-kB: nuclear factor
kappa-light-chain-enhancer of activated B cells; NLRP3: NOD-like receptor
protein 3; P2X7R: purinergic P2X7 receptor; RAGE: receptor for advanced
glycation end products; RAMP: resolution-associated molecular pattern;
ROCK: Rho-associated protein kinase; TGF: transforming growth factor; TLR:
toll-like receptor; TNF: tumour necrosis factor.

phagocytic activity is often considered to be a characteristic of
the anti-inflammatory/resolution activation state of microglia
(Reemst et al., 2016; Wolf et al., 2017). Figure 1 illustrates
that this microglial function can be regulated by both DAMPs
and RAMPs interacting with TLR2/4, while CD36-mediated
effect on phagocytosis has only been reported for the RAMP
cardiolipin (Collins et al., 2009). Elucidation of the signaling
mechanisms engaged by DAMPs and RAMPs in various CNS
cell types is essential for the future development of specific
RAMPs and/or DAMP inhibitors as therapeutic agents.

In addition to their general anti-inflammatory properties,
such as inhibition of pro-inflammatory cytokine secretion and
upregulation of phagocytic activity, cardiolipin, prothymosin a,
BiP, and aB-crystallin display several disease-specific beneficial
functions further supporting their RAMP-like activity in these
pathologies. For example, they can either inhibit formation
or facilitate removal of abnormal aggregates of tau and AB
proteins, thereby preventing development of neurofibrillary
tangles and senile plaques, respectively. Both of these
pathological structures are hallmarks of the highly prevalent
neurodegenerative AD (DeTure and Dickson, 2019). BiP and
aB-crystallin have been shown to function as molecular
chaperones that prevent oligomerization and aggregation
of tau (Sahara et al., 2007). In addition, in vitro experiments
demonstrate BiP binding to the amyloid precursor protein and
reducing production of the AR oligomers (Yang et al., 1998).
BiP also inhibits AB aggregation in its early stages (Evans et al.,
2006).

At the cellular level, extracellular BiP enhances removal of
AB by microglia in vitro (Kakimura et al., 2001). Furthermore,
cardiolipin and prothymosin a upregulate phagocytic
processes in murine microglia and human neutrophils,
respectively (Samara et al., 2013; Pointer et al., 2019).
Impaired microglial clearance of AB has been suggested to
drive AD pathogenesis (Gabande-Rodriguez et al., 2020);
therefore, it can be speculated that imbalanced regulation
of microglial phagocytosis by extracellular signals, including
RAMPs, contributes to this pathology. Interestingly, increased
expression of aB-crystallin has been reported in AD brain
areas with significant senile plaque and neurofibrillary
tangle accumulations, which may indicate a compensatory
response triggered by the disease mechanisms (Renkawek et
al., 1994). Possible therapeutic application of RAMPs in AD
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has been suggested based on a recent study demonstrating
the beneficial effects of extracellular BiP in a Drosophila
melanogaster model of AD (Martin-Pena et al., 2018).

Summary

Within the last 5 years, a significant effort has been aimed
at further characterization of physiological and pathological
roles of DAMPs in CNS inflammation. Considerable advances
in our understanding of the pathophysiological roles of
HMGB1 and IL-33 have been made along with discovery of
novel DAMPs of the CNS. Some of these newly characterized
molecules, such as TFAM and cytochrome C discussed above,
represent already established DAMPs of the peripheral
immune responses, which now have been implicated in CNS
pathophysiology as potential pro-inflammatory stimuli of
glial cells. While for other DAMPs, such as galectin-3 and
peroxiredoxin-2, their CNS functions have been extended
to a broader range of pathologies (Yip et al., 2017; Lu et al.,
2018). And finally, a new group of anti-inflammatory RAMPs
is emerging that could be essential for resolution of CNS
inflammatory processes. It can be concluded that discovery of
novel DAMPs and RAMPs of the CNS will be a productive field
of neuroimmunology for the foreseeable future. In addition to
expanding our basic knowledge about intercellular signaling
during neuroinflammatory events, these studies could have
significant translational value by identifying novel therapeutic
approaches (e.g., DAMP receptor antagonists, DAMP signaling
inhibitors, and anti-DAMP antibodies) for treatment of a wide
range of CNS diseases. Even though human clinical trials with
some of the RAMPs (e.g., BiP and aB-crystallin) have already
been initiated, the potential of these and other RAMPs as
therapeutics for various neuroimmune disorders of the CNS
should be explored through further pre-clinical and clinical
studies.

Author contributions: The author completed the manuscript
independently and approved the final manuscript.

Conflicts of interest: The author declare no conflicts of interest.

Financial support: This work was supported by grants from the Natural
Sciences and Engineering Research Council of Canada and the Jack Brown
and Family Alzheimer’s Disease Research Foundation.

Copyright license agreement: The Copyright License Agreement has
been signed by the author before publication.

Plagiarism check: Checked twice by iThenticate.

Peer review: Externally peer reviewed.

Open access statement: This is an open access journal, and articles

are distributed under the terms of the Creative Commons Attribution-
NonCommercial-ShareAlike 4.0 License, which allows others to remix,
tweak, and build upon the work non-commercially, as long as appropriate
credit is given and the new creations are licensed under the identical
terms.

References

Ahlemeyer B, Klumpp S, Krieglstein J (2002) Release of cytochrome c into the
extracellular space contributes to neuronal apoptosis induced by staurosporine.
Brain Res 934:107-116.

Andersson U, Yang H, Harris H (2018) High-mobility group box 1 protein (HMGB1)
operates as an alarmin outside as well as inside cells. Semin Immunol 38:40-48.

Au AK, Aneja RK, Bell MJ, Bayir H, Feldman K, Adelson PD, Fink EL, Kochanek
PM, Clark RS (2012) Cerebrospinal fluid levels of high-mobility group box 1
and cytochrome C predict outcome after pediatric traumatic brain injury. J
Neurotrauma 29:2013-2021.

Banjara M, Ghosh C (2017) Sterile neuroinflammation and strategies for
therapeutic intervention. Int J Inflam 2017:8385961.

Bajwa E, Pointer CB, Klegeris A (2019) The role of mitochondrial damage-associated
molecular patterns in chronic neuroinflammation. Mediators Inflamm
2019:4050796.

Balasubramanian K, Maeda A, Lee JS, Mohammadyani D, Dar HH, Jiang JF, St Croix
CM, Watkins S, Tyurin VA, Tyurina YY, Kléditz K, Polimova A, Kapralova VI, Xiong
Z, Ray P, Klein-Seetharaman J, Mallampalli RK, Bayir H, Fadeel B, Kagan VE
(2015) Dichotomous roles for externalized cardiolipin in extracellular signaling:
Promotion of phagocytosis and attenuation of innate immunity. Sci Signal 8:ra95.

Banjara M, Ghosh C (2017) Sterile neuroinflammation and strategies for
therapeutic intervention. Int J Inflam 2017:8385961.

428

Bianchi ME (2009) HMGB1 loves company. J Leukoc Biol 86:573-576.

Birmpilis Al, Karachaliou CE, Samara P, loannou K, Selemenakis P, Kostopoulos 1V,
Kavrochorianou N, Kalbacher H, Livaniou E, Haralambous S, Kotsinas A, Farzaneh
F, Trougakos IP, Voelter W, Dimopoulos MA, Bamias A, Tsitsilonis O (2019)
Antitumor reactive T-cell responses are enhanced in vivo by DAMP prothymosin
alpha and Its C-terminal decapeptide. Cancers 11:1764.

Bortolotti P, Faure E, Kipnis E (2018) Inflammasomes in tissue damages and
immune disorders after trauma. Front Immunol 9:1900.

Cayrol C, Girard JP (2018) Interleukin-33 (IL-33): A nuclear cytokine from the IL-1
family. Immunol Rev 281:154-168.

Chakraborty K, Raundhal M, Chen BB, Morse C, Tyurina YY, Khare A, Oriss TB,

Huff R, Lee JS, St Croix CM, Watkins S, Mallampalli RK, Kagan VE, Ray A, Ray P
(2017) The mito-DAMP cardiolipin blocks IL-10 production causing persistent
inflammation during bacterial pneumonia. Nat Commun 8:13944.

Collins RF, Touret N, Kuwata H, Tandon NN, Grinstein S, Trimble WS (2009) Uptake
of oxidized low density lipoprotein by CD36 occurs by an actin-dependent
pathway distinct from macropinocytosis. J Biol Chem 284:30288-30297.

Crouser ED, Shao G, Julian MW, Macre JE, Shadel GS, Tridandapani S, Huang Q,
Wewers MD (2009) Monocyte activation by necrotic cells is promoted by
mitochondrial proteins and formyl peptide receptors. Crit Care Med 37:2000-
20009.

Das S, Mishra KP, Chanda S, Ganju L, Singh SB (2019) CXCR7: A key neuroprotective
molecule against alarmin HMGB1 mediated CNS pathophysiology and
subsequent memory impairment. Brain Behav Immun 82:319-337.

Dela Cruz CS, Kang MJ (2018) Mitochondrial dysfunction and damage associated
molecular patterns (DAMPs) in chronic inflammatory diseases. Mitochondrion
41:37-44.

DeTure MA, Dickson DW (2019) The neuropathological diagnosis of Alzheimer’s
disease. Mol Neurodegener 14:32.

Dohi E, Choi EY, Rose IVL, Murata AS, Chow S, Niwa M, Kano SI (2017)

Behavioral changes in mice lacking interleukin-33. eNeuro doi: 10.1523/
ENEURO.0147-17.2017.

Earls RH, Menees KB, Chung J, Barber J, Gutekunst CA, Hazim MG, Lee JK (2019)
Intrastriatal injection of preformed alpha-synuclein fibrils alters central and
peripheral immune cell profiles in non-transgenic mice. J Neuroinflammation
16:250.

Evans CG, Wisen S, Gestwicki JE (2006) Heat shock proteins 70 and 90 inhibit early
stages of amyloid beta-(1-42) aggregation in vitro. J Biol Chem 281:33182-
33191.

Festoff BW, Sajja RK, van Dreden P, Cucullo L (2016) HMGB1 and thrombin
mediate the blood-brain barrier dysfunction acting as biomarkers of
neuroinflammation and progression to neurodegeneration in Alzheimer’s
disease. J Neuroinflammation 13:194.

Fonken LK, Frank MG, Kitt MM, D’Angelo HM, Norden DM, Weber MD, Barrientos
RM, Godbout JP, Watkins LR, Maier SF (2016) The alarmin HMGB1 mediates
age-induced neuroinflammatory priming. J Neurosci 36:7946-7956.

Frank D, Vince JE (2019) Pyroptosis versus necroptosis: similarities, differences, and
crosstalk. Cell Death Differ 26:99-114.

Frank MG, Adhikary S, Sobesky JL, Weber MD, Watkins LR, Maier SF (2016a) The
danger-associated molecular pattern HMGB1 mediates the neuroinflammatory
effects of methamphetamine. Brain Behav Immun 51:99-108.

Frank MG, Annis JL, Watkins LR, Maier SF (2019) Glucocorticoids mediate stress
induction of the alarmin HMGB1 and reduction of the microglia checkpoint
receptor CD200R1 in limbic brain structures. Brain Behav Immun 80:678-687.

Frank MG, Fonken LK, Annis JL, Watkins LR, Maier SF (2018) Stress disinhibits
microglia via down-regulation of CD200R: A mechanism of neuroinflammatory
priming. Brain Behav Immun 69:62-73.

Frank MG, Weber MD, Fonken LK, Hershman SA, Watkins LR, Maier SF (2016b) The
redox state of the alarmin HMGBL1 is a pivotal factor in neuroinflammatory and
microglial priming: A role for the NLRP3 inflammasome. Brain Behav Immun
55:215-224.

Franklin TC, Wohleb ES, Zhang Y, Fogaca M, Hare B, Duman RS (2018) Persistent
increase in microglial RAGE contributes to chronic stress-induced priming of
depressive-like behavior. Biol Psychiatry 83:50-60.

Freeman SA, Grinstein S (2014) Phagocytosis: receptors, signal integration, and the
cytoskeleton. Immunol Rev 262:193-215.

Fu L, Liu K, Wake H, Teshigawara K, Yoshino T, Takahashi H, Mori S, Nishibori M
(2017) Therapeutic effects of anti-HMGB1 monoclonal antibody on pilocarpine-
induced status epilepticus in mice. Sci Rep 7:1179.

Gabande-Rodriguez E, Keane L, Capasso M (2020) Microglial phagocytosis in aging
and Alzheimer’s disease. J Neurosci Res 98:284-298.

Gadani SP, Walsh JT, Lukens JR, Kipnis J (2015a) Dealing with danger in the CNS:
The response of the immune system to injury. Neuron 87:47-62.

Gadani SP, Walsh JT, Smirnov |, Zheng J, Kipnis J (2015b) The glia-derived alarmin
IL-33 orchestrates the immune response and promotes recovery following CNS
injury. Neuron 85:703-709.

Gaikwad S, Patel D, Agrawal-Rajput R (2017) CD40 negatively regulates ATP-TLR4-
activated inflammasome in microglia. Cell Mol Neurobiol 37:351-359.

Gelderblom M, Sobey CG, Kleinschnitz C, Magnus T (2015) Danger signals in stroke.
Ageing Res Rev 24:77-82.

Gharagozloo M, Gris KV, Mahvelati T, Amrani A, Lukens JR, Gris D (2017) NLR-
dependent regulation of inflammation in multiple sclerosis. Front Immunol
8:2012.

Gomes-Leal W (2019) Why microglia kill neurons after neural disorders? The
friendly fire hypothesis. Neural Regen Res 14:1499-1502.

| NEURAL REGENERATION RESEARCH | Vol 16 | No.3 | March 2021



Gomez Perdiguero E, Klapproth K, Schulz C, Busch K, Azzoni E, Crozet L, Garner
H, Trouillet C, de Bruijn MF, Geissmann F, Rodewald HR (2015) Tissue-resident
macrophages originate from yolk-sac-derived erythro-myeloid progenitors.
Nature 518:547-551.

Gong T, Liu L, Jiang W, Zhou R (2020) DAMP-sensing receptors in sterile
inflammation and inflammatory diseases. Nat Rev Immunol 20:95-112.

Gouveia A, Bajwa E, Klegeris A (2017) Extracellular cytochrome c as an intercellular
signaling molecule regulating microglial functions. Biochim Biophys Acta Gen
Subj 1861:2274-2281.

Guisasola MC, Alonso B, Bravo B, Vaquero J, Chana F (2018) An overview of
cytokines and heat shock response in polytraumatized patients. Cell Stress
Chaperones 23:483-489.

Gulke E, Gelderblom M, Magnus T (2018) Danger signals in stroke and
their role on microglia activation after ischemia. Ther Adv Neurol Disord
11:1756286418774254.

Hauser CJ, Otterbein LE (2018) Danger signals from mitochondrial DAMPS in
trauma and post-injury sepsis. Eur J Trauma Emerg Surg 44:317-324.

Holtman IR, Bsibsi M, Gerritsen WH, Boddeke HW, Eggen BJ, van der Valk P, Kipp M,
van Noort JM, Amor S (2017) Identification of highly connected hub genes in the
protective response program of human macrophages and microglia activated by
alpha B-crystallin. Glia 65:460-473.

Hou L, Wang K, Zhang C, Sun F, Che Y, Zhao X, Zhang D, Li H, Wang Q (2018)
Complement receptor 3 mediates NADPH oxidase activation and dopaminergic
neurodegeneration through a Src-Erk-dependent pathway. Redox Biol 14:250-
260

Hu Y, Mai W, Chen L, Cao K, Zhang B, Zhang Z, Liu Y, Lou H, Duan S, Gao Z (2020)
mTOR-mediated metabolic reprogramming shapes distinct microglia functions
in response to lipopolysaccharide and ATP. Glia 68:1031-1045.

Huang HT, Tsai SF, Wu HT, Huang HY, Hsieh HH, Kuo YM, Chen PS, Yang CS, Tzeng
SF (2019) Chronic exposure to high fat diet triggers myelin disruption and
interleukin-33 upregulation in hypothalamus. BMC Neurosci 20:33.

Kakimura J, Kitamura Y, Taniguchi T, Shimohama S, Gebicke-Haerter PJ (2001) Bip/
GRP78-induced production of cytokines and uptake of amyloid-beta(1-42)
peptide in microglia. Biochem Biophys Res Commun 281:6-10.

Kierdorf K, Fritz G (2013) RAGE regulation and signaling in inflammation and
beyond. J Leukoc Biol 94:55-68.

Kirkham B, Chaabo K, Hall C, Garrood T, Mant T, Allen E, Vincent A, Vasconcelos
JC, Prevost AT, Panayi GS, Corrigall VM (2016) Safety and patient response as
indicated by biomarker changes to binding immunoglobulin protein in the phase
I/lIA RAGULA clinical trial in rheumatoid arthritis. Rheumatology 55:1993-2000.

Le K, Wu' S, Chibaatar E, Ali Al, Guo Y (2020) Alarmin HMGB1 plays a detrimental
role in hippocampal dysfunction caused by hypoxia-ischemia insult in neonatal
mice: Evidence from the application of the HMGB1 inhibitor glycyrrhizin. ACS
Chem Neurosci 11:979-993.

Leitner GR, Wenzel, TJ, Marshall N, Gates EJ, Klegeris A (2019) Targeting toll-like
receptor 4 to modulate neuroinflammation in central nervous system disorders.
Expert Opin Ther Targets 23:865-882.

Liew FY, Girard JP, Turnquist HR (2016) Interleukin-33 in health and disease. Nat Rev
Immunol 16:676-689.

Little JP, Simtchouk S, Schindler SM, Villanueva EB, Gill NE, Walker DG, Wolthers
KR, Klegeris A (2014) Mitochondrial transcription factor A (Tfam) is a pro-
inflammatory extracellular signaling molecule recognized by brain microglia. Mol
Cell Neurosci 60:88-96.

Lu'Y, Zhang XS, Zhang ZH, Zhou XM, Gao YY, Liu GJ, Wang H, Wu LY, Li W, Hang CH
(2018) Peroxiredoxin 2 activates microglia by interacting with Toll-like receptor 4
after subarachnoid hemorrhage. J Neuroinflammation 15:87.

Maeda S, Sasaki K, Halder SK, Fujita W, Ueda H (2016) Neuroprotective DAMPs
member prothymosin alpha has additional beneficial actions against cerebral
ischemia-induced vascular damages. J Pharmacol Sci 132:100-104.

Martin-Pena A, Rincon-Limas DE, Fernandez-Funez P (2018) Engineered Hsp70
chaperones prevent Abeta42-induced memory impairments in a Drosophila
model of Alzheimer’s disease. Sci Rep 8:9915.

McKenzie BA, Dixit VM, Power C (2020) Fiery cell death: Pyroptosis in the central
nervous system. Trends Neurosci 43:55-73.

Michetti F, D’Ambrosi N, Toesca A, Puglisi MA, Serrano A, Marchese E, Corvino V,
Geloso MC (2019) The S1008B story: from biomarker to active factor in neural
injury. J Neurochem 148:168-187.

Mihm S (2018) Danger-associated molecular patterns (DAMPs): Molecular triggers
for sterile inflammation in the Liver. Int J Mol Sci 19:3104.

Mohammadi F, Nezafat N, Negahdaripour M, Dabbagh F, Haghghi AB, Kianpour
S, Banihashemi M, Ghasemi Y (2018) Neuroprotective effects of heat shock
protein 70. CNS Neurol Disord Drug Targets 17:736-742.

Nakamura K, Shichita T (2019) Cellular and molecular mechanisms of sterile
inflammation in ischaemic stroke. J Biochem 165:459-464.

Nishibori M, Mori S, Takahashi HK (2019) Anti-HMGB1 monoclonal antibody
therapy for a wide range of CNS and PNS diseases. J Pharmacol Sci 140:94-101.

Patel S (2018) Danger-associated molecular patterns (DAMPs): The derivatives and
triggers of inflammation. Curr Allergy Asthma Rep 18:63.

Paudel YN, Angelopoulou E, Piperi C, Othman I, Aamir K, Shaikh MF (2020) Impact
of HMGB1, RAGE, and TLR4 in Alzheimer’s disease (AD): From risk factors to
therapeutic targeting. Cells 9:383.

Pointer CB, Klegeris A (2017) Cardiolipin in central nervous system physiology and
pathology. Cell Mol Neurobiol 37:1161-1172.

Pointer CB, Wenzel TJ, Klegeris A (2019) Extracellular cardiolipin regulates select
immune functions of microglia and microglia-like cells. Brain Res Bull 146:153-
163.

Qu J, Tao XY, Teng P, Zhang Y, Guo CL, Hu L, Qian YN, Jiang CY, Liu WT (2017) Blocking
ATP-sensitive potassium channel alleviates morphine tolerance by inhibiting
HSP70-TLR4-NLRP3-mediated neuroinflammation. J Neuroinflammation 14:228.

Ratajczak MZ, Mack A, Bujko K, Domingues A, Pedziwiatr D, Kucia M, Ratajczak J,
Ulrich H, Kucharska-Mazur J, Samochowiec J (2019) ATP-NIrp3 inflammasome-
complement cascade axis in sterile brain inflammation in psychiatric patients
and its impact on stem cell trafficking. Stem Cell Rev Rep 15:497-505.

Reemst K, Noctor SC, Lucassen PJ, Hol EM (2016) The indispensable roles of
microglia and astrocytes during brain development. Front Hum Neurosci 10:566.

Renkawek K, Voorter CE, Bosman GJ, van Workum FP, de Jong WW (1994)
Expression of alpha B-crystallin in Alzheimer’s disease. Acta Neuropathol
87:155-160.

Richard SA, Sackey M, Su Z, Xu H (2017) Pivotal neuroinflammatory and therapeutic
role of high mobility group box 1 in ischemic stroke. Biosci Rep 37:BSR20171104.

Rodriguez-Nuevo A, Zorzano A (2019) The sensing of mitochondrial DAMPs by non-
immune cells. Cell Stress 3:195-207.

Roh JS, Sohn DH (2018) Damage-associated molecular patterns in inflammatory
diseases. Immune Netw 18:e27.

Rosciszewski G, Cadena V, Auzmendi J, Cieri MB, Lukin J, Rossi AR, Murta V,
Villarreal A, Reinés A, Gomes FCA, Ramos AJ (2019) Detrimental effects of
HMGB-1 require microglial-astroglial interaction: Implications for the status
epilepticus-induced neuroinflammation. Front Cell Neurosci 13:380.

Sahara N, Maeda S, Yoshiike Y, Mizoroki T, Yamashita S, Murayama M, Park JM, Saito
Y, Murayama S, Takashima A (2007) Molecular chaperone-mediated tau protein
metabolism counteracts the formation of granular tau oligomers in human
brain. J Neurosci Res 85:3098-3108.

Samara P, loannou K, Neagu M, Arnogiannaki N, Ardavanis A, Voelter W, Tsitsilonis
O (2013) The C-terminal decapeptide of prothymosin alpha is responsible
for its stimulatory effect on the functions of human neutrophils in vitro. Int
Immunopharmacol 15:50-57.

Schaefer L (2014) Complexity of danger: the diverse nature of damage-associated
molecular patterns. J Biol Chem 289:35237-35245.

Schindler SM, Frank MG, Annis JL, Maier SF, Klegeris A (2018) Pattern recognition
receptors mediate pro-inflammatory effects of extracellular mitochondrial
transcription factor A (TFAM). Mol Cell Neurosci 89:71-79.

Schroder K, Irvine KM, Taylor MS, Bokil NJ, Le Cao KA, Masterman KA, Labzin LI,
Semple CA, Kapetanovic R, Fairbairn L, Akalin A, Faulkner GJ, Baillie JK, Gongora
M, Daub CO, Kawaji H, McLachlan GJ, Goldman N, Grimmond SM, Carninci P, et
al. (2012) Conservation and divergence in Toll-like receptor 4-regulated gene
expression in primary human versus mouse macrophages. Proc Natl Acad Sci
US A 109:E944-953.

Shields AM, Panayi GS, Corrigall VM (2011) Resolution-associated molecular
patterns (RAMP): RAMParts defending immunological homeostasis? Clin Exp
Immunol 165:292-300.

Sung HY, Chen WY, Huang HT, Wang CY, Chang SB, Tzeng SF (2019) Down-regulation
of interleukin-33 expression in oligodendrocyte precursor cells impairs
oligodendrocyte lineage progression. J Neurochem 150:691-708.

Thundyil J, Lim KL (2015) DAMPs and neurodegeneration. Ageing Res Rev 24:17-28.

van Noort JM, Bsibsi M, Nacken PJ, Verbeek R, Venneker EH (2015) Therapeutic
intervention in multiple sclerosis with alpha B-crystallin: A randomized
controlled phase lla trial. PLoS One 10:e0143366.

Vaure C, Liu Y (2014) A comparative review of toll-like receptor 4 expression and
functionality in different animal species. Front Immunol 5:316.

Venegas C, Heneka MT (2017) Danger-associated molecular patterns in Alzheimer’s
disease. J Leukoc Biol 101:87-98.

Venegas C, Heneka MT (2019) Inflammasome-mediated innate immunity in
Alzheimer’s disease. FASEB J 33:13075-13084.

Wenzel TJ, Bajwa E, Klegeris A (2019) Cytochrome c can be released into
extracellular space and modulate functions of human astrocytes in a toll-like
receptor 4-dependent manner. Biochim Biophys Acta Gen Subj 1863:129400.

Wicher G, Wallenquist U, Lei Y, Enoksson M, Li X, Fuchs B, Abu Hamdeh S, Marklund
N, Hillered L, Nilsson G, Forsberg-Nilsson K (2017) Interleukin-33 promotes
recruitment of microglia/macrophages in response to traumatic brain injury. J
Neurotrauma 34:3173-3182.

Wolf SA, Boddeke HW, Kettenmann H (2017) Microglia in physiology and disease.
Annu Rev Physiol 79:619-643.

Yang Y, Turner RS, Gaut JR (1998) The chaperone BiP/GRP78 binds to amyloid
precursor protein and decreases Abeta40 and Abeta42 secretion. J Biol Chem
273:25552-25555.

Ye'Y, Zeng Z, Jin T, Zhang H, Xiong X, Gu L (2019) The role of high mobility group Box
1 in ischemic stroke. Front Cell Neurosci 13:127.

Yip PK, Carrillo-Jimenez A, King P, Vilalta A, Nomura K, Chau CC, Egerton AM, Liu ZH,
Shetty AJ, Tremoleda JL, Davies M, Deierborg T, Priestley JV, Brown GC, Michael-
Titus AT, Venero JL, Burguillos MA (2017) Galectin-3 released in response to
traumatic brain injury acts as an alarmin orchestrating brain immune response
and promoting neurodegeneration. Sci Rep 7:41689.

Yoshizaki S, Kijima K, Hara M, Saito T, Tamaru T, Tanaka M, Konno DJ, Nakashima
Y, Okada S (2019) Tranexamic acid reduces heme cytotoxicity via the TLR4/

TNF axis and ameliorates functional recovery after spinal cord injury. J
Neuroinflammation 16:160.

Zarpelon AC, Rodrigues FC, Lopes AH, Souza GR, Carvalho TT, Pinto LG, Xu D,
Ferreira SH, Alves-Filho JC, McInnes IB, Ryffel B, Quesniaux VF, Reverchon F,
Mortaud S, Menuet A, Liew FY, Cunha FQ, Cunha TM, Verri WA Jr (2016) Spinal
cord oligodendrocyte-derived alarmin IL-33 mediates neuropathic pain. FASEB J
30:54-65.

C-Editors: Zhao M, Li JY; T-Editor: Jia Y

NEURAL REGENERATION RESEARCH | Vol 16 | No.3 | March 2021 | 429



