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Abstract: Neuroinflammation is associated with several neurodegenerative disorders, including
Alzheimer’s disease (AD), Parkinson’s disease (PD), and multiple sclerosis (MS). Neuroinflammation
provides protection in acute situations but results in significant damage to the nervous system if
chronic. Overexpression of chemokines within the brain results in the recruitment and activation of
glial and peripheral immune cells which can propagate a cascading inflammatory response, resulting
in neurodegeneration and the onset of neurodegenerative disorders. Recent work has identified the
role of atypical chemokine receptors (ACKRs) in neurodegenerative conditions. ACKRs are seven-
transmembrane domain receptors that do not follow canonical G protein signaling, but regulate
inflammatory responses by modulating chemokine abundance, location, and availability. This review
summarizes what is known about the four ACKRs and three putative ACKRs within the brain,
highlighting their known expression and discussing the current understanding of each ACKR in the
context of neurodegeneration. The ability of ACKRs to alter levels of chemokines makes them an
appealing therapeutic target for neurodegenerative conditions. However, further work is necessary to
understand the expression of several ACKRs within the neuroimmune system and the effectiveness
of targeted drug therapies in the prevention and treatment of neurodegenerative conditions.

Keywords: atypical chemokine receptors; cytokines; chemokines; neuroinflammation; neurodegenerative
disorders

1. Introduction
1.1. ACKRs and cCKRs

Our cells utilize a complex network of signaling molecules and receptors to communi-
cate with each other. Among these signaling molecules are cytokines, which predominantly
affect cells and tissues within the immune system and influence immune cell activation,
differentiation, and migration [1]. A subgroup of cytokines are chemokines, which are small
proteins (8–12 KDa) primarily responsible for chemotaxis, or cell migration. Organized
based on their N-terminal amino acid sequence, chemokines are categorized into four sub-
families: CC, CXC, CX3C, and XC [2]. Chemokines are produced and secreted by a variety
of cells, including immune cells, endothelial cells, and epithelial cells [3]. To bind to these
secreted chemokines, cells use surface-expressed conventional chemokine receptors (cCKR),
which activate various cell processes, including cell migration, survival, proliferation, and
other cytokine release. To activate these processes, cCKRs use both G-protein coupling and
β-arrestin activation, resulting in chemokine signaling redundancy [4]. Currently, 23 cCKRs
have been identified, grouped according to the chemokines they bind. Aside from cCKRs,
atypical chemokine receptors (ACKR) also bind to chemokines and are expressed on a
variety of cells. ACKRs and cCKRs are structurally homologous and often bind to similar
chemokines. However, the distinction between ACKRs and cCKRs lies in the inability of
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ACKRs to activate G proteins. As a result, ACKRs lack the downstream signaling necessary
for chemotaxis [5,6]. This indifference to G proteins was originally thought to be caused by
ACKRs lack of the DRYLAIV motif, a canonical amino acid sequence conserved in other G
protein-coupled receptors. However, modifications to the DRYLAIV motif in cCKRs known
to activate via G-protein coupling, such as CXCR6, did not disrupt G-protein activation [7].
This suggests modifications to the DRYLAIV motif are not the only determinate in the
lacking activation. In addition, restitution of the motif within ACKRs did not fully restore
signaling, challenging the original dogma, but data for this are conflicting [8].

1.2. Inflammation and Neuroinflammation

ACKRs are expressed on many cell types in various bodily systems [9–16]. Their
expression within the immune system has received notable attention with research focusing
on ACKRs in the context of cancer, autoimmunity, and infection [17–19]. ACKRs possess
a unique ability to alter the immune response by modulating the bioavailability and
gradients of chemokines. Reliant upon these gradients are adaptive immune cells like B
cells and T cells, and innate immune cells like macrophages, neutrophils, natural killer
cells, dendritic cells, and monocytes, collectively referred to as leukocytes [20]. Using
cCKRs, leukocytes recognize chemokine gradients and migrate through the body to sites
of infection or tissue damage. In the event that a pathogen evades our primary immune
defenses (an impermeable skin barrier and selectively permeable mucous membranes),
cytokines are secreted from the infection site and activate leukocytes which, alongside
pathogen virulence factors, contribute to acute inflammation. This acute inflammation is
generally associated with the localization of activated immune cells to the site of infection
and removal of the pathogens over a short period of time. Occasionally, this inflammation
can become chronic because of either repeated trauma, resistant pathogens, or erroneous
leukocyte activation and recruitment. Chronic inflammation can result in off-target effects,
leading to excessive tissue damage and fibrosis [21].

The immune system and the nervous system are intricately connected via bidirectional
pathways. This relationship involves interaction and communication between various cell
types, of which an example is mast cells and microglia [22]. Neuropeptides, produced
by microglia, can activate mast cells, and worsen mast cell-related diseases such as aller-
gies [23]. In turn, when mast cells respond to immune stress, they can activate microglia
which can lead to an inflammatory response in the central nervous system (CNS) [24].

Inflammation within the brain and spinal cord (collectively known as the CNS) is
also referred to as neuroinflammation and can be especially dangerous. In the event of
tissue damage or infection within the CNS, a combination of neuroimmune cells, cytokines,
chemokines, and peripheral immune cells are employed to resolve the issue. The neuroim-
mune system is primarily composed of microglia, oligodendrocyte, and astrocytes [25].
Microglia are commonly thought of as the resident CNS macrophages and differentiate
from hematopoietic common myeloid progenitor cells [26]. A simplified spectrum of mi-
croglial polarization contains M1 and M2 phenotypes. M1 microglia are pro-inflammatory,
secreting inflammatory cytokines like interleukin (IL)-6 and tumor necrosis factor alpha
(TNF-α) [27]. M2 microglia are anti-inflammatory, producing anti-inflammatory cytokines
such as IL-10. M2 microglia phagocytose debris, cleaning up the CNS and promoting tissue
repair [27]. Once activated, microglia become mobile which allows them to reach the site
of injury [28]. These cells have been shown to remain at the site of infection/injury for a
long time, releasing cytokines and neurotoxic agents which can cause CNS damage [29].
Although originally presumed to be separate from the neuroimmune system, oligoden-
drocytes have several strong immune functions. Oligodendrocytes express a wide variety
of innate immune receptors and produce and respond to cytokines and chemokines [30].
Other connections to the neuroimmune system are unknown. The final neuroimmune cell
type outlined here is astrocytes. These cells maintain the CNS homeostasis via clearance of
cell debris, assisting neurotransmitter production, and up-keep of the blood–brain barrier
(BBB) [31–33]. The BBB is composed of endothelial cells and is a selectively permeable
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membrane that strictly controls the passage of ions, molecules, and cells between the pe-
riphery and the CNS [34]. Like the mucous membrane of the peripheral immune system,
an important goal of the BBB is to prevent entry of pathogens and toxins. In cases of CNS
infection or damage, cytokines, such as IL-17 and TNF-α, and chemokines are used to
increase BBB permeability allowing peripheral immune cell entry [35]. In response to these
chemokines, peripheral immune cells will migrate to the BBB to assist with pathogen clear-
ance or tissue repair [36]. While this is beneficial in acute neuroinflammation, infiltrating
immune cells can exacerbate chronic inflammation, causing increased neuronal death and
contributing to neurological disease progression [37–39]. In addition, damage to the BBB
via trauma [40–42] and oxidative stress [43] enables leukocytes to enter the parenchyma
and can exacerbate neuroinflammation.

1.3. Neurodegeneration

Neurodegeneration is a culmination of multiple factors and events that result in dis-
rupted CNS homeostasis, cognitive impairment, and neuronal death [44]. Neuronal cell
death within the CNS can be caused by mitochondrial malfunction, inflammatory cytokines,
and protein dysfunction and can have devastating consequences in neurodegeneration [45].
Age, genetic predisposition, physical trauma, and inflammation all contribute to the pro-
gression of neurodegeneration [46–48]. Neurological diseases classified as neurodegener-
ative include but are not limited to Alzheimer’s disease (AD), Parkinson’s disease (PD),
multiple sclerosis (MS), Huntington’s disease, and amyotrophic lateral sclerosis [49–51].
The prevalence of such diseases is rapidly increasing [52]. Unfortunately, because of the
complexity and sensitivity of the CNS, research investigating each neurodegenerative
disease is difficult and the exact cause for most has remained elusive. The current accepted
view of the cause of AD is that a build-up of extracellular amyloid-β results in amyloid
plaques and intraneuronal tau tangles. These plaques and tangles are neurotoxic leading
to neuronal cell death and neurodegeneration [53]. However, there has been mounting
evidence that amyloid-β plaques do not explain the entirety of AD, opening the doors for
further hypotheses [54].

Genomic analysis has identified several AD risk genes that are associated with innate
immune functions and increased inflammatory markers; taken together, these data suggest
a role of neuroinflammation in AD. The neuroinflammatory hypothesis identifies microglia
and astrocytes as the predominate perpetrators, which if defective, impair amyloid-β
clearance. They are believed to induce chronic neuroinflammation and neuronal death [55].
The pathogenesis of PD remains elusive. However, theories have pointed to oxidative
stress, genetic defects, neurotoxins, neuroinflammation, and metabolic disorders [56–60].
It is likely that a combination of these factors is responsible for PD. Disease progression
occurs slowly over many years before detection and diagnosis can prove difficult [61].
Characteristic of PD is Lewy body deposits, an aggregation of cellular protein, at sites of
neuron loss [62]. Neurodegeneration within PD damages dopaminergic neurons, resulting
in a lack of dopamine production and signaling which causes impaired movement.

MS is perhaps the most characterized of the neurodegenerative diseases discussed
here. MS is an autoimmune neurodegenerative disease designated by destruction of the
myelin sheath along the neuronal axons by autoreactive immune cells [63]. While the
trigger for the autoreactive cell activation is unknown, the pathogenesis that follows is well
understood. The destruction of the myelin sheath causes the neuronal axons to degrade,
disrupting CNS function [64]. Theories as to the initial trigger of autoimmunity in MS in-
clude genetics, geographical location, vitamin D deficiency, age, and viral infection [65–67].
A common animal model for MS is experimental autoimmune encephalomyelitis (EAE).
In an EAE model, myelin basic protein is injected into a mouse, which induces an autoim-
mune response in CD4+ T-cells; these cells begin to attack the myelin sheath surrounding
motor neurons. Several studies discussed in this review utilize the EAE model. Based on
current understanding, neuroinflammation is implicated in AD, PD, and MS, among other
neurodegenerative disease.
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Given the mounting evidence of neuroinflammation as a contributor to neurodegener-
ative diseases, the management of neuroinflammation has garnered significant research
interest. If a therapeutic agent could restore CNS homeostasis, it could be a potent treatment
for neurodegenerative diseases including AD, PD, and MS. Consideration of the ability of
ACKRs to modulate extracellular chemokine levels has led them to receive research interest
in this pursuit of restoring homeostasis. Therefore, this review discusses the current body
of research connecting ACKRs to the modulation of neurodegenerative diseases. Four
ACKRs (ACRK1–4) and three putative ACKRs (CCRL2, GPR182, and PITPNM3) have
been identified throughout the body. However, only ACKR1–3, CCRL2, and PITPNM3
have cellular expression within the CNS. Therefore, this review does not discuss ACKR4
and GPR182. In addition, no research has connected PITPNM3 to neurodegeneration and
therefore it too is excluded from the current review. This review begins by discussing the
current known functions of ACKRs. Each ACKR (ACKR1–3 and CCRL2) will then be sum-
marized individually, focusing on their cellular expression within the CNS, their unique
molecular mechanisms, and their known and putative binding partners (summarized in
Supplementary Materials Figure S1). We then summarize the current body of research
concerning the role of each ACKR as it relates to neurodegeneration. Finally, we discuss
areas of future research and potential connections to explore. Based on the evidence gath-
ered here, ACKRs play a unique role in maintaining the equilibrium of neuroinflammation
and serve as an appealing drug target for therapies for neurodegeneration. More research
is ultimately needed to understand ACKRs full role in managing neuroinflammation in
neurodegenerative diseases.

2. ACKR Functions

While ACKRs are unable to facilitate chemokine-directed cell migration or trigger G
protein-mediated signaling in the traditional sense, they nonetheless play an important role
regulating chemokines. Most significantly, ACKRs are widely documented to manage local
chemokine concentrations, thereby impacting cell migration and inflammatory processes.
Five ACKR functions have been documented throughout the body to fulfill this modulatory
role, which are discussed in detail below. They are described in Table 1 and are illustrated
in Figure 1. For unknown reasons, any given ACKR has only been documented to perform
a handful of these functions.

Table 1. General functions of ACKRs. ACKR2–4 possess chemokine scavenging ability. ACKR1 and
CCL2 can present chemokines. ACKR1 is the only receptor that facilitates chemokine transcytosis
and acts as a reservoir. ACKR1, ACKR3, and CCRL2 have all been shown to dimerize with other
receptors. GPR182 and PITPNM3 have been excluded due to their lack of connection to the CNS.
Sources: ACKR1 [10,11,68,69], ACKR2 [70,71], ACKR3 [72,73], ACKR4 [74], and CCRL2 [75–77].

Functions Which ACKRs Purpose

Chemokine Scavenging 2, 3, 4 Remove and degrade chemokines from the extracellular space.

Chemokine Presentation 1, CCRL2 Hold chemokines in place for presentation to other cells.

Chemokine Reservoir 1 Act as a chemokine buffer, removing and replacing extracellular
chemokines to maintain the appropriate concentration.

Chemokine Transcytosis 1 Facilitate transcellular migration to move chemokines from the
abluminal to the luminal side of various membranes.

Receptor Dimerization 1, 3, CCRL2 Dimerize with another receptor to block ligand binding or signaling.
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Figure 1. Five functions of ACKRs. (A) ACKRs can bind, internalize, and degrade their respective
ligands. The ACKRs are subsequently returned to the surface to repeat the process. (B) ACKRs can
remain fixed on the surface, holding and presenting chemokines to other cells. These presented
chemokines can bind to cCKRs and initiate downstream pathways. (C) Cells with ACKRs can have a
vacuole with stored chemokines. Using this, ACKRs can buffer chemokine concentration, removing or
releasing chemokines to maintain homeostasis. (D) ACKRs can facilitate the transcellular migration
of chemokines. They will bind on the basolateral side of a membrane and transport the chemokines
to the apical side. (E) ACKRs can dimerize with other receptors to inhibit signaling or ligand binding.
The red X indicates an inhibition of cCKR activity.
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2.1. Chemokine Scavenging

The most widely cited function of ACKRs is that of chemokine scavenging (Figure 1A) [78].
In this specific function, the ACKR binds to its respective ligand; the complex is then
internalized and transported to the lysosome, where the ligand is degraded. This process
may be β-arrestin dependent [71,79], although recent work has shown that β-arrestin is not
entirely necessary [74,80–82]. In fact, Montpas et al. demonstrated that a point mutation
in ACKR3 slowed scavenging in both the presence and absence of β-arrestin [82]; taken
together, these data suggest the optionality of β-arrestin and suggest the existence of an
unidentified effector. Following chemokine degradation, the ACKR returns to the surface to
scavenge more chemokines [8,71]. This unique property enables a low expression of ACKRs
to effectively scavenge large quantities of chemokines, resulting in lower concentrations of
chemokines and impacting other cCKR-mediated processes.

2.2. Chemokine Presentation

ACKRs also can remain expressed on the surface of cells without initiating signaling
nor internalizing ligands. Instead, ACKRs can act as decoy receptors, presenting and
concentrating their ligands (Figure 1B) [83,84]. This process provides several biologically
relevant outcomes. First, chemokine presentation facilitates the binding of chemokines to
other cell types via direct presentation. Second, by binding, ACKRs create a locally higher
chemokine concentration. This concentration can facilitate cCKR binding to their ligand,
increasing conventional signaling [83].

2.3. Chemokine Reservoir

ACKR1 is unique in its capacity to act as a chemokine reservoir (Figure 1C). Unlike
ACKR2–4, ACKR1 internalizes but does not scavenge ligands [10,68]. Rather, the internal-
ized ligands are moved into and stored in caveolae [10]. Using these caveolae, ACKR1 can
regulate the extracellular ligand gradient via absorption or release, acting as a chemokine
reservoir [11,85–87]. This role enables ACKR1 to react to the changing condition by finely
tuning extracellular chemokine concentrations. The exact mechanism of the regulation of
absorption and release is not known within the CNS.

2.4. Chemokine Transcytosis

Like the chemokine reservoir, ACKR1 is the only documented receptor to perform
chemokine transcytosis (Figure 1D). In this specific function, the ACKR binds the ligand,
and the complex is internalized. Instead of being transported to the lysosome, the complex
is targeted into caveolae. The caveolae are routed transcellularly where the caveolae merge
with the cell membrane and the ligand is released. The ACKR is returned to the original
side of the cell [10]. Of note, this transport has only been documented in the apical to basal
direction and the transport has been reported in vascular endothelial cells and the BBB.
Pruenster et al. [10,11] subsequently showed this transport facilitates leukocyte trafficking
across the endothelial barrier in healthy subjects but it is unknown if a similar role is played
at the BBB.

2.5. Receptor Dimerization

The final function of ACKRs is the dimerization to cCKRs (Figure 1E). This dimeriza-
tion results in a loss-of-function of the cCKRs, resulting in downstream effects. ACKR1 has
been shown to heterodimerize to CCR5 [69], ACKR3 with CXCR4 [88], and CCRL2 with
CXCR2 [89], acting as a functional antagonist. This mechanism provides another powerful
method to regulate the immune response, inhibiting certain cCKR-dependant pathways.
No work to-date has explored this relationship within the CNS, nor how such a relationship
affects neuroinflammatory conditions.

Overall, ACKRs perform several diverse functions and the specific role that each
ACKR takes on has significant physiological effects. However, it is not currently known
why a given ACKR will perform one function over another at any given time.
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3. ACKR1 (or DARC)

ACKR1, also known as Duffy antigen receptor for chemokines (DARC), was first
discovered in 1950 as a blood antigen group [90], but was later associated with interac-
tions between inflammatory chemokines and erythrocytes (Figure 2) [91]. Subsequent
ACKR1−/− mouse studies identified ACKR1 as being important in modulating the im-
mune response to endotoxins and chronic inflammation [85,92]. To accomplish this immune
modulation, ACKR1 performs several of the ACKR functions seen in Figure 1 and Table 1.
It acts as a chemokine presenter, facilitates chemokine transcytosis, acts as a chemokine
reservoir, and dimerizes with CCR5 [10,11,68,69]. These diverse functions enable ACKR1
to play a unique role in inflammation management throughout the body.
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Figure 2. Summary of each ACKR and its connection to the CNS and to neurodegenerative conditions.
ACKRs are expressed on a variety of CNS tissues. ACKR1 and ACKR2 are very promiscuous, binding
to several different CXCL and CCL chemokines. ACKR3 is more selective, binding to CXCL11 and
CXCL12, as well as several non-chemokine peptides including MIF, AM, and BAM22. ACKR4 binds
a handful of CCL ligands. Concerning the connection to neurodegeneration, the arrows represent the
up-regulation of the ACKR in the given neurologic condition. In ACKR2, the down arrow indicates
the decreased levels of significant chemokines given the ACKR’s presence. Both ACKR1 and ACKR3
are upregulated in several neurodegenerative conditions, whereas ACKR2 modulates CCL2 levels.
ACKR4 shows no CNS expression and therefore, no apparent connection to neurodegeneration.
Adapted from Szpakowska et al. [93].

Concerning cellular expression, ACKR1 is mostly found on endothelial tissues, such
as in postcapillary venules in the kidney and in the spleen [10,12]. Within the CNS, ACKR1
is expressed on endothelial cells in the BBB [11,12].
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3.1. ACKR1 Binding Partners

ACKR1 functionally binds to CCL1, 2, 5, 6, 8, 11, 12, 14, 16, 17, and CXCL1, 2, 3, 5, 6, 8,
9, 10, 11, and 13 [94]. Most of these chemokines are pro-inflammatory, aiding in neutrophil
and monocyte trafficking and activation.

3.2. ACKR1 and Neurodegeneration

The connection between ACKR1 and neurodegeneration has remained almost entirely
unexplored. Minten et al. have the only documented research connecting ACKR1 with
MS using an EAE mouse model. The results of Minten et al. showed ACKR1 experienced
increased expression in microvascular endothelial cells within the CNS before and during
EAE-onset [11]. Other research has documented similar ACKR1 expression and found
ACKR1 was involved in the leukocyte recruitment across the BBB via chemokine transport
to the luminal side of the brain [10]. Minten et al. suggested a similar method may
occur, enabling CNS leukocyte infiltration; to test this, they showed CCL2 and CCL5 were
transported to the luminal side in an in vitro model. These chemokines end up in the
blood, recruiting leukocytes and enabling their infiltration. ACKR1 also showed increased
expression in MS white matter. Finally, ACKR1−/− C57BL/6 mice exhibited significantly
ameliorated EAE clinical scores. To elucidate if these ameliorated clinical scores were due to
CNS endothelial ACKR1 or erythrocytes which express ACKR1, Minten et al. transplanted
C56BL/6 bone marrow into irradiated ACKR1−/− mice and vice versa. The ACKR1−/−

mice, who had wild-type erythrocytes, had similarly improved clinical scores as before.
These data indicate the improved clinical score is because of the missing ACKR1 on CNS
endothelial tissues as opposed to erythrocytes [11]. These results suggest ACKR1 is a
pro-inflammatory receptor that facilitates the transport of chemokines to the luminal side
of the BBB.

4. ACKR2 (or D6)

ACKR2, also known as D6 or chemokine binding protein 2 (CCBP2), was first isolated
and cloned from placenta samples in the 1990s (Figure 2) [6,95]. Of the ACKR functions
(Figure 1 and Table 1), ACKR2 acts as a chemokine scavenger, targeting a variety of pro-
inflammatory chemokines [70,71]. This function makes ACKR2 an appealing target for
inhibition and modulation of inflammation. ACKR2 is commonly expressed on lymphatic
endothelial cells in the periphery and on leukocytes which enter the CNS. Low levels of
ACKR2 expression have been detected on peripheral CD8+ T cells and monocytes while
high expression has been found on peripheral, naïve CD4+ T cells and on antigen presenting
cells (APCs) such as dendritic cells and B1 B cells [9,96].

4.1. ACKR2 Binding Partners

ACKR2 functionally binds to CCL2, 3, 3L1, 4, 4L1, 5, 7, 8, 11, 12, 13, 14, 17, 22, 23, 24, 26,
and CXCL10 and 14 [70,94,97–100]. Most of these chemokine ligands are pro-inflammatory,
although a few have both pro-inflammatory and homeostatic properties.

4.2. ACKR2 and Neurodegeneration

A genome-wide association study (GWAS) conducted by Kauwe et al. looked at
59 AD-related CSF analytes in relation to single nucleotide polymorphisms (SNP) [101].
Analyzing 574 patient samples, their results showed an increase of CCL2 levels in patients
with a mutated form of ACKR2, resulting from an SNP causing a single amino acid change
(V41A) [101]. CCL2 is a pro-inflammatory chemokine implicated in neurodegenerative
disease progression [102,103]. Building from this study, Murcia et al. sought to docu-
ment the specific mechanism responsible for the GWAS findings [104]. They found that
ACKR2-V41A has decreased binding to CCL2 as well as CCL4, another pro-inflammatory
chemokine implicated in neurodegenerative disease progression [105]. Additionally, in
the presence of chemokine, ACKR2-V41A had significantly reduced surface expression
whereas unstimulated cells had similar expression levels. Murcia et al. suggested this
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is due to impaired receptor recycling to the surface. These studies suggest an important
anti-inflammatory role of functioning ACKR2 in the resolution of inflammatory chemokines
in AD.

Woodcock et al. examined the role of ACKR2 within traumatic brain injury (TBI) [106].
Samples collected postmortem from human TBI victims showed no change in ACKR2
mRNA transcripts as compared to patients who died of unrelated causes. However, in
patients who survived for more than 8 h after TBI, a gradual increase in ACKR2 transcripts
was observed. A significant positive correlation between ACKR2 expression and survival
time was calculated. Transitioning to a TBI mouse model, Woodcock et al. induced TBI
in wild type (WT) or ACKR2 knockout mice (ACKR2−/−). They reported a significant
difference in immediate mortality rate; WT mice had a 25% mortality rate while ACKR2−/−

suffered a 46% mortality rate. Additionally, brain lesion volumes in ACKR2−/− mice
1 day after TBI were significantly larger. Interestingly, ACKR2−/− showed no difference in
functional recovery over 1 week when compared to its WT counterparts. Also examining
ACKR2 within TBI using a rat model, Quan et al. combined modification of ACKR2
expression with sensory integration therapy, a type of occupational therapy, and proposed
treatment for TBI [107]. Their study found that induced overexpression of ACKR2 within
the CNS in combination with sensory integration therapy improved rat cognitive function
after TBI. Rats with ACKR2 upregulation had less edema in the brain and decreased levels
of CCL2, IL-1β, and TNF-α. The results from Woodcock et al. and Quan et al. suggest
ACKR2 plays a critical role in resolving acute inflammation and aids in recovery from TBI.

Modified ACKR2 expression has also been studied in an EAE model, with Liu et al.
using an ACKR2−/− mouse model [108]. Interestingly, ACKR2−/− mice showed less-
ened disease severity. When immune cells from the lymphoid tissue of an EAE-induced
ACKR2−/− mouse were transferred to an ACKR2+/− mouse, disease severity was less than
that of ACKR2+/− mice receiving cells transferred from EAE-induced ACKR2+/+ mice. Liu
et al. also observed aggregation of dendritic cells at the subcutaneous injection site of EAE-
inducing peptide. Taken together, Liu et al. concluded that the lessened disease severity in
ACKR2−/− mice was due to lessened antigen presentation. This was attributed to impaired
migration of antigen presenting cells (APC). ACKR2 is expressed in lymphatic endothelial
cells and controls chemokine concentrations to enable proper APC migration to lymphatic
tissues [109]. However, a later study by Hansell et al. [70] also examining the impact of
ACKR2−/− in EAE models, reported results in stark contrast to those of Liu et al. Hansell
et al. reported a slightly increased disease severity in ACKR2−/− mice and observed no
difference in DC accumulation at the injection site. Drawing a single conclusion from these
studies is complicated. The conflicting results demand more investigation to determine the
precise role of ACKR2 in EAE and MS.

The current research of ACKR2 within neuroinflammation prompts a story of inflam-
matory modulation. Proper management of inflammatory chemokines is key to preventing
chronic inflammation within the CNS. ACKR2 poses an attractive target for targeted mod-
ulation of neuroinflammation due to its scavenging ability and affinity for a myriad of
pro-inflammatory chemokines.

5. ACKR3 (or RDC1 or CXCR7)

ACKR3, otherwise known as RDC1 and CXCR7, has one of the most prominent roles
of ACKRs within the CNS (Figure 2). The receptor has high-affinity binding to several CXC
chemokines as well as other non-chemokine molecules. Of the ACKR functions (Figure 1
and Table 1), ACKR3 acts as a chemokine scavenger, chemokine presenter, and dimerizes
with CXCR4 in an antagonistic manner [72,73].

ACKR3 is expressed in smooth muscle of venules and arterioles and in various leuko-
cytes, including T cells, B cells, dendritic cells, and epithelium. Within the CNS, ACKR3 has
high expression in glioma tumor cells, microglia, and tumor-associated vascular endothe-
lium [16,110,111]. More specific studies have identified that neurons, astrocytes, oligo-
dendrocyte, and endothelial cells all express ACKR3 [112,113]. Concerning localization,
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ACKR3 is not isolated to a specific region, but can be found throughout the CNS, including
in the cerebral cortex, hippocampus, hypothalamus, cerebellum, and spinal cord [112]. This
diverse neuro-expression suggests an essential role of ACKR3 in CNS functioning.

5.1. ACKR3’s Binding Partners

ACKR3 has been shown to functionally bind to CXCL11, CXCL12, macrophage
migration-inhibitory factor (MIF), adrenomedullin (AM), and bovine adrenal medulla
22 (BAM22) [72,114–117]. Although ACKR3 shares structural similarities to CXCR2 and
CXCR4, ACKR3 binding affinity to CXCL12 is about 10-fold higher than the affinity of
CXCR4 [72,118].

5.2. ACKR3 and Neurodegeneration

To date, the most significant connection between ACKR3 and neurodegeneration
has been identified in modulating leukocyte infiltration into the CNS. Normally, this
function plays a neuroprotective role, enabling leukocytes to clear the brain of infection.
ACKR3 has been shown to internalize and degrade CXCL12 within the CNS; low levels
of CXCL12 result in a permeabilized BBB which results in leukocyte entry [72,117,118].
These leukocytes help clear the stimuli, but unchecked or repeated infiltration can lead to
neurodegenerative diseases [119,120]. Hence, ACKR3 plays an essential role as a gatekeeper
to the CNS; an upregulation of ACKR3 allows greater leukocyte infiltration and greater
neuroinflammation. This role has been implicated in several neurodegenerative diseases.

Several publications have documented the upregulation of ACKR3 on developing
astrocytes in the CNS of EAE mice [120,121]. In addition, Cruz-Orengo et al. further
document an increased expression of ACKR3 in the CNS microvasculature at the BBB
of EAE mice compared to control mice. This increased ACKR3 expression results in
lower CXCL12 levels, increased BBB permeability, and increased leukocyte entry [120,122].
The pro-inflammatory connection between ACKR3 and EAE has driven many studies to
identify the effect of an ACKR3 antagonist on the progression of EAE. CCX771, one such
antagonist, was shown to improve overall disease scores and decrease leukocyte entry
into the CNS [120]. In a follow-up study, Cruz-Orengo et al. showed CCX771 enhanced
overall recovery regardless of the initial condition of the mouse. This specific recovery was
not due to myelin recovery but axon preservation [122]. ACT-1004-1239, another ACKR3
antagonist, showed similar results, decreasing disease clinical scores, and increasing the
survival rate; significantly fewer leukocytes infiltrated the CNS. Amazingly, ACT-1004-1239
also encouraged remyelination of the previously damaged neurons, leading to not just an
arrested onset but recovery [123].

Other studies have looked at neuroinflammation more generally in connection to
ACKR3. High mobility group box 1 (HMGB1) is an endogenous alarmin often associated
with neurodegenerative disorders, including AD and PD [124]. Das et al. treated mice with
HMGB1 to induce neurodegeneration. Following HMGB1 treatment, ACKR3 silencing
RNA (siRNA) was administered to knockdown ACKR3. ACKR3 knockdown was asso-
ciated with increased levels of pro-inflammatory receptors. ACKR3 agonists appear to
inhibit HMGB1-induced immune-cell infiltration, M2-to-M1 microglial conversion, neu-
ronal apoptosis, and lessen memory impairment [16]. Interestingly, these results, which
infer that ACKR3 is anti-inflammatory, seem to contradict the findings in EAE and those
connecting ACKR3 with BBB permeability, which suggest ACKR3 is pro-inflammatory.

Finally, ACKR3 shows increased expression in the hippocampus of AD patients [121].
Aside from this finding, no further research has been done connecting AD and ACKR3. In
all these experiments, the exact functions ACKR3 plays in each of these neurodegenerative
conditions is unknown, whether that be as a chemokine sink, another function, or no
function. Taken together, the effectiveness of both ACKR3 agonists and antagonists in
neurodegenerative diseases highlights the complexities of the CNS. It exists in a delicate
equilibrium, where either extreme can result in neuroinflammation and neurodegeneration.
Therefore, each neurodegenerative condition must be studied to understand if an agonist or
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antagonist is needed to return the CNS to equilibrium. ACKR3 is a potent and potentially
highly effective drug target in managing chemokine levels within the brain.

6. Putative ACKRs

Aside from the official ACKRs mentioned above, other receptors have been proposed
as members of the ACKR family. Like the ACKRs mentioned above, they lack G protein
coupling and perform several of the ACKR functions (see Figure 1). However, they each
differ slightly from the rest of the ACKR family and are awaiting IUPHAR (International
Union of Basic and Clinical Pharmacology) recognition as an ACKR. They are summarized
in Figure 3.
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Figure 3. Summary of each putative ACKR and its connection to the CNS and to neurodegenerative
conditions. GPR182 is a highly promiscuous receptor binding to several CCL and CXCL chemokines.
Conversely, CCRL2 and PITPNM3 are more conservative, binding to one chemokine each. CCRL2
also binds to the non-chemokine, chemerin. GPR182 and PITPNM are not expressed in the CNS,
and therefore no apparent connection to neurodegeneration has been found. CCRL2 is expressed
on microglia and astrocytes. Its connection to neurodegenerative diseases is convoluted, increasing
prognosis in an EAE model, and increasing CCL4 in AD, but also worsening stroke prognosis. Vertical
arrows indicate an increase or decrease. Horizontal arrows indicate associative relation.
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7. Putative ACRK: CCRL2 (or CRAM)

CCRL2, also known as CRAM, was first discovered in 1998 as an LPS-inducible C-C
receptor located on murine macrophages (Figure 3) [15]. Two isoforms for CCRL2 exist,
A and B; isoform A (CRAM-A) is less abundant than isoform B (CRAM-B). CRAM-B is a
truncated protein with 12 fewer amino acids from the C terminal end verses CRAM-A [83].
CCRL2 is known to preform three ACKR functions (Figure 1 and Table 1): chemokine
scavenging, chemokine presentation, and receptor dimerization [75–77]. CCRL2 has been
shown to dimerize with CXCR2 [89]. To date, it remains a putative ACKR, pending
approval.

CCRL2 is expressed in a diversity of cells, including neutrophils, monocytes, macrophages,
basophils, mast cells, PMNs, CD4+ T cells, pro- and pre- B cells, dendritic cells, NK cells,
CD34+ progenitor cells, epithelium and endothelium cells [15,76,83,84,125–130]. Upon
stimulation with pro-inflammatory signals like LPS, CCRL2 has been shown to be upregu-
lated in macrophages and neutrophils [15,76,126]. Within the CNS, CCRL2 is expressed on
microglia and astrocytes under inflammatory conditions [128,129].

7.1. CCRL2’s Binding Partners

CCRL2’s only definitively shown binding partner is chemerin, which is not a chemokine
but is a chemoattractant protein [77,131]. Chemokine like receptor 1 (CMKLR1, also known
as ChemR23) and G protein-coupled receptor 1 (GPR1) also share affinity for chemerin.
It has been suggested that CCRL2 also possesses affinity for CCL5 and CCL19, though
neither have been well established [76,77,131,132].

7.2. CCRL2 and Neurodegeneration

A study by Mazzon et al., examining the effect of CCRL2 in the EAE model, found
an association between increased levels of CCRL2 during the development of EAE [133].
mRNA transcripts of CCRL2 were increased after EAE induction. CCRL2−/− mice not
only had a lengthened recovery but a worsened phenotype with increased mortality.
Immunohistochemical staining of the brain 33 days post induction showed CCRL2−/−

mice had higher peripheral T cell infiltration as well as increased myelin loss. Mazzon et al.
implicated CCRL2 in M1/M2 mononuclear cell polarization as well as T cell activation.
M1 markers were higher in the CCRL2−/− mice, while M2 markers emerged much later
in CCRL2−/− mice, suggesting a delayed resolution response. Mazzon et al. concluded
that CCRL2 may play a role in limiting CMKLR1 expressing cells (i.e., dendritic cells,
macrophages, and NK cells) from infiltrating into the CNS. Studies have found impaired
CMKLR1 expression in mice in an EAE model showing attenuated disease progression and
severity [134,135]. Thus, CCRL2 may suppress neuroinflammation through competition
with CMKLR1.

The GWAS conducted by Kauwe et al. discussed previously also reported that a
mutated version of CCRL2 (CCRL2-V180M) was associated with decreased CCL4 levels in
the CNS [101]. CCL4 is associated with an increased risk for AD [136].

Taken together, the data connecting CCRL2 to neurodegenerative conditions demon-
strate a protective role. CCRL2 appears to compete with CMKLR1 for ligand availability,
altering the infiltration of peripheral immune cells and subsequent neuroinflammation.
In addition, the results presented by Kauwe et al. suggest a potential involvement with
pro-inflammatory chemokines.

8. Discussion

Our understanding of the role of atypical chemokine receptors in neurodegenerative
diseases is limited to relatively few studies. However, the findings to date frame ACKRs
as influential players in neuroinflammation and neurodegeneration. Not all ACKRs play
the same role, however. ACKR1, ACKR2, and CCRL2 appear to reduce inflammation
and attenuate or resolve neurodegeneration in a variety of diseases. ACKR3 currently has
conflicting data but seems likely to escalate neurodegenerative symptoms. Importantly,
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these observations are trends; because of the complexities of neuroinflammation and CNS
homeostasis, each ACKR must be studied in the context of each specific neurodegenerative
disease to understand its pro- or anti-inflammatory effects.

While some links have been made between ACKRs and neurodegenerative conditions,
the exact mechanism informing these links was not addressed in many of the studies
discussed. Based on the current body of research, the most significant and likely pathway is
as follows: ACKRs modulate CSF chemokine levels. Changes in these chemokine levels im-
pact cCKR binding and signaling which then impacts certain immune processes. Ultimately,
this cascade of events impacts the onset of neurodegenerative diseases. Understanding this
specific cascade for each ACKR in the individual neurodegenerative disease could reveal
novel therapeutic targets. In addition, no study examined above identified the specific
ACKR function that facilitated the given phenotype. Understanding these functions may
further elucidate the mechanism of action.

In general, ACKRs can efficiently modulate CSF chemokine levels. In addition, the
ligands of ACKRs are highly implicated in the prognosis of neurodegenerative condi-
tions. These two observations have been studied independently, but the bridge between
them remains elusive; it merits further research to connect ACKRs and their ligands to
neurodegenerative conditions. Several potential connections could be imagined and are
worth exploring.

9. Conclusions

The connection between ACKRs and neurodegenerative diseases remains mostly
elusive due to a lack of research and mechanistic insights. There is a much greater un-
derstanding of the role of ACKRs in immunology and oncology fields, which has led to
proposals for them as possible drug targets for different diseases. All classes of ACKRs
have unique interactions between ligands and receptors. These interactions can regulate
the immune response and manage cytokine production and expression, cell migration,
cell metabolism, and cell homeostasis. In the brain, these roles are critical in maintaining
the delicate equilibrium and the resulting normal cognitive functions. However, in cases
of neurodegeneration, the immune system has failed to maintain this balance. Given
the projected rise of these neurodegenerative diseases over the next several decades, it is
increasingly pertinent to discover novel strategies to restore homeostasis in the CNS.

ACKRs, with their immunomodulatory roles, could be an appealing target to return
immune balance within the CNS in these neurodegenerative conditions. Specifically, some
ACKRs play a unique role as a chemokine reservoir, often removing pro-inflammatory
cytokines from the extracellular space. On the other hand, some ACKRs can facilitate
chemokine transcytosis, enabling leukocyte infiltration downstream. In both cases, ACKRs
play an important role in the fine-tuning of the immune system. Considering these impor-
tant regulatory functions and the CNS expression of ACKR 1–3 and CCRL2, they appear to
have the most potential in modulating neuroinflammation. However, the current body of
research has been sparse. Therefore, further research is needed on ACKR1–3 and CCRL2
in connection to neurodegenerative diseases. If connections are found, ACKRs could be
an appealing drug target, with their immunomodulatory effects, CNS expression, and
potentially fewer side effects. Ultimately, it is necessary to further investigate how ACKRs
are possible biomarkers and drug targets to modulate neurodegenerative diseases.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms242216493/s1.

Author Contributions: Conceptualization, H.G.L., C.J.H., J.D.G.M., C.H. and K.S.W.; writing—original
draft preparation, H.G.L., C.J.H., J.D.G.M. and C.H.; writing—review and editing, H.G.L., C.J.H.,
J.D.G.M., C.H. and K.S.W.; funding acquisition, J.D.G.M. and K.S.W. All authors have read and agreed
to the published version of the manuscript.

https://www.mdpi.com/article/10.3390/ijms242216493/s1
https://www.mdpi.com/article/10.3390/ijms242216493/s1


Int. J. Mol. Sci. 2023, 24, 16493 14 of 19

Funding: We are grateful for the Brigham Young University Gerontology Center and James Bobbitt
Alzheimer’s grants that enabled our work on atypical chemokines and neuroinflammation.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Turner, M.D.; Nedjai, B.; Hurst, T.; Pennington, D.J. Cytokines and chemokines: At the crossroads of cell signalling and

inflammatory disease. Biochim. Biophys. Acta 2014, 1843, 2563–2582. [CrossRef]
2. Hughes, C.E.; Nibbs, R.J.B. A guide to chemokines and their receptors. FEBS J. 2018, 285, 2944–2971. [CrossRef] [PubMed]
3. Sokol, C.L.; Luster, A.D. The chemokine system in innate immunity. Cold Spring Harb. Perspect. Biol. 2015, 7, a016303. [CrossRef]

[PubMed]
4. Ulvmar, M.H.; Hub, E.; Rot, A. Atypical chemokine receptors. Exp. Cell Res. 2011, 317, 556–568. [CrossRef]
5. Nibbs, R.; Graham, G.; Rot, A. Chemokines on the move: Control by the chemokine “interceptors” Duffy blood group antigen

and D6. Semin. Immunol. 2003, 15, 287–294. [CrossRef] [PubMed]
6. Mantovani, A.; Bonecchi, R.; Locati, M. Tuning inflammation and immunity by chemokine sequestration: Decoys and more. Nat.

Rev. Immunol. 2006, 6, 907–918. [CrossRef]
7. Chandrasekar, B.; Bysani, S.; Mummidi, S. CXCL16 signals via Gi, phosphatidylinositol 3-kinase, Akt, I kappa B kinase, and

nuclear factor-kappa B and induces cell-cell adhesion and aortic smooth muscle cell proliferation. J. Biol. Chem. 2004, 279,
3188–3196. [CrossRef]

8. Graham, G.J.; Locati, M.; Mantovani, A.; Rot, A.; Thelen, M. The biochemistry and biology of the atypical chemokine receptors.
Immunol. Lett. 2012, 145, 30–38. [CrossRef]

9. McKimmie, C.S.; Fraser, A.R.; Hansell, C.; Gutiérrez, L.; Philipsen, S.; Connell, L.; Rot, A.; Kurowska-Stolarska, M.; Carreno, P.;
Pruenster, M.; et al. Hemopoietic cell expression of the chemokine decoy receptor D6 is dynamic and regulated by GATA1. J.
Immunol. 2008, 181, 3353–3363. [CrossRef]

10. Pruenster, M.; Mudde, L.; Bombosi, P.; Dimitrova, S.; Zsak, M.; Middleton, J.; Richmond, A.; Graham, G.J.; Segerer, S.; Nibbs, R.J.;
et al. The Duffy antigen receptor for chemokines transports chemokines and supports their promigratory activity. Nat. Immunol.
2009, 10, 101–108. [CrossRef]

11. Minten, C.; Alt, C.; Gentner, M.; Frei, E.; Deutsch, U.; Lyck, R.; Schaeren-Wiemers, N.; Rot, A.; Engelhardt, B. DARC shuttles
inflammatory chemokines across the blood-brain barrier during autoimmune central nervous system inflammation. Brain 2014,
137, 1454–1469. [CrossRef]

12. Horuk, R.; Martin, A.; Hesselgesser, J.; Hadley, T.; Lu, Z.H.; Wang, Z.X.; Peiper, S.C. The Duffy antigen receptor for chemokines:
Structural analysis and expression in the brain. J. Leukoc. Biol. 1996, 59, 29–38. [CrossRef] [PubMed]

13. Heinzel, K.; Benz, C.; Bleul, C.C. A silent chemokine receptor regulates steady-state leukocyte homing in vivo. Proc. Natl. Acad.
Sci. USA 2007, 104, 8421–8426. [CrossRef] [PubMed]

14. Le Mercier, A.; Bonnavion, R.; Yu, W.; Alnouri, M.W.; Ramas, S.; Zhang, Y.; Jager, Y.; Roquid, K.A.; Jeong, H.W.; Sivaraj, K.K.; et al.
GPR182 is an endothelium-specific atypical chemokine receptor that maintains hematopoietic stem cell homeostasis. Proc. Natl.
Acad. Sci. USA 2021, 118, e2021596118. [CrossRef]

15. Shimada, T.; Matsumoto, M.; Tatsumi, Y.; Kanamaru, A.; Akira, S. A novel lipopolysaccharide inducible C-C chemokine receptor
related gene in murine macrophages. FEBS Lett. 1998, 425, 490–494. [CrossRef] [PubMed]

16. Das, S.; Mishra, K.P.; Chanda, S.; Ganju, L.; Singh, S.B. CXCR7: A key neuroprotective molecule against alarmin HMGB1 mediated
CNS pathophysiology and subsequent memory impairment. Brain Behav. Immun. 2019, 82, 319–337. [CrossRef] [PubMed]

17. Torphy, R.J.; Yee, E.J.; Schulick, R.D.; Zhu, Y. Atypical chemokine receptors: Emerging therapeutic targets in cancer. Trends
Pharmacol. Sci. 2022, 43, 1085–1097. [CrossRef]

18. Baldwin, H.M.; Singh, M.D.; Codullo, V.; King, V.; Wilson, H.; Mcinnes, I.; Graham, G.J. Elevated ACKR2 expression is a common
feature of inflammatory arthropathies. Rheumatology 2017, 56, 1607–1617. [CrossRef]

19. Crawford, K.S.; Volkman, B.F. Prospects for targeting ACKR1 in cancer and other diseases. Front. Immunol. 2023, 14, 1111960.
[CrossRef]

20. Schmidt, S.; Moser, M.; Sperandio, M. The molecular basis of leukocyte recruitment and its deficiencies. Mol. Immunol. 2013, 55,
49–58. [CrossRef]

21. Medzhitov, R. Origin and physiological roles of inflammation. Nature 2008, 454, 428–435. [CrossRef]
22. Pandolf, F. The Impact of Mast Cells in Neuroimmunology and Cancer. Eur. J. Neurodegener. Dis. 2023, 12, 62–70.
23. Xu, H.; Shi, X.; Li, X.; Zou, J.; Zhou, C.; Liu, W.; Shao, H.; Chen, H.; Shi, L. Neurotransmitter and neuropeptide regulation of mast

cell function: A systematic review. J. Neuroinflam. 2020, 17, 356. [CrossRef]
24. Kritas, S.K.; Saggini, A.; Cerulli, G.; Caraffa, A.; Antinolfi, P.; Pantalone, A.; Rosati, M.; Tei, M.; Speziali, A.; Saggini, R.; et al.

Corticotropin-releasing hormone, microglia and mental disorders. Int. J. Immunopathol. Pharmacol. 2014, 27, 163–167. [CrossRef]
[PubMed]

25. Vainchtein, I.D.; Molofsky, A.V. Astrocytes and Microglia: In Sickness and in Health. Trends Neurosci. 2020, 43, 144–154. [CrossRef]
26. Ginhoux, F.; Prinz, M. Origin of microglia: Current concepts and past controversies. Cold Spring Harb. Perspect. Biol. 2015,

7, a020537. [CrossRef] [PubMed]

https://doi.org/10.1016/j.bbamcr.2014.05.014
https://doi.org/10.1111/febs.14466
https://www.ncbi.nlm.nih.gov/pubmed/29637711
https://doi.org/10.1101/cshperspect.a016303
https://www.ncbi.nlm.nih.gov/pubmed/25635046
https://doi.org/10.1016/j.yexcr.2011.01.012
https://doi.org/10.1016/j.smim.2003.08.006
https://www.ncbi.nlm.nih.gov/pubmed/15001178
https://doi.org/10.1038/nri1964
https://doi.org/10.1074/jbc.M311660200
https://doi.org/10.1016/j.imlet.2012.04.004
https://doi.org/10.4049/jimmunol.181.5.3353
https://doi.org/10.1038/ni.1675
https://doi.org/10.1093/brain/awu045
https://doi.org/10.1002/jlb.59.1.29
https://www.ncbi.nlm.nih.gov/pubmed/8558064
https://doi.org/10.1073/pnas.0608274104
https://www.ncbi.nlm.nih.gov/pubmed/17485674
https://doi.org/10.1073/pnas.2021596118
https://doi.org/10.1016/S0014-5793(98)00299-3
https://www.ncbi.nlm.nih.gov/pubmed/9563519
https://doi.org/10.1016/j.bbi.2019.09.003
https://www.ncbi.nlm.nih.gov/pubmed/31505255
https://doi.org/10.1016/j.tips.2022.09.009
https://doi.org/10.1093/rheumatology/kex176
https://doi.org/10.3389/fimmu.2023.1111960
https://doi.org/10.1016/j.molimm.2012.11.006
https://doi.org/10.1038/nature07201
https://doi.org/10.1186/s12974-020-02029-3
https://doi.org/10.1177/039463201402700203
https://www.ncbi.nlm.nih.gov/pubmed/25004828
https://doi.org/10.1016/j.tins.2020.01.003
https://doi.org/10.1101/cshperspect.a020537
https://www.ncbi.nlm.nih.gov/pubmed/26134003


Int. J. Mol. Sci. 2023, 24, 16493 15 of 19

27. Guo, S.; Wang, H.; Yin, Y. Microglia Polarization from M1 to M2 in Neurodegenerative Diseases. Front. Aging Neurosci. 2022,
14, 815347. [CrossRef]

28. Hanisch, U.K.; Kettenmann, H. Microglia: Active sensor and versatile effector cells in the normal and pathologic brain. Nat.
Neurosci. 2007, 10, 1387–1394. [CrossRef] [PubMed]

29. Liu, B.; Hong, J.S. Role of microglia in inflammation-mediated neurodegenerative diseases: Mechanisms and strategies for
therapeutic intervention. J. Pharmacol. Exp. Ther. 2003, 304, 1–7. [CrossRef] [PubMed]

30. Peferoen, L.; Kipp, M.; van der Valk, P.; van Noort, J.M.; Amor, S. Oligodendrocyte-microglia cross-talk in the central nervous
system. Immunology 2014, 141, 302–313. [CrossRef]

31. Kwon, H.S.; Koh, S.H. Neuroinflammation in neurodegenerative disorders: The roles of microglia and astrocytes. Transl.
Neurodegener. 2020, 9, 42. [CrossRef]

32. Brandebura, A.N.; Paumier, A.; Onur, T.S.; Allen, N.J. Astrocyte contribution to dysfunction, risk and progression in neurodegen-
erative disorders. Nat. Rev. Neurosci. 2023, 24, 23–39. [CrossRef]

33. Kim, Y.; Park, J.; Choi, Y.K. The Role of Astrocytes in the Central Nervous System Focused on BK Channel and Heme Oxygenase
Metabolites: A Review. Antioxidants 2019, 8, 121. [CrossRef]

34. Daneman, R.; Prat, A. The blood-brain barrier. Cold Spring Harb. Perspect. Biol. 2015, 7, a020412. [CrossRef] [PubMed]
35. Galea, I. The blood-brain barrier in systemic infection and inflammation. Cell Mol. Immunol. 2021, 18, 2489–2501. [CrossRef]
36. Castellani, G.; Croese, T.; Peralta Ramos, J.M.; Schwartz, M. Transforming the understanding of brain immunity. Science 2023, 380,

eabo7649. [CrossRef]
37. Berriat, F.; Lobsiger, C.S.; Boillee, S. The contribution of the peripheral immune system to neurodegeneration. Nat. Neurosci. 2023,

26, 942–954. [CrossRef] [PubMed]
38. Harms, A.S.; Ferreira, S.A.; Romero-Ramos, M. Periphery and brain, innate and adaptive immunity in Parkinson’s disease. Acta

Neuropathol. 2021, 141, 527–545. [CrossRef] [PubMed]
39. Puentes, F.; Malaspina, A.; van Noort, J.M.; Amor, S. Non-neuronal Cells in ALS: Role of Glial, Immune cells and Blood-CNS

Barriers. Brain Pathol. 2016, 26, 248–257. [CrossRef]
40. Blixt, J.; Svensson, M.; Gunnarson, E.; Wanecek, M. Aquaporins and blood-brain barrier permeability in early edema development

after traumatic brain injury. Brain Res. 2015, 1611, 18–28. [CrossRef]
41. Alam, A.; Thelin, E.P.; Tajsic, T.; Khan, D.Z.; Khellaf, A.; Patani, R.; Helmy, A. Cellular infiltration in traumatic brain injury.

J. Neuroinflam. 2020, 17, 328. [CrossRef]
42. Xu, X.; Gao, W.; Cheng, S.; Yin, D.; Li, F.; Wu, Y.; Sun, D.; Zhou, S.; Wang, D.; Zhang, Y.; et al. Anti-inflammatory and

immunomodulatory mechanisms of atorvastatin in a murine model of traumatic brain injury. J. Neuroinflam. 2017, 14, 167.
[CrossRef] [PubMed]

43. Pun, P.B.; Lu, J.; Moochhala, S. Involvement of ROS in BBB dysfunction. Free Radic. Res. 2009, 43, 348–364. [CrossRef] [PubMed]
44. Lamptey, R.N.L.; Chaulagain, B.; Trivedi, R.; Gothwal, A.; Layek, B.; Singh, J. A Review of the Common Neurodegenerative

Disorders: Current Therapeutic Approaches and the Potential Role of Nanotherapeutics. Int. J. Mol. Sci. 2022, 23, 1851. [CrossRef]
45. Andreone, B.J.; Larhammar, M.; Lewcock, J.W. Cell Death and Neurodegeneration. Cold Spring Harb. Perspect. Biol. 2020,

12, a036434. [CrossRef]
46. Armstrong, R. What causes neurodegenerative disease? Folia Neuropathol. 2020, 58, 93–112. [CrossRef]
47. DeLegge, M.H.; Smoke, A. Neurodegeneration and inflammation. Nutr. Clin. Pr. 2008, 23, 35–41. [CrossRef]
48. Sun, Y.; Koyama, Y.; Shimada, S. Inflammation from Peripheral Organs to the Brain: How Does Systemic Inflammation Cause

Neuroinflammation? Front. Aging Neurosci. 2022, 14, 903455. [CrossRef]
49. Cornblath, E.J.; Robinson, J.L.; Irwin, D.J.; Lee, E.B.; Lee, V.M.; Trojanowski, J.Q.; Bassett, D.S. Defining and predicting transdiag-

nostic categories of neurodegenerative disease. Nat. Biomed. Eng. 2020, 4, 787–800. [CrossRef] [PubMed]
50. Hague, S.M.; Klaffke, S.; Bandmann, O. Neurodegenerative disorders: Parkinson’s disease and Huntington’s disease. J. Neurol.

Neurosurg. Psychiatry 2005, 76, 1058–1063. [CrossRef] [PubMed]
51. Chaudhuri, A. Multiple sclerosis is primarily a neurodegenerative disease. J. Neural Transm. 2013, 120, 1463–1466. [CrossRef]

[PubMed]
52. Erkkinen, M.G.; Kim, M.O.; Geschwind, M.D. Clinical Neurology and Epidemiology of the Major Neurodegenerative Diseases.

Cold Spring Harb. Perspect. Biol. 2018, 10, a033118. [CrossRef] [PubMed]
53. Breijyeh, Z.; Karaman, R. Comprehensive Review on Alzheimer’s Disease: Causes and Treatment. Molecules 2020, 25, 5789.

[CrossRef] [PubMed]
54. Leng, F.; Edison, P. Neuroinflammation and microglial activation in Alzheimer disease: Where do we go from here? Nat. Rev.

Neurol. 2021, 17, 157–172. [CrossRef]
55. Singh, D. Astrocytic and microglial cells as the modulators of neuroinflammation in Alzheimer’s disease. J. Neuroinflam. 2022,

19, 206. [CrossRef]
56. Cacabelos, R. Parkinson’s Disease: From Pathogenesis to Pharmacogenomics. Int. J. Mol. Sci. 2017, 18, 551. [CrossRef]
57. Irwin, D.J.; Grossman, M.; Weintraub, D.; Hurtig, H.I.; Duda, J.E.; Xie, S.X.; Lee, E.B.; Van Deerlin, V.M.; Lopez, O.L.; Kofler, J.K.;

et al. Neuropathological and genetic correlates of survival and dementia onset in synucleinopathies: A retrospective analysis.
Lancet Neurol. 2017, 16, 55–65. [CrossRef]

https://doi.org/10.3389/fnagi.2022.815347
https://doi.org/10.1038/nn1997
https://www.ncbi.nlm.nih.gov/pubmed/17965659
https://doi.org/10.1124/jpet.102.035048
https://www.ncbi.nlm.nih.gov/pubmed/12490568
https://doi.org/10.1111/imm.12163
https://doi.org/10.1186/s40035-020-00221-2
https://doi.org/10.1038/s41583-022-00641-1
https://doi.org/10.3390/antiox8050121
https://doi.org/10.1101/cshperspect.a020412
https://www.ncbi.nlm.nih.gov/pubmed/25561720
https://doi.org/10.1038/s41423-021-00757-x
https://doi.org/10.1126/science.abo7649
https://doi.org/10.1038/s41593-023-01323-6
https://www.ncbi.nlm.nih.gov/pubmed/37231108
https://doi.org/10.1007/s00401-021-02268-5
https://www.ncbi.nlm.nih.gov/pubmed/33555429
https://doi.org/10.1111/bpa.12352
https://doi.org/10.1016/j.brainres.2015.03.004
https://doi.org/10.1186/s12974-020-02005-x
https://doi.org/10.1186/s12974-017-0934-2
https://www.ncbi.nlm.nih.gov/pubmed/28835272
https://doi.org/10.1080/10715760902751902
https://www.ncbi.nlm.nih.gov/pubmed/19241241
https://doi.org/10.3390/ijms23031851
https://doi.org/10.1101/cshperspect.a036434
https://doi.org/10.5114/fn.2020.96707
https://doi.org/10.1177/011542650802300135
https://doi.org/10.3389/fnagi.2022.903455
https://doi.org/10.1038/s41551-020-0593-y
https://www.ncbi.nlm.nih.gov/pubmed/32747831
https://doi.org/10.1136/jnnp.2004.060186
https://www.ncbi.nlm.nih.gov/pubmed/16024878
https://doi.org/10.1007/s00702-013-1080-3
https://www.ncbi.nlm.nih.gov/pubmed/23982272
https://doi.org/10.1101/cshperspect.a033118
https://www.ncbi.nlm.nih.gov/pubmed/28716886
https://doi.org/10.3390/molecules25245789
https://www.ncbi.nlm.nih.gov/pubmed/33302541
https://doi.org/10.1038/s41582-020-00435-y
https://doi.org/10.1186/s12974-022-02565-0
https://doi.org/10.3390/ijms18030551
https://doi.org/10.1016/S1474-4422(16)30291-5


Int. J. Mol. Sci. 2023, 24, 16493 16 of 19

58. Wen, K.X.; Milic, J.; El-Khodor, B.; Dhana, K.; Nano, J.; Pulido, T.; Kraja, B.; Zaciragic, A.; Bramer, W.M.; Troup, J.; et al. The
Role of DNA Methylation and Histone Modifications in Neurodegenerative Diseases: A Systematic Review. PLoS ONE 2016,
11, e0167201. [CrossRef]

59. Lill, C.M. Genetics of Parkinson’s disease. Mol. Cell Probes 2016, 30, 386–396. [CrossRef]
60. Xie, Y.; Feng, H.; Peng, S.; Xiao, J.; Zhang, J. Association of plasma homocysteine, vitamin B12 and folate levels with cognitive

function in Parkinson’s disease: A meta-analysis. Neurosci. Lett. 2017, 636, 190–195. [CrossRef]
61. Tolosa, E.; Garrido, A.; Scholz, S.W.; Poewe, W. Challenges in the diagnosis of Parkinson’s disease. Lancet Neurol. 2021, 20,

385–397. [CrossRef]
62. Schulz-Schaeffer, W.J. The synaptic pathology of alpha-synuclein aggregation in dementia with Lewy bodies, Parkinson’s disease

and Parkinson’s disease dementia. Acta Neuropathol. 2010, 120, 131–143. [CrossRef]
63. Liu, R.; Du, S.; Zhao, L.; Jain, S.; Sahay, K.; Rizvanov, A.; Lezhnyova, V.; Khaibullin, T.; Martynova, E.; Khaiboullina, S.; et al.

Autoreactive lymphocytes in multiple sclerosis: Pathogenesis and treatment target. Front. Immunol. 2022, 13, 996469. [CrossRef]
64. Rodriguez Murua, S.; Farez, M.F.; Quintana, F.J. The Immune Response in Multiple Sclerosis. Annu. Rev. Pathol. 2022, 17, 121–139.

[CrossRef]
65. Tarlinton, R.E.; Martynova, E.; Rizvanov, A.A.; Khaiboullina, S.; Verma, S. Role of Viruses in the Pathogenesis of Multiple Sclerosis.

Viruses 2020, 12, 643. [CrossRef] [PubMed]
66. Goris, A.; Vandebergh, M.; McCauley, J.L.; Saarela, J.; Cotsapas, C. Genetics of multiple sclerosis: Lessons from polygenicity.

Lancet Neurol. 2022, 21, 830–842. [CrossRef] [PubMed]
67. Pierrot-Deseilligny, C.; Souberbielle, J.C. Vitamin D and multiple sclerosis: An update. Mult. Scler. Relat. Disord. 2017, 14, 35–45.

[CrossRef] [PubMed]
68. Girbl, T.; Lenn, T.; Perez, L.; Rolas, L.; Barkaway, A.; Thiriot, A.; Del Fresno, C.; Lynam, E.; Hub, E.; Thelen, M.; et al. Distinct

Compartmentalization of the Chemokines CXCL1 and CXCL2 and the Atypical Receptor ACKR1 Determine Discrete Stages of
Neutrophil Diapedesis. Immunity 2018, 49, 1062–1076.e6. [CrossRef]

69. Chakera, A.; Seeber, R.M.; John, A.E.; Eidne, K.A.; Greaves, D.R. The duffy antigen/receptor for chemokines exists in an
oligomeric form in living cells and functionally antagonizes CCR5 signaling through hetero-oligomerization. Mol. Pharmacol.
2008, 73, 1362–1370. [CrossRef] [PubMed]

70. Hansell, C.A.; Simpson, C.V.; Nibbs, R.J. Chemokine sequestration by atypical chemokine receptors. Biochem. Soc. Trans. 2006, 34,
1009–1013. [CrossRef]

71. Weber, M.; Blair, E.; Simpson, C.V.; O’Hara, M.; Blackburn, P.E.; Rot, A.; Graham, G.J.; Nibbs, R.J.B. The Chemokine Receptor D6
Constitutively Traffics to and from the Cell Surface to Internalize and Degrade Chemokines. Mol. Biol. Cell 2004, 15, 2492–2508.
[CrossRef] [PubMed]

72. Balabanian, K.; Lagane, B.; Infantino, S.; Chow, K.Y.; Harriague, J.; Moepps, B.; Arenzana-Seisdedos, F.; Thelen, M.; Bachelerie, F.
The chemokine SDF-1/CXCL12 binds to and signals through the orphan receptor RDC1 in T lymphocytes. J. Biol. Chem. 2005,
280, 35760–35766. [CrossRef] [PubMed]

73. Burns, J.M.; Summers, B.C.; Wang, Y.; Melikian, A.; Berahovich, R.; Miao, Z.; Penfold, M.E.; Sunshine, M.J.; Littman, D.R.; Kuo,
C.J.; et al. A novel chemokine receptor for SDF-1 and I-TAC involved in cell survival, cell adhesion, and tumor development. J.
Exp. Med. 2006, 203, 2201–2213. [CrossRef]

74. Comerford, I.; Milasta, S.; Morrow, V.; Milligan, G.; Nibbs, R. The chemokine receptor CCX-CKR mediates effective scavenging of
CCL19 in vitro. Eur. J. Immunol. 2006, 36, 1904–1916. [CrossRef]

75. Yoshimura, T.; Oppenheim, J.J. Chemokine-like receptor 1 (CMKLR1) and chemokine (C-C motif) receptor-like 2 (CCRL2); two
multifunctional receptors with unusual properties. Exp. Cell Res. 2011, 317, 674–684. [CrossRef]

76. Del Prete, A.; Bonecchi, R.; Vecchi, A.; Mantovani, A.; Sozzani, S. CCRL2, a fringe member of the atypical chemoattractant
receptor family. Eur. J. Immunol. 2013, 43, 1418–1422. [CrossRef] [PubMed]

77. Leick, M.; Catusse, J.; Follo, M.; Nibbs, R.J.; Hartmann, T.N.; Veelken, H.; Burger, M. CCL19 is a specific ligand of the constitutively
recycling atypical human chemokine receptor CRAM-B. Immunology 2010, 129, 536–546. [CrossRef]

78. Bachelerie, F.; Ben-Baruch, A.; Burkhardt, A.M.; Combadiere, C.; Farber, J.M.; Graham, G.J.; Horuk, R.; Sparre-Ulrich, A.H.; Locati,
M.; Luster, A.D.; et al. International Union of Basic and Clinical Pharmacology. [corrected]. LXXXIX. Update on the Extended
Family of Chemokine receptors and Introducing a New Nomenclature for Atypical Chemokine Receptors. Pharmacol. Rev. 2014,
66, 1–79. [PubMed]

79. Galliera, E.; Jala, V.R.; Trent, J.O.; Bonecchi, R.; Signorelli, P.; Lefkowitz, R.J.; Mantovani, A.; Locati, M.; Haribabu, B. beta-
Arrestin-dependent constitutive internalization of the human chemokine decoy receptor D6. J. Biol. Chem. 2004, 279, 25590–25597.
[CrossRef]

80. Saaber, F.; Schutz, D.; Miess, E.; Abe, P.; Desikan, S.; Ashok Kumar, P.; Balk, S.; Huang, K.; Beaulieu, J.M.; Schulz, S.; et al. ACKR3
Regulation of Neuronal Migration Requires ACKR3 Phosphorylation, but Not beta-Arrestin. Cell Rep. 2019, 26, 1473–1488.e9.
[CrossRef]

81. Matti, C.; Salnikov, A.; Artinger, M.; D’Agostino, G.; Kindinger, I.; Uguccioni, M.; Thelen, M.; Legler, D.F. ACKR4 Recruits GRK3
Prior to beta-Arrestins but Can Scavenge Chemokines in the Absence of beta-Arrestins. Front. Immunol. 2020, 11, 720. [PubMed]

https://doi.org/10.1371/journal.pone.0167201
https://doi.org/10.1016/j.mcp.2016.11.001
https://doi.org/10.1016/j.neulet.2016.11.007
https://doi.org/10.1016/S1474-4422(21)00030-2
https://doi.org/10.1007/s00401-010-0711-0
https://doi.org/10.3389/fimmu.2022.996469
https://doi.org/10.1146/annurev-pathol-052920-040318
https://doi.org/10.3390/v12060643
https://www.ncbi.nlm.nih.gov/pubmed/32545816
https://doi.org/10.1016/S1474-4422(22)00255-1
https://www.ncbi.nlm.nih.gov/pubmed/35963264
https://doi.org/10.1016/j.msard.2017.03.014
https://www.ncbi.nlm.nih.gov/pubmed/28619429
https://doi.org/10.1016/j.immuni.2018.09.018
https://doi.org/10.1124/mol.107.040915
https://www.ncbi.nlm.nih.gov/pubmed/18230715
https://doi.org/10.1042/BST0341009
https://doi.org/10.1091/mbc.e03-09-0634
https://www.ncbi.nlm.nih.gov/pubmed/15004236
https://doi.org/10.1074/jbc.M508234200
https://www.ncbi.nlm.nih.gov/pubmed/16107333
https://doi.org/10.1084/jem.20052144
https://doi.org/10.1002/eji.200535716
https://doi.org/10.1016/j.yexcr.2010.10.023
https://doi.org/10.1002/eji.201243179
https://www.ncbi.nlm.nih.gov/pubmed/23580473
https://doi.org/10.1111/j.1365-2567.2009.03209.x
https://www.ncbi.nlm.nih.gov/pubmed/24218476
https://doi.org/10.1074/jbc.M400363200
https://doi.org/10.1016/j.celrep.2019.01.049
https://www.ncbi.nlm.nih.gov/pubmed/32391018


Int. J. Mol. Sci. 2023, 24, 16493 17 of 19

82. Montpas, N.; St-Onge, G.; Nama, N.; Rhainds, D.; Benredjem, B.; Girard, M.; Hickson, G.; Pons, V.; Heveker, N. Ligand-specific
conformational transitions and intracellular transport are required for atypical chemokine receptor 3-mediated chemokine
scavenging. J. Biol. Chem. 2018, 293, 893–905.

83. Zabel, B.A.; Nakae, S.; Zúñiga, L.; Kim, J.Y.; Ohyama, T.; Alt, C.; Pan, J.; Suto, H.; Soler, D.; Allen, S.J.; et al. Mast cell-expressed
orphan receptor CCRL2 binds chemerin and is required for optimal induction of IgE-mediated passive cutaneous anaphylaxis.
J. Exp. Med. 2008, 205, 2207–2220.

84. Monnier, J.; Lewén, S.; O’Hara, E.; Huang, K.; Tu, H.; Butcher, E.C.; Zabel, B.A. Expression, regulation, and function of atypical
chemerin receptor CCRL2 on endothelial cells. J. Immunol. 2012, 189, 956–967.

85. Dawson, T.C.; Lentsch, A.B.; Wang, Z.; Cowhig, J.E.; Rot, A.; Maeda, N.; Peiper, S.C. Exaggerated response to endotoxin in mice
lacking the Duffy antigen/receptor for chemokines (DARC). Blood 2000, 96, 1681–1684.

86. Darbonne, W.C.; Rice, G.C.; Mohler, M.A.; Apple, T.; Hebert, C.A.; Valente, A.J.; Baker, J.B. Red blood cells are a sink for
interleukin 8, a leukocyte chemotaxin. J. Clin. Investig. 1991, 88, 1362–1369. [PubMed]

87. Novitzky-Basso, I.; Rot, A. Duffy antigen receptor for chemokines and its involvement in patterning and control of inflammatory
chemokines. Front. Immunol. 2012, 3, 266. [CrossRef]

88. Levoye, A.; Balabanian, K.; Baleux, F.; Bachelerie, F.; Lagane, B. CXCR7 heterodimerizes with CXCR4 and regulates CXCL12-
mediated G protein signaling. Blood 2009, 113, 6085–6093. [PubMed]

89. Del Prete, A.; Martínez-Muñoz, L.; Mazzon, C.; Toffali, L.; Sozio, F.; Za, L.; Bosisio, D.; Gazzurelli, L.; Salvi, V.; Tiberio, L.; et al.
The atypical receptor CCRL2 is required for CXCR2-dependent neutrophil recruitment and tissue damage. Blood 2017, 130,
1223–1234.

90. Cutbush, M.; Mollison, P.L. The Duffy blood group system. Heredity 1950, 4, 383–389. [CrossRef]
91. Horuk, R.; Colby, T.J.; Darbonne, W.C.; Schall, T.J.; Neote, K. The human erythrocyte inflammatory peptide (chemokine) receptor.

Biochemical characterization, solubilization, and development of a binding assay for the soluble receptor. Biochemistry 1993, 32,
5733–5738. [CrossRef] [PubMed]

92. Wan, W.; Liu, Q.; Lionakis, M.S.; Marino, A.P.; Anderson, S.A.; Swamydas, M.; Murphy, P.M. Atypical chemokine receptor 1
deficiency reduces atherogenesis in ApoE-knockout mice. Cardiovasc. Res. 2015, 106, 478–487. [CrossRef] [PubMed]

93. Szpakowska, M.; D’Uonnolo, G.; Luis, R.; Alonso Bartolome, A.; Thelen, M.; Legler, D.F.; Chevigne, A. New pairings and
deorphanization among the atypical chemokine receptor family-physiological and clinical relevance. Front. Immunol. 2023,
14, 1133394.

94. Vacchini, A.; Locati, M.; Borroni, E.M. Overview and potential unifying themes of the atypical chemokine receptor family.
J. Leukoc. Biol. 2016, 99, 883–892.

95. Gowhari Shabgah, A.; Jadidi-Niaragh, F.; Mohammadi, H.; Ebrahimzadeh, F.; Oveisee, M.; Jahanara, A.; Gholizadeh Navashenaq,
J. The Role of Atypical Chemokine Receptor D6 (ACKR2) in Physiological and Pathological Conditions; Friend, Foe, or Both?
Front. Immunol. 2022, 13, 861931.

96. Pacheco, M.O.; Rocha, F.A.; Aloia, T.P.A.; Marti, L.C. Evaluation of Atypical Chemokine Receptor Expression in T Cell Subsets.
Cells 2022, 11, 4099. [PubMed]

97. Lee, K.M.; Nibbs, R.J.; Graham, G.J. D6: The ‘crowd controller’ at the immune gateway. Trends Immunol. 2013, 34, 7–12. [PubMed]
98. Chevigne, A.; Janji, B.; Meyrath, M.; Reynders, N.; D’Uonnolo, G.; Uchanski, T.; Xiao, M.; Berchem, G.; Ollert, M.; Kwon, Y.J.; et al.

CXCL10 Is an Agonist of the CC Family Chemokine Scavenger Receptor ACKR2/D6. Cancers 2021, 13, 1054.
99. Sjoberg, E.; Meyrath, M.; Milde, L.; Herrera, M.; Lovrot, J.; Hagerstrand, D.; Frings, O.; Bartish, M.; Rolny, C.; Sonnhammer, E.;

et al. A Novel ACKR2-Dependent Role of Fibroblast-Derived CXCL14 in Epithelial-to-Mesenchymal Transition and Metastasis of
Breast Cancer. Clin. Cancer Res. 2019, 25, 3702–3717.

100. Graham, G.J.; Locati, M. Regulation of the immune and inflammatory responses by the ‘atypical’ chemokine receptor D6. J. Pathol.
2013, 229, 168–175. [CrossRef]

101. Kauwe, J.S.; Bailey, M.H.; Ridge, P.G.; Perry, R.; Wadsworth, M.E.; Hoyt, K.L.; Staley, L.A.; Karch, C.M.; Harari, O.; Cruchaga, C.;
et al. Genome-wide association study of CSF levels of 59 alzheimer’s disease candidate proteins: Significant associations with
proteins involved in amyloid processing and inflammation. PLoS Genet. 2014, 10, e1004758. [CrossRef]

102. Gutierrez, I.L.; Novellino, F.; Caso, J.R.; Garcia-Bueno, B.; Leza, J.C.; Madrigal, J.L.M. CCL2 Inhibition of Pro-Resolving Mediators
Potentiates Neuroinflammation in Astrocytes. Int. J. Mol. Sci. 2022, 23, 3307. [CrossRef]

103. Madrigal, J.L.; Caso, J.R. The chemokine (C-C motif) ligand 2 in neuroinflammation and neurodegeneration. Adv. Exp. Med. Biol.
2014, 824, 209–219.

104. Murcia, J.D.G.; Weinert, A.; Freitas, C.M.T.; Arens, D.K.; Ferrel, M.N.; Grose, J.H.; Ridge, P.G.; Wilson, E.; Kauwe, J.S.K.; Weber,
K.S. Atypical chemokine receptor ACKR2-V41A has decreased CCL2 binding, scavenging, and activation, supporting sustained
inflammation and increased Alzheimer’s disease risk. Sci. Rep. 2020, 10, 8019. [CrossRef] [PubMed]

105. 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]

106. Woodcock, T.M.; Frugier, T.; Nguyen, T.T.; Semple, B.D.; Bye, N.; Massara, M.; Savino, B.; Besio, R.; Sobacchi, C.; Locati, M.; et al.
The scavenging chemokine receptor ACKR2 has a significant impact on acute mortality rate and early lesion development after
traumatic brain injury. PLoS ONE 2017, 12, e0188305. [CrossRef]

https://www.ncbi.nlm.nih.gov/pubmed/1918386
https://doi.org/10.3389/fimmu.2012.00266
https://www.ncbi.nlm.nih.gov/pubmed/19380869
https://doi.org/10.1038/hdy.1950.31
https://doi.org/10.1021/bi00073a002
https://www.ncbi.nlm.nih.gov/pubmed/8389192
https://doi.org/10.1093/cvr/cvv124
https://www.ncbi.nlm.nih.gov/pubmed/25858253
https://www.ncbi.nlm.nih.gov/pubmed/36552863
https://www.ncbi.nlm.nih.gov/pubmed/22921835
https://doi.org/10.1002/path.4123
https://doi.org/10.1371/journal.pgen.1004758
https://doi.org/10.3390/ijms23063307
https://doi.org/10.1038/s41598-020-64755-1
https://www.ncbi.nlm.nih.gov/pubmed/32415244
https://doi.org/10.1016/j.bbih.2021.100370
https://doi.org/10.1371/journal.pone.0188305


Int. J. Mol. Sci. 2023, 24, 16493 18 of 19

107. Quan, L.; Zhao, Y.; Ouyang, C.; Ying, D.; Xiong, Z.; Li, X.; Liao, Z.; Luo, J.; Liu, H. The mechanism of chemokine receptor ACKR2
in cognitive impairment in young rats with traumatic brain injury. Am. J. Transl. Res. 2023, 15, 1654–1666. [PubMed]

108. Liu, L.; Graham, G.J.; Damodaran, A.; Hu, T.; Lira, S.A.; Sasse, M.; Canasto-Chibuque, C.; Cook, D.N.; Ransohoff, R.M. Cutting
Edge: The Silent Chemokine Receptor D6 Is Required for Generating T Cell Responses That Mediate Experimental Autoimmune
Encephalomyelitis. J. Immunol. 2006, 177, 17–21. [CrossRef] [PubMed]

109. Bonavita, O.; Mollica Poeta, V.; Setten, E.; Massara, M.; Bonecchi, R. ACKR2: An Atypical Chemokine Receptor Regulating
Lymphatic Biology. Front. Immunol. 2016, 7, 691. [CrossRef]

110. Su, A.I.; Cooke, M.P.; Ching, K.A.; Hakak, Y.; Walker, J.R.; Wiltshire, T.; Orth, A.P.; Vega, R.G.; Sapinoso, L.M.; Moqrich, A.; et al.
Large-scale analysis of the human and mouse transcriptomes. Proc. Natl. Acad. Sci. USA 2002, 99, 4465–4470. [CrossRef]

111. Berahovich, R.D.; Zabel, B.A.; Lewen, S.; Walters, M.J.; Ebsworth, K.; Wang, Y.; Jaen, J.C.; Schall, T.J. Endothelial expression of
CXCR7 and the regulation of systemic CXCL12 levels. Immunology 2014, 141, 111–122. [CrossRef] [PubMed]

112. Banisadr, G.; Podojil, J.R.; Miller, S.D.; Miller, R.J. Pattern of CXCR7 Gene Expression in Mouse Brain Under Normal and
Inflammatory Conditions. J. Neuroimmune Pharmacol. 2016, 11, 26–35. [CrossRef] [PubMed]

113. Sanchez-Alcaniz, J.A.; Haege, S.; Mueller, W.; Pla, R.; Mackay, F.; Schulz, S.; Lopez-Bendito, G.; Stumm, R.; Marin, O. Cxcr7
controls neuronal migration by regulating chemokine responsiveness. Neuron 2011, 69, 77–90. [CrossRef] [PubMed]

114. Alampour-Rajabi, S.; El Bounkari, O.; Rot, A.; Muller-Newen, G.; Bachelerie, F.; Gawaz, M.; Weber, C.; Schober, A.; Bernhagen,
J. MIF interacts with CXCR7 to promote receptor internalization, ERK1/2 and ZAP-70 signaling, and lymphocyte chemotaxis.
FASEB J. 2015, 29, 4497–4511. [CrossRef]

115. Klein, K.R.; Karpinich, N.O.; Espenschied, S.T.; Willcockson, H.H.; Dunworth, W.P.; Hoopes, S.L.; Kushner, E.J.; Bautch, V.L.;
Caron, K.M. Decoy receptor CXCR7 modulates adrenomedullin-mediated cardiac and lymphatic vascular development. Dev. Cell
2014, 30, 528–540. [CrossRef]

116. Ikeda, Y.; Kumagai, H.; Skach, A.; Sato, M.; Yanagisawa, M. Modulation of circadian glucocorticoid oscillation via adrenal
opioid-CXCR7 signaling alters emotional behavior. Cell 2013, 155, 1323–1336. [CrossRef]

117. Naumann, U.; Cameroni, E.; Pruenster, M.; Mahabaleshwar, H.; Raz, E.; Zerwes, H.G.; Rot, A.; Thelen, M. CXCR7 functions as a
scavenger for CXCL12 and CXCL11. PLoS ONE 2010, 5, e9175. [CrossRef]

118. Luker, K.; Gupta, M.; Luker, G. Bioluminescent CXCL12 fusion protein for cellular studies of CXCR4 and CXCR7. Biotechniques
2009, 47, 625–632. [CrossRef]

119. Spiteri, A.G.; Wishart, C.L.; Pamphlett, R.; Locatelli, G.; King, N.J.C. Microglia and monocytes in inflammatory CNS disease:
Integrating phenotype and function. Acta Neuropathol. 2022, 143, 179–224. [CrossRef]

120. Cruz-Orengo, L.; Holman, D.W.; Dorsey, D.; Zhou, L.; Zhang, P.; Wright, M.; McCandless, E.E.; Patel, J.R.; Luker, G.D.; Littman,
D.R.; et al. CXCR7 influences leukocyte entry into the CNS parenchyma by controlling abluminal CXCL12 abundance during
autoimmunity. J. Exp. Med. 2011, 208, 327–339. [CrossRef]

121. Puchert, M.; Pelkner, F.; Stein, G.; Angelov, D.N.; Boltze, J.; Wagner, D.C.; Odoardi, F.; Flugel, A.; Streit, W.J.; Engele, J. Astrocytic
expression of the CXCL12 receptor, CXCR7/ACKR3 is a hallmark of the diseased, but not developing CNS. Mol. Cell Neurosci.
2017, 85, 105–118. [CrossRef]

122. Cruz-Orengo, L.; Chen, Y.J.; Kim, J.H.; Dorsey, D.; Song, S.K.; Klein, R.S. CXCR7 antagonism prevents axonal injury during
experimental autoimmune encephalomyelitis as revealed by in vivo axial diffusivity. J. Neuroinflam. 2011, 8, 170. [CrossRef]

123. Pouzol, L.; Baumlin, N.; Sassi, A.; Tunis, M.; Marrie, J.; Vezzali, E.; Farine, H.; Mentzel, U.; Martinic, M.M. ACT-1004-1239, a
first-in-class CXCR7 antagonist with both immunomodulatory and promyelinating effects for the treatment of inflammatory
demyelinating diseases. FASEB J. 2021, 35, e21431. [CrossRef]

124. Fang, P.; Schachner, M.; Shen, Y.Q. HMGB1 in development and diseases of the central nervous system. Mol. Neurobiol. 2012, 45,
499–506. [CrossRef]

125. Otero, K.; Vecchi, A.; Hirsch, E.; Kearley, J.; Vermi, W.; Del Prete, A.; Gonzalvo-Feo, S.; Garlanda, C.; Azzolino, O.; Salogni, L.;
et al. Nonredundant role of CCRL2 in lung dendritic cell trafficking. Blood 2010, 116, 2942–2949. [CrossRef] [PubMed]

126. Galligan, C.L.; Matsuyama, W.; Matsukawa, A.; Mizuta, H.; Hodge, D.R.; Howard, O.M.; Yoshimura, T. Up-regulated expression
and activation of the orphan chemokine receptor, CCRL2, in rheumatoid arthritis. Arthritis Rheum. 2004, 50, 1806–1814. [CrossRef]

127. Gonzalvo-Feo, S.; Del Prete, A.; Pruenster, M.; Salvi, V.; Wang, L.; Sironi, M.; Bierschenk, S.; Sperandio, M.; Vecchi, A.; Sozzani, S.
Endothelial cell-derived chemerin promotes dendritic cell transmigration. J. Immunol. 2014, 192, 2366–2373. [CrossRef]

128. Brouwer, N.; Zuurman, M.W.; Wei, T.; Ransohoff, R.M.; Boddeke, H.W.; Biber, K. Induction of glial L-CCR mRNA expression in
spinal cord and brain in experimental autoimmune encephalomyelitis. Glia 2004, 46, 84–94. [CrossRef] [PubMed]

129. Zuurman, M.W.; Heeroma, J.; Brouwer, N.; Boddeke, H.W.; Biber, K. LPS-induced expression of a novel chemokine receptor
(L-CCR) in mouse glial cells in vitro and in vivo. Glia 2003, 41, 327–336. [CrossRef]

130. Migeotte, I.; Franssen, J.D.; Goriely, S.; Willems, F.; Parmentier, M. Distribution and regulation of expression of the putative
human chemokine receptor HCR in leukocyte populations. Eur. J. Immunol. 2002, 32, 494–501. [CrossRef] [PubMed]

131. Catusse, J.; Leick, M.; Groch, M.; Clark, D.J.; Buchner, M.V.; Zirlik, K.; Burger, M. Role of the atypical chemoattractant receptor
CRAM in regulating CCL19 induced CCR7 responses in B-cell chronic lymphocytic leukemia. Mol. Cancer 2010, 9, 297. [CrossRef]

132. De Henau, O.; Degroot, G.N.; Imbault, V.; Robert, V.; De Poorter, C.; McHeik, S.; Gales, C.; Parmentier, M.; Springael, J.Y. Signaling
Properties of Chemerin Receptors CMKLR1, GPR1 and CCRL2. PLoS ONE 2016, 11, e0164179. [CrossRef] [PubMed]

https://www.ncbi.nlm.nih.gov/pubmed/37056843
https://doi.org/10.4049/jimmunol.177.1.17
https://www.ncbi.nlm.nih.gov/pubmed/16785491
https://doi.org/10.3389/fimmu.2016.00691
https://doi.org/10.1073/pnas.012025199
https://doi.org/10.1111/imm.12176
https://www.ncbi.nlm.nih.gov/pubmed/24116850
https://doi.org/10.1007/s11481-015-9616-y
https://www.ncbi.nlm.nih.gov/pubmed/25997895
https://doi.org/10.1016/j.neuron.2010.12.006
https://www.ncbi.nlm.nih.gov/pubmed/21220100
https://doi.org/10.1096/fj.15-273904
https://doi.org/10.1016/j.devcel.2014.07.012
https://doi.org/10.1016/j.cell.2013.10.052
https://doi.org/10.1371/journal.pone.0009175
https://doi.org/10.2144/000113126
https://doi.org/10.1007/s00401-021-02384-2
https://doi.org/10.1084/jem.20102010
https://doi.org/10.1016/j.mcn.2017.09.001
https://doi.org/10.1186/1742-2094-8-170
https://doi.org/10.1096/fj.202002465R
https://doi.org/10.1007/s12035-012-8264-y
https://doi.org/10.1182/blood-2009-12-259903
https://www.ncbi.nlm.nih.gov/pubmed/20606167
https://doi.org/10.1002/art.20275
https://doi.org/10.4049/jimmunol.1302028
https://doi.org/10.1002/glia.10352
https://www.ncbi.nlm.nih.gov/pubmed/14999816
https://doi.org/10.1002/glia.10156
https://doi.org/10.1002/1521-4141(200202)32:2%3C494::AID-IMMU494%3E3.0.CO;2-Y
https://www.ncbi.nlm.nih.gov/pubmed/11828366
https://doi.org/10.1186/1476-4598-9-297
https://doi.org/10.1371/journal.pone.0164179
https://www.ncbi.nlm.nih.gov/pubmed/27716822


Int. J. Mol. Sci. 2023, 24, 16493 19 of 19

133. Mazzon, C.; Zanotti, L.; Wang, L.; Del Prete, A.; Fontana, E.; Salvi, V.; Poliani, P.L.; Sozzani, S. CCRL2 regulates M1/M2
polarization during EAE recovery phase. J. Leukoc. Biol. 2016, 99, 1027–1033. [CrossRef] [PubMed]

134. Kumar, V.; LaJevic, M.; Pandrala, M.; Jacobo, S.A.; Malhotra, S.V.; Zabel, B.A. Novel CMKLR1 Inhibitors for Application in
Demyelinating Disease. Sci. Rep. 2019, 9, 7178. [CrossRef] [PubMed]

135. Graham, K.L.; Zhang, J.V.; Lewen, S.; Burke, T.M.; Dang, T.; Zoudilova, M.; Sobel, R.A.; Butcher, E.C.; Zabel, B.A. A novel
CMKLR1 small molecule antagonist suppresses CNS autoimmune inflammatory disease. PLoS ONE 2014, 9, e112925. [CrossRef]
[PubMed]

136. Pagoni, P.; Korologou-Linden, R.S.; Howe, L.D.; Davey Smith, G.; Ben-Shlomo, Y.; Stergiakouli, E.; Anderson, E.L. Causal effects
of circulating cytokine concentrations on risk of Alzheimer’s disease and cognitive function. Brain Behav. Immun. 2022, 104, 54–64.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1189/jlb.3MA0915-444RR
https://www.ncbi.nlm.nih.gov/pubmed/26744451
https://doi.org/10.1038/s41598-019-43428-8
https://www.ncbi.nlm.nih.gov/pubmed/31073181
https://doi.org/10.1371/journal.pone.0112925
https://www.ncbi.nlm.nih.gov/pubmed/25437209
https://doi.org/10.1016/j.bbi.2022.05.006

	Introduction 
	ACKRs and cCKRs 
	Inflammation and Neuroinflammation 
	Neurodegeneration 

	ACKR Functions 
	Chemokine Scavenging 
	Chemokine Presentation 
	Chemokine Reservoir 
	Chemokine Transcytosis 
	Receptor Dimerization 

	ACKR1 (or DARC) 
	ACKR1 Binding Partners 
	ACKR1 and Neurodegeneration 

	ACKR2 (or D6) 
	ACKR2 Binding Partners 
	ACKR2 and Neurodegeneration 

	ACKR3 (or RDC1 or CXCR7) 
	ACKR3’s Binding Partners 
	ACKR3 and Neurodegeneration 

	Putative ACKRs 
	Putative ACRK: CCRL2 (or CRAM) 
	CCRL2’s Binding Partners 
	CCRL2 and Neurodegeneration 

	Discussion 
	Conclusions 
	References

